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Chapter 1
Introduction

1.1 Motivation

The gravity of the baryonic matter is not sufficient to explain the observed structures in and the evo-
lution of the Universe. Therefore, cosmological models predict the existence of an additional, colli-
sionless matter, the so-called Cold Dark Matter (CDM). A first indication for large amounts of unseen
matter was given by Oort (1932) who studied vertical motionsof stars in the solar neighbourhood and
derived a surface density which was about two times higher than expected from the visible matter.
This discovery was heavily disputed in later years (e.g., Bienayme et al. 1987) and only little evidence
seems to be left for the existence of large amounts of dark matter in the Milky Way. However, studies
by, e.g., Zwicky (1933, 1937) of the velocity dispersions ofgalaxies in clusters and their conclusion
that the clusters cointain up to two orders of magnitude moremass than visible were confirmed many
times (e.g., Rood et al. 1972; Łokas & Mamon 2003). In recent years, it has become clear that dark
matter dominates the mass budget of the Universe also on cosmological scales.

Although it is now widely accepted that dark matter exists and is strongly influencing the struc-
ture and evolution of the Universe, little is know about its nature, yet. CDM simulations have been
very successful in describing the observed large- and intermediate-scale structures, but less successful
on galactic scales. One of the most important contradictions is the cusp-core problem. Numerical
simulations of CDM haloes predict a cuspy density slope in the inner few kpc (Navarro et al. 1996),
whereas observations of dark matter dominated low surface brightness and dwarf galaxies show a
density profile with a flat core (e.g., de Blok & Bosma 2002). Another discrepancy is the missing
satellite problem. CDM simulations predict an excess of small satellite galaxies around more massive
objects like the Milky Way, which is higher by a factor of 10 oreven more than observed (Moore et al.
1999).

Furthermore, an excess of hot gas in the cores of galaxy clusters is detected (Ponman et al. 1999),
which is also inconsistent with cosmological models. It is widely believed that the structure in the
Universe evolves hierarchically, which means that primordial density fluctuations supported by gravity
collapse and merge to form progressively larger systems. However, X-ray clusters do not show the
predicted relations between luminosity, temperature and redshift. The entropy near the centre of the
clusters is higher than achievable through gravitational collapse alone. A possible solution is the “pre-
heated intracluster medium” (ICM) model, where the entropyis raised by supernovae explosions from
the forming galaxies, which pollute the ICM with metals prior to the cluster collapse (Kaiser 1991).
Therefore, stellar feedback on the interstellar medium (ISM) and – depending on the gravitational
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potential well of the galaxies – on the intergalactic medium(IGM) is one of the most important
processes in the evolution of galaxies, galaxy clusters andthe Universe.

Altogether, the ISM consists of eight phases, which are the Molecular Medium (MM), the Cold
Neutral Medium (CNM), the Warm Neutral Medium (WNM), the Diffuse Ionised Gas (DIG), the
Hot Ionised Gas (HIM), dust grains, cosmic rays and magneticfields (see Table 1.1, Dettmar 1992).
Massive stars transfer energy and momentum into the ISM by stellar winds and supernovae (SN)
explosions. The ambient gas is shock-heated and accelerated, which leads to the formation of bubbles
or shell-like structures detectable on optical emission line images. At distinct points along the disk, a
superbubble blowout can happen where the shells fragment (due to Rayleigh-Taylor instabilities) and
the hot gas is transported through tunnel-like features into the halo (Fig. 1.1, Norman & Ikeuchi 1989).
On its way into the halo and in the halo itself, the hot gas radiatively cools down and eventually falls
back onto the disk as cool clouds. This is the well-knownGalactic Fountainscenario (Shapiro & Field
1976), which might explain the high-velocity clouds in the halo of the Milky Way as former outflows
of hot gas. In some cases, the gas has enough energy to escape from the gravitational potential of
the host galaxy and to enrich the IGM by forming a freely flowing galactic wind. Especially dwarf
galaxies are important laboratories to study superbubble “blow-away” as their low escape velocities
facilitate the removal of the gas (Mac Low & Ferrara 1999). However, the simulations by Mac Low &
Ferrara (1999) show that the fraction of the gas which is really lost in an outflow is low and depends
on the galaxy mass and the energy input. In Fig. 1.2, the stateof expansion after 50 Myr is displayed.
The total galaxy mass and the energy input vary, the metalicity is fixed. A superbubble blowout, which
would increase the probability of a blow-away, only occurred in galaxies of lower mass and/or higher
energy input, Mac Low & Ferrara (1999) also modelled the state of expansion after 75, 100, and
200 Myr (their Figs. 2b-d). Although the superbubble is moreevolved, blow-away of hot gas is still
unlikely and only possible in galaxies of lower mass and withhigh kinetic luminosities. However,
metal-enriched material from stellar winds and SN ejecta ismore easily accelerated to velocities
beyond the escape velocity of the host galaxy than the ambient gas. Thus, the fraction of blown away
metals rises, in case of galaxy masses of106 − 107 M⊙ even to unity. The reason for this is that
the metals produced by the massive stars remain within the hot, shocked cavity gas, which has a high
sound speed, and can therefore easily escape the galaxy. It is much more difficult to accelerate the
dense, cool shells of the swept-up ambient gas so that usually, the gas stays gravitationally bound.
Nevertheless, the existence of fragmented cool shell structures close to the disk as visible on optical
images also indicates the existence of hot gas that left these shells behind during the blowout process
(Mac Low & Ferrara 1999). Considering that the hot gas expands into the surrounding neutral gas
means that these ionised gas filaments can also be explained by turbulent mixing between the hot and
the neutral gas (Slavin et al. 1993).

In this thesis, two components of the ISM are examined, whichare the WNM with HI emission as
a tracer and the DIG with Hα emission as a tracer. In order to understand the properties of superbubble
blowout, the behaviour of all phases in the ISM have to be studied and to be compared. According
to Mac Low & Ferrara (1999), it is the hot gas that has the highest probability to escape from the
gravitational potential of a galaxy. However, as mentionedabove, the ionised gas can be used as
a tracer for the hot gas. Additionally, the densities of the DIG are a factor of 100 higher than the
densities of the HIM so that it is easier to trace outflowing gas by looking at Hα. And last but not
least the performance of optical observations is much more developed. The neutral gas is first used
as a reference for the true kinematics of the galaxy. Additionally, its kinematics are examined which
also includes a search for outflowing structures.
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FIG. 1.1: The chimney model by Norman & Ikeuchi (1989). At distinct point along the disk, hot gas is transported into
the halo, cools down and eventually falls back onto the disk.
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FIG. 1.2: Superbubble model by Mac Low & Ferrara (1999). The state of expansion after 50 Myr is shown for different
galaxy masses and energy inputs and a constant metalicity. Only in case of a low galaxy mass and/or a high energy input a
blowout has already occurred, which increases the probability of a blow-away.
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TABLE 1.1: The phases of the interstellar medium.

MM CNM WNM DIG HIM

T [K] 20 135 6000 8000 5× 105

n [cm−3] 102 − 105 20 0.5 0.4 6× 10−3

1.2 The sample

As dwarf galaxies harbour regions of strong star formation and generally have a lower gravitational
potential, they have a higher probability to show galactic winds. Therefore, the sample presented
in this thesis consists of four nearby (up to a distance of 10 Mpc) irregular dwarfs, which are all
classified as barred Magellanic-type galaxies. Two of them (NGC 2366 and NGC 4861) have already
been studied before by performing high-resolution long-slit echelle spectroscopy (van Eymeren et al.
2007). Several outflows have been found and their expansion velocities have been compared with
the escape velocities of the galaxies. In all cases the expansion velocities were lower than the escape
velocities ruling out a possible galactic wind. However, ithas to be noted that only bright filaments
close to the main star forming regions were detected on the echelle spectra due to missing sensitivity.

The very distant and faint structures are more promising as they are already far away from ionising
stars, but still ionised, and the influence of the gravitational potential is already lower at this distance
from the dynamical centre. In order to measure the expansionvelocities of these distinct low surface
brightness filaments and to describe their morphology, Fabry-Perot interferometry was performed.
The field of view was large enough to assure a full spatial coverage of both galaxies in comparison to
the few long-slit spectra analysed so far. Similar to NGC 2366 and NGC 4861, IC 4662 and NGC 5408
were chosen because deep Hα images also show faint kpc-scale filaments. They were observed by
performing deep medium-resolution long-slit spectroscopy to detect even the faintest structures. For
all galaxies, HI synthesis data were used as well as 20 cm radio continuum datafor IC 4662 and
NGC 5408. The main properties of the galaxies are given in Table 1.2.

• NGC 2366: The distance of NGC 2366 and its position on the sky place thisgalaxy into the
M 81 group. Nevertheless, it can be regarded as an isolated galaxy. Its appearance in Hα is
dominated by the Giant Extragalactic HII region (GEHR) NGC 2363 in the south-western end
of the galaxy. This GEHR harbours two large OB associations,one in the core with an age of
1 Myr and one in the eastern part of the core with an age of 3-5 Myr (Drissen et al. 2001).

• NGC 4861: NGC 4861 is very similar to NGC 2366 concerning its optical shape. It is also
dominated by a GEHR in the south-west, I Zw 49, where most of the star formation occurs. A
chain of small HII regions extends to the north-east. Although the galaxy shows almost no
evidence for the existence of spiral structures (Wilcots etal. 1996), it is classified as SB(s)m.
Its distance is more than twice the distance of NGC 2366 (see Table 1.2). HI data reveal the
existence of an HI cloud at a deprojected distance of 4 kpc east of the main body,which appears
to have no optical counterpart (Wilcots et al. 1996; Thuan etal. 2004).

• NGC 5408: NGC 5408 was first studied in 1972 by Bohuski et al. (1972). Itsnucleus consists
of several bright HII regions and appears to be undergoing a violent burst of star formation
(Bohuski et al. 1972). Since then it was observed many times as it harbours an ultra-luminous
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TABLE 1.2: The basic parameters of the galaxy sample.

Object α δ Hubble Type mB D vsys

(J2000) (J2000) [mag] [Mpc] [km s−1]
(1) (2) (3) (4)

NGC 2366 07h 28m 54.6s +69◦ 12′ 57′′ IB(s)m −16.63 3.44 97
NGC 4861 12h 59m 02.3s +34◦ 51′ 34′′ SB(s)m −16.62 7.5 835
NGC 5408 14h 03m 20.9s -41◦ 22′ 40′′ IB(s)m −15.84 4.81 502
IC 4662 17h 47m 08.8s -64◦ 38′ 30′′ IBm −14.84 2.44 310

References: Column (1): de Vaucouleurs et al. (1991). Column (2): NGC 2366 and NGC 4861: Bomans (2001),
NGC 5408 and IC 4662: Lauberts & Valentijn (1989). Column (3): NGC 2366: Tolstoy et al. (1995), NGC 4861:
de Vaucouleurs et al. (1991), NGC 5408: Karachentsev et al. (2002), IC 4662: Karachentsev et al. (2006). Column (4):
Systemic velocities derived in this thesis.

X-ray source very close to the concentration of HII regions. Its distance ofDTRGB = 4.81 Mpc
was obtained by Karachentsev et al. (2002). Its position on the sky puts NGC 5408 in the
Centaurus A group, but its distance differs from the medium value of Cen A members by more
than 1 Mpc.

• IC 4662: The distance of IC 4662 ofDTRGB = 2.44 Mpc was obtained by Karachentsev et al.
(2006) and makes it therefore to be the nearest known representative of blue compact dwarfs
(Karachentsev et al. 2006). It seems to be a rather isolated galaxy, belonging to no known
groups. de Vaucouleurs (1975) describes IC 4662 as a foreground galaxy in the direction of
the NGC 6300 group. Its appearance in Hα is dominated by bright compact HII regions, but it
additionally shows a complex web of filamentary structure inthe eastern part. An interesting
feature is a cluster of stars with associated Hα emission that appears to be detached from the
main body of the galaxy. It is located 1.′5 or 1.1 kpc to the south-east of the centre. Whether this
is a small companion galaxy or an unusually placed OB association is not clear, yet. Hidalgo-
Gámez et al. (2001) point out that this HII region differs significantly from the main galaxy in
oxygen abundance.

1.3 Organisation of the thesis

This thesis is organised as follows: This introduction is followed by a chapter including information
about the basic principles of multi-beam interference, about the Fabry-Perot observations and the data
reduction process, and about technical issues which came upduring the work with the Fabry-Perot
data. Chapter 3 describes the detection of spiral arm structure in NGC 2366, which was a result of the
analysis of the Fabry-Perot data, but is not directly connected to the aim of this thesis. This will be
followed by the three main chapters, Chaps. 4 to 6, in which the morphology and the kinematics of
the ionised and neutral hydrogen in the four sample galaxiesare compared. Chapter 7 is an extension
of the kinematic analysis to the cusp-core discrepancy described above. For all galaxies, mass models
are derived and the results are compared for the two most common haloes, the NFW halo and the
pseudo-isothermal halo. Last, but not least a summary and anoutlook can be found in Chapter 8.





Chapter 2
Fabry-Perot Interferometry

Abstract

Performing long-slit spectroscopy, the field of view is always limited by the slit
size, which has the consequence that especially nearby extended objects have
to be observed more than once in order to get a full spatial coverage. There-
fore, the demand for an observational method combining a sufficient spatial
coverage with a certain spectral coverage was rising. Fabry-Perot interferome-
try is the oldest technique which allows the exposure of a 3-dimensional image
within a reasonable time. Its invention dates back to the endof the 19th century
and the first reported use of a scanning Fabry-Perot was in 1914. Since two
decades, the so-called 3d spectroscopy using new instruments and techniques
is getting more and more popular.
In this chapter, the basic principles of multiple-beam interference are explained
as well as the observations and the data handling, includinga description of old
and new problems that had to be faced.

2.1 Multiple-beam interference

When a beam of light is incident on a transparent plate, thereare multiple reflections at the plate
surfaces, with the result that a series of beams of diminishing amplitude emerges on each side of the
plate. In the following, the interference effects that are produced by such plates are discussed, based
on the book “Principles of optics” by Born & Wolf (2000).

2.1.1 Interference at plane-parallel plates

Figure 2.1 shows two highly-reflective plane-parallel glass plates which are spaced by a distancel and
filled with gas of a refraction indexn. The spacing between the two glass plates can, e.g., electrically
be varied by applying a precise voltage on piezoelectrics. This form of an interferometer is called
Fabry-Perot (FP) etalon.

When monochromatic light is shining on the etalon, the transmitted and reflected intensity can
be calculated. For each member of either the reflected or the transmitted set of waves, the variable
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FIG. 2.1: The Fabry-Perot etalon. Two highly reflective, flat glass plates are spaced by a distancel and filled with a gas of
a refraction indexn. The spacing between the two glass plates can be varied in order to scan the desired wavelength range.

part of the phase of the wave function differs from that of thepreceding member by an amount which
corresponds to a double traversal of the plate. This phase difference is given by

δ =
4π

λ0
n l cos θ (2.1)

whereλ0 is the wavelength in vacuum andθ the refraction angle in the gas. For a wave travel-
ling from the surrounding medium into the etalon,r is defined as the reflection coefficient (ratio of
reflected and incident amplitudes), andt as the transmission coefficient (ratio of transmitted and inci-
dent amplitudes).r’ andt’ are the corresponding coefficients for a wave travelling from the plate to
the surrounding medium. This leads to

r = −r′; r2 = r′2 = R; tt′ = T ; R + T = 1 (2.2)

The absorption of the etalon material should be negligible.
The reflective amplitude is calculated by summing up all reflected waves. Different wavesmdiffer

in phase due to the optical path difference2mdnand in amplitude due to reflection and transmission
by tt′ r′2m−1. The first reflected wave has to be treated with care as here thereflectance for the out-in
direction –r – has to be used. Putting all this together, the reflected amplitude is

Ar = Ai r + Ai exp (jk2dn)tt′r′
∞
∑

m=0

r′2m exp (jk2mdn) (2.3)

= Ai r −Ai exp (jδ)Tr

∞
∑

m=0

(R exp (jδ))m, δ = 2kdn (2.4)

= Ai r −Ai exp (jδ)Tr
1

1−R exp (jδ)
(2.5)

= Ai r
1−R exp (jδ) − T exp (jδ)

1−R exp (jδ)
= Ai r

1− exp (jδ)

1−R exp (jδ)
(2.6)

With the intensity of the incident light
Ir = Ar ×A∗

r (2.7)
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FIG. 2.2: The transmission functionIt/Ii of a Fabry-Perot etalon for different reflectivities (Rof 0.1, 0.42, 0.75 and 0.91)
as a function of interference order. With increasing reflectivity the intensity maxima become narrower and the suppression
of the light throughput between the maxima rises.

this leads to
Ir

Ii
=

2R (1− cos δ)

1− 2R cos δ + R2
=

4R sin2 δ
2

(1−R)2 + 4R sin2 δ
2

(2.8)

The transmitted light is given by

At = Aitt
′

∞
∑

m=0

r′2m exp (jk2mdn) (2.9)

= Ai T

∞
∑

m=0

Rm exp (jδ) (2.10)

= Ai
T

1 + R exp (jδ)
(2.11)

and
It

Ii
=

T 2

1− 2R cos δ + R2
=

T2

(1−R)2 + 4R sin2 δ
2

(2.12)

Eqs. 2.8 and 2.12 are known as Airy’s formulae.
Figure 2.2 shows the ratio of transmitted and incident intensities – the transmission – function, for

different reflectivities as a function of interference order. The two characteristic properties for each
of the transmission functions are the width of the maxima andthe suppression of light throughput
between the maxima, which are described in the following subsection.
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FIG. 2.3: Typical fringe patterns of monochromatic light sources with a finesse of 1, 10, and 100 (from the left to the
right).

2.1.2 Finesse, peak transmission and the contrast factor

The pattern of the transmitted light consists of narrow bright fringes on an almost completely dark
background (see Fig. 2.3). IfR is increased, the intensity of the minima of the transmittedpattern
falls and the maxima become sharper until, whenR approaches unity, the intensity of the transmitted
light is small except in the immediate neighbourhood of those maxima. This sharpness of the intensity
maxima can be measured by their half-intensity width, usually called half-width, which is the width
between the points on either side of the maximum where the intensity has fallen to half its maximum
value. The finesseF is now defined as the ratio of the separation of the fringesL and the half-widthl

F =
L

l
(2.13)

The other two important characteristics of a FP are the peak transmission given by

τ =

(

It

Ii

)

max

(2.14)

and the contrast factor given by

C =

(

It

Ii

)

max

/

(

It

Ii

)

min

(2.15)

Typically, the plate coatings are either metal films (silver, aluminium) or dielectric films (alternate
layers of an optical thickness ofλ0/4). R increases with increasing thickness of the metal film or
increasing number of layers in case of the dielectric films. At high values ofR, which are desired as
mentioned above, and therefore a high finesse, the fraction of the absorbed light increases. This, how-
ever, means that the peak transmission decreases – the contrast factor is proportional to the finesse –
and that in practise a compromise between both parameter values has to be found.

2.1.3 Resolution and the free spectral range

So far, the infall of a single monochromatic wave has been assumed. In case of two monochromatic
components of similar intensity and gradually increased wavelength difference, two mutually dis-
placed sets of maxima in the interference pattern are expected. The resolving powerλ0/∆λ0 is the
measure for two wavelengths atλ0 ± 1

2∆λ0 that are just resolved. Rayleigh was the first to define a
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resolution criterion which says that two components of equal intensity are just resolved when the prin-
cipal intensity maximum of one component coincides with thefirst intensity minimum of the other.
The relationship between the resolving power and the above mentioned finesse is given by

λ0

∆λ0
∼ 2Fnl

λ0
(2.16)

This equation shows that the resolution of a FP plate can be increased by increasingnl, the optical
path difference between the two reflective surfaces. This also leads to an increase of the interference
order, which means more problems with overlapping orders. As a measure for a useful working range
without overlapping orders, the free spectral range is defined. It is inversely proportional to the order
and given by

∆λ0

λ
=

1

m
(2.17)

The FP that was used for obtaining the data analysed in this thesis was centred on the Hα line at
an interference order of 798. Following Eq. 2.17, this leadsto a free spectral range of 376 km s−1.
The finesse is 12, the FP therefore scanned through 24 steps (Shannon sampling theorem) leading to
a velocity sampling of 15 km s−1. According to Fig. 7.61 in Born & Wolf (2000), a finesse of 12 at
Hα gives a high peak transmission of about 0.7.

2.1.4 The FP etalon as a wavelength filter

Remembering the transmitted fringe pattern, the intensityat wavelengths on either side of the inter-
ference maxima falls sharply to low values. This implies that the FP etalon is working as a wave-
length filter with multiple transmission bands. If the optical thickness of the etalon is only a few
half-wavelengths of the visible light, the transmission bands are of low order and widely separated in
wavelength. Thus, it is possible to suppress the light in allbands but the desired one, which can, e.g.,
be done with interference filters. For the below described observations an interference filter with a
typical width of 1.5 to 2 nm was used to pre-select the Hα line by taking into account the red-shift of
the galaxies.

2.2 A scanning Fabry-Perot interferometer

The observations were performed with a scanning FP interferometer. As described above, the wave-
length range was pre-selected by an interference filter. By changing the spacing between the two
glass plates of the etalon, the interferometer was scanned through all 24 channels while every channel
was observed for ten seconds. Having scanned the whole wavelength range, a cycle was finished and
the scanning sequence was repeated. A total exposure time of, e.g., 4 hours therefore means that the
exposure time of each channel is only a 1/24, i.e., 10 min. Additionally, it becomes obvious that this
method is not simultaneously producing a 3d data set. A complete spatial coverage is given in every
exposure, but to obtain the whole wavelength range, 24 exposures have to be taken. The advantage of
this rapid scanning is that the whole wavelength range is observed under the same conditions, which
are, e.g., the weather conditions (seeing) or the airmass ofthe object. As the data are stored in separate
files, bad data can easily be removed.
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2.3 The detector

Because of the short integration times, CCDs are not the appropriate detectors for a scanning FP.
Therefore, an Image Photon Counting System (IPCS) was used.

2.3.1 Photon-counting systemsvs. CCDs

CCDs have very high quantum efficiencies up to 95% and a very low readout noise down to 2 to 3
electrons. Nevertheless, the maximal signal to noise ratio(S/N) that can be achieved by an ideal CCD
is described by

S/N =
N√

N + σ2 + T
(2.18)

whereN is the number of photons collected per pixel during the exposure time,σ is the reading noise
of the CCD in electrons, andT the thermal noise in electrons/pixels. In newer CCDs or IPCSs the
contribution of the thermal noise is negligible. However, other effects constrain the usage of a CCD
like, e.g., cosmic rays in long-term exposures, which meansthat a long exposure has to be split into
several shorter exposures. This changes Eq. 2.18 to

S/N =
N√

N + nσ2 + T
(2.19)

with n being the number of exposures. WhenN is small andn gets larger, theS/Ndecreases signifi-
cantly as it is the case in scanning instruments like the FP. Therefore, CCDs were replaced by an IPCS
which has aS/Nof

S/N =
N√

N + T
∼
√

N (2.20)

This means that these systems do not have any reading noise and are less affected by cosmic rays
because one event is seen as one photon only. Although the quantum efficiency is lower than in
CCDs, they are more appropriate for multiplex systems like the FP.

For a multiplex system, theS/N is defined as the quadratic sum of theS/Ns of each channel as
there is no noise correlation between the channels. This leads to

S/Nm =

√

√

√

√n

(

N/n
√

N/n + σ2

)2

=
N√

N + nσ2
(2.21)

whereN is the number of photons expected during the whole exposure,n the number of channels, and
σ the readout noise of the CCD. Usually, the emission appears only in a few channels, which can be
different ones for different pixels depending on the gas structures. In the worst case, the emission is
only detected in two channels, which lowers the idealS/Nm to

S/Nm =

√

√

√

√2

(

N/n
√

N/n + σ2

)2

=
2N/n

√

2N/n + nσ2
(2.22)

2.3.2 An overview over the Image Photon Counting System

Figure 2.4 shows a schematic view of an IPCS. The camera head is composed of a GaAs proximity-
focused two-stage microchannel plate image-intensifier tube, fibre-coupled to a CCD. The cathode is
cooled down to−25◦ C. Each photon interacting with the photocathode is amplified up to106-107

times by the image intensifier, producing a signal that is much larger than the internal noise of the
CCD. For a more detailed description see Gach et al. (2002).
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FIG. 2.4: Schematic view of an IPCS (Gach et al. 2002). (1) Cold finger, (2) GaAs tube, (3) fibre coupling, (4) CCD cam-
era, (5) fibre link, (6) host centring computer, (7) vortex tube, (8) proportioning valve, (9) heat exchanger, (10) temperature
controller, (11) air compressor and air dryer.

2.4 Observations and data reduction

The FP observations took place in February/March 2006 at theObservatoire de Haute-Provence,
France. The 1.93 m telescope equipped with the Marseille’s scanning FP interferometer and the new
IPCS (Gach et al. 2002) was used. As already mentioned in Sect. 2.1.3, the velocity sampling was
15 km s−1, which is comparable to the resolution of a high-resolutionechelle spectrograph.

The IPCS has 512 x 512 pixels, each 24µm in size, giving a field of view of 5.′8× 5.′8 and there-
fore a pixel size of 0.′′68. This is similarly high as the spatial resolution achieved when performing
imaging. Due to the size of the interference filters, the fieldof view was slightly limited to 5.′5×x 5.′5.
This large field of view is one of the major advantages of a FP incomparison to the new fibre spectro-
graphs which usually cover less than1 arcmin2. As the galaxies presented in this thesis are all nearby
galaxies, they typically cover severalarcmin2 on the sky, which would result in at least ten pointings
with a fibre spectrograph. Using the FP, the main optical parts of all galaxies that were observed for
the purpose of this work lie within the field of view.

The observations were taken under non-photometric conditions leading to a seeing of less than
3′′, which made it necessary to bin the data. This does not significantly affect the quality of the data as
changes in velocity (e.g., due to outflowing gas) are not expected to take place on such small scales.
The night sky lines give a velocity resolution of 50 to 60 km s−1, which causes a bit more trouble than
the bad seeing. The outflows found in dwarf galaxies typically have expansion velocities in the range
from 20 to 60 km s−1 (e.g., van Eymeren et al. 2007). Having a velocity resolution of 50 to 60 km s−1
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FIG. 2.5: The Marseille’s scanning Fabry-Perot interferometer attached to the 1.93 m telescope at the Observatoire de
Haute-Provence. The picture was taken during the observingrun in March 2006 by M. Marcelin.

could therefore mean that low-velocity outflows, especially when they are of low intensity, are only
seen as an asymmetry in the line profile, which makes them difficult to fit, or even remain undetected.

The data reduction was performed using the ADHOCw1 software which is online available and
was written by Jacques Boulesteix (CNRS, Marseille). This software is exclusively written for FP
data and includes tools for the whole data reduction procedure as well as analysis and display tools.
Additionally, a package exists that allows a conversion of the data from the ADHOCw format to more
conventional formats like, e.g., the fits format.

A short overview about the standard data reduction process is given in Fig. 2.6. First of all,
the cycles have to be checked and cycles which were obtained under bad conditions are sorted out.
Afterwards, the data are added channel per channel. In a nextstep, the phase map has to be created,
which forms the basis for the wavelength calibration. Therefore, an exposure of a calibration lamp,
in this case a neon lamp, had to be taken during the observations. Fig. 2.7 visualises why a phase
calibration is needed: only one single wavelength of the neon lamp was chosen and scanned through
all channels, which should lead to the same intensity distribution in every pixel of the whole field of
view. Looking at one pixel and following it over all channels, an intensity distribution can be plotted
(bottom part of Fig. 2.7). Although only one single line was observed, the channel where the intensity
peaks varies from pixel to pixel. Therefore, an “origin” channel has to be defined, for which all the
pixels have their intensity peaking at maximum, which meansthat the intensity maxima of many
pixels have to be shifted to other channels in order to get thesame wavelength origin for all pixels
of the observed field. This so-called phase map, which contains the information about every pixel, is
then used to perform a wavelength calibration of the scientific data.

Spectral and spatial smoothing as well as the subtraction ofthe night sky lines are the final steps
of the data reduction. In this case, the subtraction of the night sky was not possible as no flatfield
correction could be applied due to a not sufficient number of flatfield exposures. The consequences
are described in more detail in Sect. 2.5.

1Analyse et Dépouillement Homogène des Observations Cigale, http://www.oamp.fr/adhoc/
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FIG. 2.6: The most important steps of the Fabry-Perot data reduction.

In the end, the monochromatic and the continuum image as wellas the velocity and the Full Width
at Half Maximum (FWHM) maps can be computed.

For a detailed kinematic analysis, the ADHOCw software was proved to be not sufficient. There-
fore, the data had to be converted into the standard fits format and were analysed with a mixture of
radio and optical astronomy software, in particular MIRIAD2 and IRAF3. As IRAF cannot handle 3d
data very well, the spectra are extracted pixel by pixel withthe MIRIAD taskgaufit. In IRAF, the
resulting ASCII-files, containing two columns (wavelengthand intensity), are then converted into a
spectrum by summing over3× 3 pixels to improve the S/N ratio and to match the seeing (see above).

As the field of view is quite large, an automatic fitting routine for the Gaussian decomposition is
desired. MIRIAD, IRAF and also ADHOCw all offer such a task and they were all tested during this
work. These tasks work well on spectra containing a single, symmetric and well-resolved emission
line. As soon as the spectrum shows an asymmetry in the emission line (indicating a second super-
imposed component) or a second, clearly separated component, the fits are not reliable any longer. In
order to perform a Gaussian decomposition, initial estimates of the peak velocity, the FWHM and the
intensity are needed. This is difficult as no prior knowledgeof the outflows is available. Therefore, an
automatic fitting routine is not recommended for the purposeof this work. In the end, the Gaussian
decomposition tasksplot in IRAF was taken, and all lines were measured interactively. The whole
procedure is described in App. A.

2Multichannel Image Reduction, Image Analysis and Display
3Image Reduction and Analysis Facility
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FIG. 2.7: Schematic representation of the FP’s scanning process. The interference pattern of four channels is shown in
the upper part. Looking at one pixel, an intensity distribution of the observed emission line over all channels can be plotted
(lower part).

2.5 Technical issues of the observations and the data reduction

Fig. 2.8 shows the velocity map of NGC 2366 created by ADHOCw.A comparison of this map
with the corresponding Hα image (see Chap. 3, Fig. 3.1 right panel) reveals emission insome areas
of the velocity map which cannot be seen on the Hα image. The black circles surround so-called
ghosts which are reflections from bright emission line regions between the interference filter and the
interferometer itself. The black cross marks the position of the centre of reflection which coincides
with the optical axis. These artefacts have already been described in detail by Georgelin (1970).

The upper ghost in Fig. 2.8 was caused by the bright Giant Extragalactic HII Region (GEHR) in
the south of the galaxy, the reflection on the right side by thearm-like feature to the east of the galaxy.
Note that the small HII region in the very south of the GEHR is real. A comparison of the intensity
revealed that the intensity of the ghost is typically a factor of 40 lower than the intensity of the real
emission. Therefore, all ghosts could immediately be ruledout either by looking at the Hα images or
by looking for the bright real counterpart taking into account the difference in intensity.

The black arrows in Fig. 2.8 indicate a different kind of artefacts caused by blurring inside the
detector, which leads to an artificial velocity gradient on very bright emission line regions. These
artefacts have not been mentioned in the literature, yet. The blurring within the detector can only
be seen when the detected emission is very bright. This is thecase for the GEHRs in NGC 2366
and NGC 4861. NGC 2366 has been observed before within the “Gassendi Hα Survey of SPirals”
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FIG. 2.8: Artefacts on the Hα velocity field of NGC 2366 as created with ADHOCw. A comparison with the corresponding
Hα image shows areas of emission which cannot be seen on the Hα image. The black circles surround so-called ghosts
which were caused by the FP interferometer and are reflections from bright emission line regions. The black cross marks
the position of the centre of reflection (optical axis). The black arrows indicate a different kind of artefacts caused bythe
detector, which leads to an artificial velocity gradient on very bright emission line regions (in this case on the luminous H II

region in the south).

(GHASP4), but the exposure times were much shorter so that no reflection is visible on the old velocity
field. However, Section 4.5.2 will show that this problem hasalready existed before, but was not
recognised as such. For the data presented in this thesis, the gradient could successfully be removed
and all detected velocities were checked by comparing the FPdata with the already analysed and
published echelle spectra (see van Eymeren et al. 2007).

A completely different problem came up during the data reduction process: a standard data re-
duction usually includes a flatfield correction which is necessary because of the varying night sky
brightness. Another important factor is the correction of artefacts caused by defects or dust grains
on the filter. The transmission of the interference filters used for these observations depends on the
wavelength and on the position. A flatfield could correct for the uncertainties, but the integration
times have to be very long when using a photon counting system. As only eight cycles per filter
were obtained for these observations, the signal per channel was far too low, but as the main purpose
of the data was the performance of a kinematic analysis and not photometry, this problem was not
severe. On the other hand, the spectra are affected by the night sky lines, not only from the ones of
the observed free spectral range, but also from neighbouring ones as the interference filters did not
completely suppress neighbouring wavelengths. The intensity of all these lines varied over the field of

4http://www.oamp.fr/interferometrie/GHASP/ghasp.html
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view without an identifiable order. The flatfield correction might have helped to bring the intensities
to one level and to successfully subtract the lines. Instead, a median night sky profile was subtracted
from every pixel leading to residuals and over-subtractionin many pixels. Especially the data of
NGC 4861 were strongly affected by several night sky lines. Therefore, a new detected outflow was
always cross-checked with a list of night sky lines from the desired and the neighbouring free spectral
ranges.



Chapter 3
Spiral structure in NGC 2366∗

Abstract

NGC 2366, classified so far as an IB(s)m dwarf galaxy, shows atseveral wave-
lengths indications for spiral arm structure. A look at the Hα morphology and
kinematics shall give further evidence.
Fabry-Perot interferometry of NGC 2366 centred on the Hα line was per-
formed with the Marseille’s scanning Fabry-Perot. Additionally, a deep Hα
image that also includes the outer regions of NGC 2366 was obtained and com-
pared with the FUV GALEX image.
Our Hα velocity field in combination with the Hα and GALEX images reveals
that NGC 2366 has two weak spiral arms traced by chains of small H II regions,
one emanating from the northern tip to the south, the other one emanating from
the HII region west of the Giant Extragalactic HII Region to the north. The
upper part of the eastern arm shows the typical wiggles indicating a density
wave action.

3.1 Introduction

A dwarf galaxy is a system havingM0
B > −18 and an isophotal diameterD0 < 5 kpc. The presence

and especially the detection of spiral structure in dwarf galaxies is a particularly rare phenomenon.
Ferguson & Sandage (1991) wrote that “dwarf spiral galaxiesdo not appear to exist”. First evidence
for their existence was given by Schombert et al. (1995). Even then, they concluded that dwarf spiral
galaxies only exist in the field. The harsh environment in a cluster – due to galaxy mergers, interaction
with each other or with the intracluster medium, and/or strong gravitational tidal interactions – is
commonly thought to have led to the destruction of the delicate spiral patterns in dwarf galaxies.

During the last decade more dwarf galaxies with faint spiralstructure were found (e.g., Jerjen
et al. 2000; Barazza et al. 2002; Graham et al. 2003), although they all belong to the class of dwarf
elliptical galaxies. As they lack HI gas and star formation, the nature of this spiral structure may be
different. Concerning the nature and probability of classical spiral patterns in gas-rich dwarf galaxies,
there has been little research beyond morphological classification.

∗van Eymeren, J., Marcelin, M., Bomans, D.J., & Dettmar, R.-J. 2008, subm. to A&A
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NGC 2366 was classified up to now as a barred Magellanic-type irregular (IB(s)m) dwarf galaxy
(de Vaucouleurs et al. 1991, hereafter RC3). Its appearancein Hα is dominated by the Giant Ex-
tragalactic HII Region (GEHR) NGC 2363 in the south-west with a luminosity twice as bright as
30 Doradus (Chu & Kennicutt 1994). The distance of 3.44 Mpc was adopted by Tolstoy et al. (1995)
and places NGC 2366 in the M81 group. Tikhonov & Galazutdinova (2008) measured a new TRGB
distance of 3.13±0.25 Mpc, which is still in good agreement with the value derived by Tolstoy et al.
(1995). In the subsequent analysis the value of Tolstoy et al. (1995) is used. The nearest neighbour of
NGC 2366 is the spiral galaxy NGC 2403 at a projected distanceof 290 kpc.

NGC 2366 shows several peculiarities. The photometric HST observations by Tikhonov & Galazut-
dinova (2008) reveal an overdensity of blue stars at a galactocentric distance of 0.9 kpc against the
overall decrease in the young-star number density with galactocentric distance. At the same distance
H I observations by Hunter et al. (2001) and Thuan et al. (2004) show the presence of two parallel
ridges running along the major axis, which they interpret asa deprojected HI ring. A third peculiarity
is the HII complex west of the GEHR, which is often referred to as a satellite galaxy interacting with
NGC 2366 (e.g., Drissen et al. 2000), despite its similaritywith the Shapley constellation III in the
LMC (Nail & Shapley 1953).

Tikhonov & Galazutdinova (2008) suggest from their resultsof the stellar photometry that the HI
ridges found by Hunter et al. (2001) and Thuan et al. (2004) could be weak spiral arms. This chapter
gives further evidence for the existence of spiral arm structure in NGC 2366 from deep optical and
UV images and Fabry-Perot interferometry.

3.2 Observations and data reduction

3.2.1 Optical imaging

A 900 s R-band image and a deep – 3600 s – Hα image were obtained with the Calar Alto 3.5m
telescope. After the standard data reduction with the software package IRAF, the continuum image
was subtracted from Hα to produce an image of the pure Hα line emission. In order to emphasise
weaker structures and to differentiate them from the noise,we used adaptive filters based on the H-
transform algorithm (Richter et al. 1991, see App. B). Both images are shown in Fig. 3.1.

3.2.2 Fabry-Perot interferometry

Fabry-Perot (FP) interferometry of NGC 2366 was performed at the 1.93m telescope at the Observa-
toire de Haute-Provence, France. We used the Marseille’s scanning FP and the new photon counting
camera (Gach et al. 2002). The field of view is 5.′8 x 5.′8 on the 512 x 512 pixels of the camera and
is slightly limited by the interference filter to 5.′5 x 5.′5 giving a spatial resolution of 0.′′68 per pixel.
The Hα line was observed through an interference filter centred at the galaxy’s rest wavelength of
6564.53 Å with a FWHM of 10 Å. The free spectral range of the interferometer – 376 km s−1 – is
scanned through 24 channels with a sampling step of 15 km s−1. The seeing was about 3′′ to 4′′. The
spectral resolution is about 50 km s−1.

In total, 60 cycles were observed with an integration time of10 sec per channel and per cycle.
After removing bad cycles, a total integration time of 232 min remained. We used a neon lamp for the
wavelength calibration. The data reduction was done with the software package ADHOCw1, written
by Jacques Boulesteix.

1http://www.oamp.fr/adhoc/
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FIG. 3.1: R-band image (left panel) and continuum-subtracted Hα image (right panel) of NGC 2366. In order to stress
weaker structures and to differentiate them from the noise,we used adaptive filters based on the H-transform algorithm
(Richter et al. 1991, see App. B). The extraplanar HII regions are marked by white boxes and numbered in black, the spiral
arms are indicated by white lines.

FIG. 3.2: The Hα velocity field of NGC 2366. The left panel shows the whole velocity field, the right panel is a zoom
into the upper part of the eastern spiral arm showing wigglesof the isovelocity lines.

The Hα velocity field is shown in Fig. 3.2. We performed a Gaussian decomposition by inter-
actively fitting the emission (IRAF tasksplot, see App. A). Only detections above a 3σ limit were
considered. In order to improve the signal to noise ratio, wesummed over3 × 3 pixels. All given
velocities are heliocentric velocities measured along theline of sight.
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3.3 Results

3.3.1 General morphology

TheR-band and Hα images (Fig. 3.1) cover the stellar extent of the galaxy including the outer regions.
The disk is elongated from the south-west to the north-east with the GEHR and its western compan-
ion in the south. TheR-band image shows two components in the luminosity distribution, an inner
luminous and bar-like feature and an outer weaker component. NGC 2366 is strongly inclined with
an inclination angle of 65◦ derived from HI observations (e.g., Hunter et al. 2001). The existence of
a bar has been discussed in several publications (e.g., Elmegreen et al. 1996; Hunter et al. 2001). In
Hα, many small and faint HII regions are scattered along both sides of the disk (Fig. 3.1,right panel),
the southernmost ones, numbered 7 and 8, at a distance of 2.7 and 3 kpc from the disk (Hunter et al.
2001). On the eastern side of the disk, HII regions can be traced all along the disk from the arm-like
structure at a declination of 69◦ 13′ via a bright small blob south of the GEHR (HII region number
5) to the two southernmost HII regions mentioned above. On the western side of the disk, this trend
is not as obvious, although there are a few HII regions extending from the western large HII region
to the north (numbers 9 and 10). A very prominent Hα feature is visible at a distance of at least 2 kpc
north of the main body of the optical galaxy (SB4, see Fig. 3.1, the numbering follows van Eymeren
et al. 2007, their Table A.1). It looks like an expanding superbubble of 500 pc in diameter with a
sharply edged half pointing to the north and a more roundish part heading south. TheR-band image
shows a stellar concentration in the middle. A second faint shell structure can be seen at a distance of
1 kpc from SB4 to the south-east.

3.3.2 Hα velocities

The Hα velocity field (Fig. 3.2, left panel) only shows the main bodyof NGC 2366. Nevertheless, the
eastern distinct HII regions are clearly visible. The overall velocity gradientruns from the south-west
with velocities of about 60 km s−1 to the north-east with velocities of about 140 km s−1, which is con-
sistent with HI observations by, e.g., Thuan et al. (2004). The arm emanating from the north-eastern
part of NGC 2366 to the south shows broad and smooth wiggles inthe upper part (see Fig. 3.2, right
panel). The velocity of the arm is offset in comparison to theoverall velocity gradient by 30 km s−1

red-shifted. Some of the tiny HII regions also show higher velocities than expected from the gradient.
The HII region number 5 fits well into the overall velocity pattern.

3.4 Discussion of the peculiarities in NGC 2366

Based on our data and by taking into account other analyses ofNGC 2366, we discuss in the following
subsections that this galaxy appears to show a two-armed spiral pattern.

3.4.1 The GALEX view

The GALEX FUV image of NGC 2366 (see also Gil de Paz et al. 2006)is taken for a comparison
with the Hα image. The UV emission allows us to trace the slightly longer-lasting stars (e.g., B-type
stars) in comparison to Hα, which gives us primarily the O-type stars. This facilitates our search for
the spiral arm structure as the star distribution is more pronounced on the UV image.

Superimposing the GALEX contours onto the Hα image (see Fig. 3.3) shows that the small extra-
planar HII regions coincide very well with some knots on the GALEX image. The GALEX contours
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FIG. 3.3: The GALEX FUV contours overlaid onto
the continuum-subtracted Hα image.

FIG. 3.4: Statistical properties of dwarf spirals. The
distribution of optical diameters in kpc shown for all
spirals in the UGC with HI detection (Schombert et al.
1995). The position of NGC 2366 is marked.

already give the impression of an arm-like structure along the eastern side to the south. As stated from
the Hα image (see Sect. 3.3.1), the western arm is not as pronouncedas the eastern arm.

The UV emission is very extended to the north. Similar to theR-band image, the luminosity
drops, but the connection between the main body and the shellstructures is more obvious (due to the
above mentioned reason). The UV image even shows several smaller knots of high intensity at the
positions of both shell structures, clearly marking the stellar complexes driving the shells.

3.4.2 HI ring

The classification by RC3 implies some weak s-shaped structure, but the publications of the last
decade all discussed against spiral structure in NGC 2366 (e.g., Hunter et al. 2001; Thuan et al. 2004).
Thuan et al. (2004) present HI synthesis maps of NGC 2366. In their Fig. 5 they show a grid of
individual H I line profiles. Most of the profiles show a single emission line, but on the edges they
found double profiles. Compared to our Hα or the GALEX image, the regions of double profiles
coincide with the positions of the spiral arms. These are even visible on Thuan’s HI channel maps
in Fig. 3. Hunter et al. (2001) found the same HI morphology, but all authors exclude the possibility
of a spiral arm pattern and interpret the structure as a deprojected HI ring. Our analysis reveals that
NGC 2366 shows evidence for spiral structure in the optical,the UV and the radio.

Interestingly, an offset becomes obvious when comparing the position of the double profiles and
the spiral arm structure on the channel maps with the ionisedgas shells. This means that most probably
the shells are not connected to the western spiral arm.
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3.4.3 Satellite galaxy to the west

The Hα velocity field (Fig. 3.2) shows that the velocity gradient ofthe western HII region is consistent
with the overall velocity gradient. Additionally, it marksthe site where the western spiral arm comes
out of the bar. This gives evidence against the statement by,e.g., Drissen et al. (2000) that the western
H II region may not belong to NGC 2366, but is a satellite galaxy. The region is therefore most likely
a superassociation or stellar complex (e.g., Elmegreen & Efremov 1996; Braun et al. 1997), much like
the Shapley constellation III in the LMC.

3.4.4 Properties of (dwarf) spirals

Schombert et al. (1995) show in a histogram the number density of all spirals in the UGC cata-
logue (Nilson 1973) versus their optical diameter. This distribution peaks at large diameters of 20 to
30 kpc, whereas only few galaxies are found below diameters of 6 kpc. The dwarf galaxies found by
Schombert et al. (1995) are all at the lower end of the distribution with diameters of less than 5 kpc and
luminosities ofMV > −17mag. Figure 3.4 shows the same histogram. The position of NGC 2366
is marked. As the galaxy has a large major to minor axis ratio in the optical, we take the diameter
of the major axis (about 8 kpc) as an upper limit. Although this value is almost twice as high as the
diameters of the dwarf spirals detected by Schombert et al. (1995), NGC 2366 is still at the lower
end of the distribution. With a luminosity ofMV = −17.27mag (RC3) and applying a distance of
3.44 Mpc, it fits well to the dwarf spirals. These results place NGC 2366 in a greyzone between the
dwarf spirals found by Schombert et al. (1995), which are alllow surface brightness galaxies, and
normal spiral galaxies.

3.5 Conclusions

From our observations we suggest that NGC 2366, which is classified as an irregular dwarf galaxy
with weak spiral structure, has indeed two spiral arms whichcan be traced in the shape of small HII

regions outside the disk on our Hα velocity field and the Hα image and are consistently visible on
the GALEX FUV image. Their positions coincide with the previously detected HI ring by Hunter
et al. (2001) and Thuan et al. (2004). Additionally, we detect wiggles in the Hα velocity contours,
which is a commonly observed phenomenon when the material crosses spiral arms. The western large
H II region seems to belong to the western spiral arm and is most probably not a satellite galaxy as
suggested before. A comparison with the properties of classical spirals and the dwarf spirals found
by Schombert et al. (1995) shows that NGC 2366 lies between both kinds of galaxies. The detection
of the spiral pattern in NGC 2366 opens the question how many star forming irregular dwarf galaxies
show density wave driven spiral arms and where the limiting parameters for a density instability in
disks really are.

Assuming a density wave that produces the spiral arms implies an offset of the spiral pattern from
H I to Hα (Roberts 1969). A comparison of the HI data by Thuan et al. (2004) with our Hα image
shows no significant deviations. Still, this offset is smalland therefore difficult to detect. A clear
measurement is up to now only possible in extreme grand-design spiral galaxies like M 51. Therefore,
an analysis of deep HI data and a comparison with the optical and UV data is necessary to look which
parameters allow the formation of spiral arms in NGC 2366.
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Chapter 4
A comparison of the neutral and ionised gas
kinematics in the irregular dwarf galaxy
NGC 2366

Abstract

Star-forming irregular dwarf galaxies provide a perfect environment to study
feedback processes because their gas kinematics support the long-term sur-
vival of shells, filaments and holes. In order to perform a comparison between
the neutral and ionised gas kinematics, HI and Hα observations of the nearby
irregular dwarf galaxy NGC 2366 were performed.
A deep Hα image, Fabry-Perot as well as VLA HI data of NGC 2366 were
obtained. In addition to a comparison of the morphology of the neutral and
ionised gas, we searched for line-splitting in Hα and HI by performing a Gaus-
sian decomposition.
A huge red-shifted outflow north-west of the Giant Extragalactic H II Region
with an expansion velocity of up to 50 km s−1 is found in Hα, but not in HI, as
well as an underlying blue-shifted component in the northern part both in Hα
and HI with an expansion velocity of up to 30 km s−1. A comparison of the
expansion velocities of these outflows and the escape velocities of NGC 2366,
calculated by modelling a pseudo-isothermal halo, revealsthat the gas has not
enough kinetic energy to leave the gravitational potential.

4.1 Introduction

Irregular dwarf galaxies are known to be the sites of giant star formation regions. The feedback be-
tween massive stars and the interstellar medium (ISM), on larger scales also the intergalactic medium
(IGM) is one of the most important processes in the evolutionof these galaxies. Massive stars are
strong sources of radiation and mechanical energy. Photoionisation is the most probable mechanism,
but also shocks that are produced by stellar winds and supernova (SN) explosions inject energy into
the ISM, which leads to numerous ionised structures in and around the galactic plane (e.g., Bomans
et al. 1997; van Eymeren et al. 2007). However, ionised gas also exists at kpc distances away from
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any place of current star formation (Hunter et al. 1993). These structures might be fragmented cool
shell structures that were left behind by the expanding hot gas (Mac Low & Ferrara 1999), but they
can also be explained by turbulent mixing between the hot andthe neutral gas (Slavin et al. 1993).

In order to explain the observations, theoretical models were developed in which the gas is shock-
heated by collective supernovae and accelerated into the ISM forming a thin shell of swept-up ambient
gas. Due to Rayleigh-Taylor instabilities the shell can rupture and the hot gas is expelled through
tunnel-like features, called chimneys, into the halo of thehost galaxy (Norman & Ikeuchi 1989).
Depending on the strength of the gravitational potential, the hot gas might be able to fall back onto the
galactic disk as cool clouds, which is described in theGalactic Fountainscenario (Shapiro & Field
1976). In some cases, the gas can even be accelerated to velocities beyond the escape velocity of the
host galaxy.

Especially the relatively low escape velocity of dwarf galaxies will facilitate the removal of sub-
stantial amounts of interstellar matter. Therefore, the question comes up whether the gas stays gravi-
tationally bound to the galactic disk (outflow) or whether itcan escape from the gravitational potential
by becoming a freely flowing wind (galactic wind). Numericalsimulations by Mac Low & Ferrara
(1999) model superbubble blowout and blow-away in dark matter dominated dwarf galaxies of dif-
ferent mass and with different kinetic luminosities. Theirmodels show that only a little fraction of
the gas can escape from the gravitational potential, but that the metals, produced by massive stars and
released during a SN explosion, have a high probability to beblown away (see also Sect. 1.1). Low
mass dwarfs (< 107 M⊙) can even loose their complete metal-enriched material.

Therefore, star-forming irregular dwarf galaxies providea perfect environment to study feedback
processes and to hunt for galactic winds. A number of studiesconcentrated on the kinematics of
ionised gas structures (e.g., Hunter & Gallagher 1997; Martin 1998; van Eymeren et al. 2007), others
on the distribution and kinematics of the neutral gas (e.g.,Thuan et al. 2004). Only few studies address
both components together in an extensive analysis. Additionally, most authors use a small number of
long-slit spectra for their examination of the ionised gas component and try to extrapolate from these
few spatial information to the whole galaxy. Only during thelast years, the so-called 3d spectroscopy
has become more popular which allows to observe large parts of a galaxy or even the whole galaxy
together with sufficient spectral information in one exposure (e.g., Wilcots & Thurow 2001).

In this paper we present a study of the neutral and ionised gascomponent in the nearby irregular
dwarf galaxy NGC 2366. The ionised gas was observed with a Fabry-Perot interferometer centred on
the Hα line that provides us with a complete spatial coverage of thestellar disk and relevant spectral
information.

NGC 2366 is classified as a barred Magellanic-type irregular(IB(s)m) dwarf galaxy (de Vau-
couleurs et al. 1991). Its appearance in Hα is dominated by the Giant Extragalactic HII Region
(GEHR) NGC 2363 in the south-west with a luminosity twice as bright as 30 Doradus (Chu & Ken-
nicutt 1994). Recent observations by van Eymeren et al. (2007) revealed the existence of numerous
ionised gas structures up to kpc-size, especially close to the GEHR where most of the current star
formation activity takes place. Several of them have been shown to expand. The expansion velocities,
however, were in all cases much smaller than the escape velocities of the galaxy. We adopt a distance
of 3.44 Mpc from Tolstoy et al. (1995) that places NGC 2366 in the M81 group. The nearest neighbour
is NGC 2403 at a projected distance of 290 kpc, which makes anykind of interaction unlikely.

This chapter is organised as follows: The observations and the data reduction are described in
§ 4.2. Sect. 4.3 is a comparative description of the Hα and HI morphology. § 4.4 presents a kinematic
analysis of both Hα and HI data. The results are subsequently discussed in § 4.5, whichwill be
followed by a short summary in Sect. 4.6.



4.2. Observations and data reduction 29

FIG. 4.1: R-band image (left panel) and continuum-subtracted Hα image (right panel) of NGC 2366. In order to stress
weaker structures and to differentiate them from the noise,we used adaptive filters based on the H-transform algorithm
(Richter et al. 1991, see App. B). The extraplanar HII regions are marked by white boxes and numbered in black. Addi-
tionally, the two northern superbubbles are numbered following van Eymeren et al. (2007).

TABLE 4.1: The basic parameters of NGC 2366.

Parameters [Unit] NGC 2366 References

α (J2000) 07h 28m 54.6s

δ (J2000) +69◦ 12′ 57′′

Hubble Type IB(s)m (1)
mB [mag] −16.63 (2)
D [Mpc] 3.44 (3)

References: (1) de Vaucouleurs et al. (1991), (2) Bomans (2001), (3) Tolstoy et al. (1995)

4.2 Observations and data reduction

4.2.1 Optical imaging

A 900 sR-band image and a deep – 3600 s – Hα image were obtained on the 16th of October 2007
with the Calar Alto 3.5m telescope equipped with MOSCA, the Multi Object Spectrograph for Calar
Alto. After the standard data reduction with the software package IRAF, the continuum image was
subtracted to produce an image of the pure Hα line emission. In order to emphasise weaker structures
and to differentiate them from the noise, we used adaptive filters based on the H-transform algorithm
(Richter et al. 1991, see App. B). Both images are shown in Fig. 4.1.
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4.2.2 The Fabry-Perot data

Fabry-Perot (FP) interferometry of the irregular dwarf galaxy NGC 2366 was performed on the 1st
of March 2006 at the 1.93m telescope at the Observatoire de Haute-Provence, France. We used the
Marseille’s scanning FP and the new photon counting camera (Gach et al. 2002). The field of view
is 5.′8× 5.′8 on the 512 x 512 pixels of the detector and is slightly limited by the interference filter
to 5.′5× 5.′5, which gives a spatial resolution of 0.′′68 per pixel. The Hα line was observed through
an interference filter centred at the galaxy’s rest wavelength of 6564.53 Å with a FWHM of 10 Å.
The free spectral range of the interferometer – 376 km s−1 – was scanned through 24 channels with
a sampling step of 15 km s−1. The final spectral resolution as measured from the night skylines is
about 50 km s−1. The seeing was about 3′′ to 4′′.

60 cycles were observed with an integration time of 10 sec perchannel and per cycle. After
removing bad cycles, a total integration time of 232 min remained. We used a neon lamp for the phase
and the wavelength calibration. The data reduction was donewith the software package ADHOCw1,
written by Jacques Boulesteix. Afterwards, a Gaussian decomposition was performed by interactively
fitting the emission (IRAF tasksplot, see App. A). Only detections above a 3σ limit were considered.
In order to match the seeing and to improve the signal to noiseratio, we summed over 3× 3 pixels.
All given velocities are heliocentric velocities measuredalong the line of sight.

Further details about the FP technique, the observations, and the data reduction process can be
found in Chap. 2.

4.2.3 The HI data

We work on a fully-reduced data cube from “The HI Nearby Galaxy Survey” (THINGS, de Blok
et al. 2005; Walter et al. 2005), a high spectral and spatial resolution survey of HI emission in 34
nearby galaxies obtained with the VLA in its B, C, and D configuration. The synthesised beam size
is 13′′ × 12′′ using a “natural” weighting. The spectral resolution is 2.6km s−1. For more details see
Walter et al. (2008).

Figure 4.2 shows the HI channel maps of the cube after applying a standard Hanning smoothing,
superimposed on a greyscale presentation of ourR-band image. The white cross in the first channel
marks the optical centre of the galaxy. The beam is placed into the lower left corner of the same
channel. The corresponding heliocentric velocities are indicated in the upper right corner of each
channel.

In order to create the moment maps (for a more detailed description see App. C) and to analyse
the HI data, the software GIPSY2 was used.

4.3 General morphology

In addition to theR-band and the Hα images presented in Fig. 4.1, a second grey-scale presentation
of the Hα image with a different contrast in order to emphasise the small-scale structures is given
in Fig. 4.12 of App. 4.A. The galaxy has a bar-like appearance. The main star-forming complex
is located at the southern end and appears as a GEHR on the Hα image. The HII region west of the
GEHR is sometimes referred to as a satellite galaxy (e.g., Drissen et al. 2000). Whether an own system
or not, this HII region is connected to the stellar disk by diffuse, filamentary gas structures. Following
the western edge of the GEHR to the north, further filamentarymaterial is visible. A very interesting

1http://www.oamp.fr/adhoc/
2The Groningen Image Processing System
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FIG. 4.2: HI channel maps of NGC 2366 (contours) as obtained from the VLA using “natural” weighting of the data, su-
perposed on theR-band image. Contours are drawn at−1.5 (−3σ), 1.5 (3σ), 3, 6, 12, and 24 mJy beam−1. The synthesised
beam is displayed in the lower left corner of the first channelmap. The optical centre of the galaxy is marked by a white
cross in the same channel map. The corresponding heliocentric velocities are indicated in the upper right corner of each
channel. A standard Hanning smoothing was applied to the cube. The original channel spacing is 2.6 km s−1.
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structure is the supperbubble (SB4) to the very north of the main body. At the same position, the
R-band image shows a small cluster of stars. This bubble is remarkable concerning its morphology
because it consists of a sharply edged shell heading to the north and a smooth shell heading south.
Additionally, there is a second shell, SB5 heading south-east at a distance of 1 kpc in comparison to
SB4 without an ionising star cluster nearby. A catalogue of all structures can be found in van Eymeren
et al. (2007). The northern structures (SB4, SB5) are new detections as the field of view of the Hα
image used by van Eymeren et al. (2007) did only cover the mainpart of the stellar disk. Another
peculiarity in NGC 2366 are the very small and faint HII regions that are scattered along the disk on
both eastern and western side with no apparent connection toit.

Figure 4.3 shows the HI moment maps of NGC 2366 as well as the global intensity profile. The
H I intensity distribution (upper left panel, 0th moment map) is a factor of 2 larger than the optical
content of NGC 2366. It looks very patchy with several intensity maxima in the inner parts and a more
diffuse filamentary structure in the outer parts. On a largerscale, the HI forms two bright elongated
structures or ridges, both parallel to the major axis that are embedded in fainter and smoother gas (see
also Hunter et al. 2001; Thuan et al. 2004). The total HI mass derived from the 0th moment map is
6.02× 108 M⊙, which lies between the values measured by Thuan et al. (2004) of 3.9× 108 M⊙ and
by Hunter et al. (2001) of8 × 108 M⊙. For all three measurements, a distance of 3.44 Mpc (Tolstoy
et al. 1995) was adopted.

Figure 4.4 shows a comparison of the ionised and neutral gas distribution in NGC 2366. In the
left panel, the HI contours are overlaid over the continuum-subtracted Hα image. The optical galaxy
lies in the centre of the HI distribution, i.e., in the area of highest HI intensity. One HI maximum
coincides with the GEHR, the region of currently the strongest star formation in NGC 2366. For a
more detailed study, Fig. 4.4, right panel shows an enlargement of the main optical part of NGC 2366.
Overlaid in white are the HI intensity contours. First, it can be seen that the HI maximum coinciding
with the GEHR is slightly offset from the centre of the Hα emission. The shift is of the order of one
beam size or even more and therefore not a resolution effect.Other examples of such offsets can be
found in the literature (e.g., Hodge et al. 1994).

Additionally, the arm-like feature in the north-east as well as the western HII region show an HI
intensity maximum. And finally, several smaller HI intensity peaks can be found in the northernmost
part of NGC 2366, close to but offset from SB4. SB5 seems to be in a kind of HI hole, which gives
rise to the assumption that it expands into the neutral medium by working like a snowplough. The
neutral gas in front of the shell is compressed and maybe shock-heated. In the back, a cavity of low
densities evolves visible as an HI hole. This phenomenon cannot be observed in the vicinity of SB4,
but the filamentary structures north-west of the GEHR are allfound in an area of low HI column
density.

4.4 Kinematic analysis

The comparison of the neutral and the ionised gas reveals that the distribution of both components
is in good agreement. The HI intensity maxima all coincide with the optical extent of thegalaxy.
Additionally, we found filamentary and shell-like structures in Hα which often come along with a low
column density in HI. In this section, the kinematic analysis shall give some information about the
behaviour of the gas.
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FIG. 4.3: The HI moment maps of NGC 2366 using “natural” weighting, which leads to a synthesised beam of 13′′
×12′′.

Top left: The HI intensity distribution (0th moment). Contours are drawn at0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, and 0.7 Jy beam−1 where 5 mJy beam−1 correspond to a column density of3.6 × 1019atoms cm−2. Top right: The
H I velocity field (1st moment). Contours are drawn from 40 to 160km s−1 in steps of 10 km s−1. The systemic velocity
of 97 km s−1 is marked in bold.Bottom left: The velocity dispersion (2nd moment), overlaid are the sameH I intensity
contours as on the 0th moment map.Bottom right: The global intensity profile of the galaxy. The short-dashedline marks
zero intensity.

4.4.1 The Hα velocity field

The Gaussian decomposition reveals that at several places,the Hα line consists of more than one
component, which is an indication for expanding gas structures. The left panel of Figure 4.5 shows the
resulting velocity field with the component of highest intensity plotted. The overall velocity gradient
runs from the south-west with velocities of about 65 km s−1 to the north-east with velocities of about
120 km s−1. The major deviations from the rotation are now shortly summarised:

• A huge red-shifted outflow north-west of the GEHR is visible on the Hα velocity field with
velocities of up to 130 km s−1 in comparison to the rotation velocity of 80 km s−1.

• An underlying blue-shifted component can be seen north of the GEHR with velocities of 60 to
70 km s−1 in comparison to the general velocities of 90 to 100 km s−1, which is discussed in
more detail in Sect. 4.5.1.
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FIG. 4.4: A comparison of the Hα and HI morphology. The left panel shows the continuum-subtractedHα image.
Overlaid in black are the HI intensity contours at 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 Jy beam−1.
The right panel displays an enlargement of the optical part.The HI intensity contours are overlaid in white.

• In the northern part of the galaxy, a lot of the emission is much redder than expected from the
rotational gradient.

• The western HII region (west of the GEHR) shows the same velocity pattern than the GEHR,
which is something to consider in the discussion about this HII region being part of NGC 2366
or a satellite galaxy interacting with NGC 2366.

Part of these peculiarities have already been discussed in Chapter 3. The red-shifted parts in the north
belong to a spiral arm that can be traced along the small and distinct HII regions to the south (see
Fig. 3.1). The western HII region seems to be part of a second spiral arm that goes to the north and
can also be traced by small HII regions.

The most prominent feature is the huge outflow to the north-west of the GEHR, which has been
detected before by Roy et al. (1991) also using a FP, and by Martin (1998) and van Eymeren et al.
(2007) performing long-slit echelle spectroscopy. Whereas Roy et al. (1991) were strongly limited
by the field of view, Martin (1998) and van Eymeren et al. (2007) were limited by the slit size. The
new FP exposure now shows the complete size of the outflow. Assuming a distance of 3.44 Mpc, we
estimated a total length of 1.4 kpc, which is two times largerthan measured by van Eymeren et al.
(2007) and even four times larger than observed by Roy et al. (1991). This length makes it one of the
largest outflows ever detected in a dwarf galaxy. The gas expands with a velocity of up to 50 km s−1

red-shifted in comparison to the rotational gradient, which is almost a factor of 2 higher than the
detections of Roy et al. (1991) and van Eymeren et al. (2007).In case of the observations by Roy
et al. (1991), the difference in velocity is most probably due to the fact that they only detected the
edge of the outflow where the velocities are indeed lower. Theslit position of van Eymeren et al.
(2007) intersects the whole outflow. Here the discrepancy could be due to their very limited field
of view, which did not give them a true Hα rotation curve, or due to their imprecise HI velocity
measurements, which they used as a reference value for outflowing gas. The comparison with the HI
data will show that the expansion velocity is indeed higher than measured so far (see Sect. 4.4.3).
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FIG. 4.5: The Hα velocity field of NGC 2366. The left panel shows the velocity distribution of the strongest component.
The right panel displays one example spectrum (black solid line) at the position of the huge red-shifted outflow which was
extracted from the FP data cube. The Hα line is split into a component at 70 km s−1 (blue long-dashed line) and one at
130 km s−1 (red long-dashed line). The sum of both Gaussian fits is plotted in green and is in good agreement with the
observed spectrum.

On the right panel of Fig. 4.5, we present as an example one of the spectra extracted from the FP
data cube (black solid line). The Hα line is split into two components, one at 70 km s−1 (blue long-
dashed line) and one at 130 km s−1 (red long-dashed line). The sum of both Gaussian fits is plotted in
green and is in good agreement with the observed spectrum. This is one of the spectra extracted from
the area of the huge red-shifted outflow. As can be seen, the outflow dominates the spectrum regarding
its intensity, whereas the main component is only visible asa wing on the left side. The lines to the
left side of the Hα line are night sky lines which could not properly be removed (see Sect. 2.5).

4.4.2 The HI velocity field

The HI velocity field (1st moment map), displayed on the upper rightpanel of Fig. 4.3, is fairly regular
in the inner parts, but quite disturbed in the outer parts. The velocity gradient is rising from the south-
west with velocities of about 60 km s−1 to the north-east with velocities of about 145 km s−1, which is
similar to the Hα velocity gradient. The isovelocity contours close at both ends of the galaxy, which
is an indication for a declining rotation curve. Especiallythe north-western part shows a completely
different kinematic behaviour than expected from a regularly rotating galaxy.

The velocity dispersion map (Fig. 4.3, lower left panel, 2ndmoment) varies between 10 km s−1

in the outer parts and 17 km s−1 in the inner parts of NGC 2366. The dispersion peaks in an areaeast
of the intensity maxima and in an area clearly offset from them with values up to 28 km s−1. Close to
the Hα shell in the north, a very small HI peak can be seen with a maximum value of 25 km s−1. The
high H I velocity dispersions on the western and eastern edges of thegalaxy have to be treated with
care. A closer look at the HI velocities in these areas will show that this is an effect of low signal to
noise (see Section 4.4.3).

None of these HI velocity dispersion maxima coincides with the optical galaxy. The overlay
of the HI intensity contours reveals that the HI maxima are clearly offset from the regions of high
velocity dispersion. Figure 4.6, upper left panel shows theH I rotation curve of NGC 2366, which
was derived by fitting a tilted-ring model to the observed velocity field (see App. C). Initial estimates
(see Table 4.2) for the relevant parameters are the output ofan ellipse fitting task (GIPSY taskellfit)
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TABLE 4.2: HI properties measured from the THINGS data.

Parameters [Unit] NGC 2366
initial estimates best-fitting values

centre:
α (J2000.0) 07h 28m 56.2s 07h 28m 55.4s

δ (J2000.0) +69◦ 12′ 29′′ +69◦ 12′ 27′′

vsys [km s−1] 101 97
i [◦] 61 64
PA [◦] 30 45

vrot [km s−1] 50
FHI [Jy km s−1] 147
MHI [108 M⊙] 6.02
H I diameter [′] 15× 7

" [kpc] 15× 7
H I / opt. ratio 1.9× 2.8
< σ > [km s−1] 10 / 17
σPeak [km s−1] 28.2
rHI,max [kpc] 7.5
Mdyn [109 M⊙] 4.3

and are used as an input for the tilted-ring fits (GIPSY taskrotcur). The width of the rings is chosen
to be half the spatial resolution, i.e., 6′′ in this case. The black symbols represent the best-fitting
parameters derived in an iterative approach from the initial estimates and combining both sides, the
error bars define receding and approaching side. A fit with theinitial estimates kept fixed is indicated
by the green symbols (fixed approach), a fit with the best-fitting parameters kept free is shown by
the red symbols (free approach). The green symbols are in very good agreement with the black ones
over the whole range of 450′′. The red symbols follow the black and green ones up to a radiusof
200′′ very nicely. From a radius of 300′′ on, the deviation is of the order of 30 to 40 km s−1 and
also the differences between receding and approaching sidebecome larger. The reason for this is that
the filling factors of the rings drop from about 1 to about 0.5 at a radius of 300′′, which leads to a
higher uncertainty in calculating the rotation velocity. Therefore, all values above this radius have to
be treated with care.

In the inner 100′′ the velocity gradient is very steep and linear, indicating solid body rotation,
which is a characteristic sign of dwarf galaxies. From 100′′ to 200′′ the curve is still linear, but less
steep coming to a plateau at 220′′. From 320′′ on, the rotation curve declines, which has already been
implied by the closing velocity contours in the 1st moment map (Fig. 4.3, upper right panel).

The best-fitting parameters are given in Table 4.2. The systemic velocity of 97 km s−1 is in
good agreement with the values measured by Hunter et al. (2001) and Thuan et al. (2004) (99 and
101 km s−1, respectively). We derived an inclination of 64◦ and a position angle of 45◦ in comparison
to i = 65◦ andPA = 46◦ published by Hunter et al. (e.g., 2001). Our derived rotation velocity of
50 km s−1 is also in very good agreement with the values measured, e.g., by Hunter et al. (2001) of
47 km s−1.
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FIG. 4.6: The HI kinematics of NGC 2366.Top left: Different approaches were chosen for deriving the rotationcurve.
The black symbols represent the best-fitting parameters, the error bars indicate receding and approaching side, respectively.
The green curve was derived by taking the initial estimates and keep them fixed, the red curve by taking the best-fitting
parameters and let them vary.Top right: The observed HI velocity field. Bottom left: The model velocity field, based
on the best-fitting parameters.Bottom right: The residual map after subtracting the model from the original velocity map.
The outermost HI intensity contour at 0.005 Jy beam−1 is overlaid in black.

In order to prove the reliability of the derived parameters,a model velocity field with the best-
fitting parameters was created using the GIPSY taskvelfi (Fig. 4.6, lower left panel) and subtracted
from the original velocity map (upper right panel). The residual map can be seen in Fig. 4.6 lower
right panel. Overlaid in black is the outermost HI intensity contour. The overall velocity field is
well represented by our derived parameters except for the outer parts in the north-west and south-
east. Here, the residuals reach values of more than 20 km s−1 in comparison to a general value of
± 10 km s−1. The north-western part could not be fitted with this model.

4.4.3 A comparison of the neutral and ionised gas

The Hα velocity field (see Fig. 4.5) shows two major deviations fromthe overall rotation velocity, a
red-shifted component in the north-west of the GEHR and a blue-shifted one north of the GEHR.

As a next step, the HI image is subtracted from the Hα velocity field. Therefore, the FP data were
smoothed to fit the HI spatial resolution of13′′×12′′. The residual map is shown in Fig. 4.7, left panel.
At most positions, the velocities of the neutral and ionisedgas are in good agreement with offsets of
less than±10 km s−1. The huge red-shifted outflow clearly stands out with an expansion velocity of
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FIG. 4.7: A comparison of the neutral and ionised gas. The left panel shows the residuals after subtracting the HI velocity
map from the Hα velocity map. The right panel is a representation of the Hα velocity map with the HI dispersion of 20
and 25 km s−1 shown as black contours. In grey two contours of the HI intensity distribution are shown to indicate the HI

extent.

up to 50 km s−1. In comparison to the HII regions in the south, the whole northern part except for the
spiral arm seems to have an underlying blue-shifted component with an offset maximum of 30 km s−1

and a medium offset of 15 km s−1. This expanding gas could already be seen on the original Hα
velocity map. It coincides with an area of diffuse and filamentary emission between the GEHR and
the northern tail (see Fig. 4.4 right panel). For a detailed catalogue of the single filaments see van
Eymeren et al. (2007), their Fig. A.1 and Table A1.

The HI velocity dispersion contours are overlaid over the Hα velocity field in Fig. 4.7, right panel.
Bold lines represent a velocity dispersion of 20 and 25 km s−1, respectively. For better visualisation,
two H I intensity contours at 0.005 and 0.1 Jy beam−1 are drawn in grey. The areas of high HI velocity
dispersion are clearly offset from the Hα emission.

In order to look closer at the HI kinematics in the area of the expanding ionised gas and to check
the regions of high HI velocity dispersion, we performed a Gaussian decomposition (see App. A).
The result is shown in Fig. 4.8 and some example spectra extracted from the HI cube are given in
Fig. 4.9 together with the fitted Gaussian profiles for the single components (long-dashed blue and red
lines) and the resulting sum (long-dashed green lines). Thevelocities were averaged over one beam
size, which is in this case 12′′ in both spatial directions. The strongest components are presented
in the middle panel. Overlaid in white are the HI velocity dispersion contours at 20 and 25 km s−1

and the outer Hα intensity contour in black. For a comparison, the blue- and red-shifted components
are shown on the left and right panel. Note that regions wherewe did not find a blue- or redshifted
component were filled with the main component. An enlargement of SB4 and the GEHR shows
Fig. 4.10. Overlaid over the three HI velocity components are some of the Hα intensity contours. The
superbubble SB4, the supergiant shell SGS1 (see van Eymerenet al. 2007) and the outflow OF are
marked.

As already mentioned in Sect. 4.3, the huge outflow north-west of the GEHR expands into an area
of low column density. The HI velocity maps in Fig. 4.10, lower row show no line-splitting, which
can also be seen by looking at a spectrum in this area (Fig. 4.9, panel d). Only close to the origin
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FIG. 4.8: Gaussian decomposition of the HI. Blue-shifted (left panel), main (middle panel) and red-shifted (right panel)
components of the HI velocities are shown. Overlaid in white are the HI velocity dispersion contours at 20 and 25 km s−1

as well as the outermost Hα intensity contour in black.

FIG. 4.9: Some example HI line profiles. (a) The eastern ridge with an additional red-shifted component. (b) The
western ridge with an additional blue-shifted component.(c) A hint of the blue-shifted component north of the GEHR with
vhelio = 65 km s−1. (d) The red-shifted outflow north-west of the GEHR withvhelio = 130 km s−1 cannot be detected in
H I. The Gaussian profiles fitted to the single components are plotted in blue and red, the resulting sum of the profiles is
overlaid in green.
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FIG. 4.10: An enlargement of the central region of NGC 2366. The upper row shows the superbubble SB4 and its
surroundings, the lower row presents the GEHR and the onset of the northern tail. Again the three HI velocity components
are plotted. Overlaid in black are the Hα intensity contours. SB4, the supergiant shell SGS1 (see vanEymeren et al. 2007)
and the outflow OF are marked.

of the outflow, a second component appears in the HI line profile. With a velocity of 100 km s−1 in
comparison to the outflow velocity of 130 km s−1, it is most probably not connected to the outflow.

SB4 has also no counterpart in HI (see Fig. 4.10, upper row). The same is true for SGS1 (lower
row). Line-splitting of the HI emission takes place in the north-eastern part of the GEHR going to
the south, which is probably due to the existence of the eastern spiral arm. This is discussed in more
detail in Sect. 4.5.3.

Finally, a hint of the underlying blue-shifted component detected on the Hα velocity map (see
Fig. 4.5) is also visible in HI with the same velocity of 65 km s−1 (see Fig. 4.9, panel (c)).

4.5 Discussion

We have seen that the Hα line emission in NGC 2366 is sometimes split into several components, in
one case also corresponding to a line-splitting in HI. We also found line-splitting in HI outside the
optical disk along two parallel ridges. In the following subsections, we try to explain detections and
also non-detections and deal with the important question what the fate of these outflows is.
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4.5.1 The outflows

Two major outflows were found on the Hα velocity field. The huge red-shifted outflow expanding
from the GEHR to the north-west is not detected on the HI velocity map, whereas the blue-shifted
outflow north of the GEHR has a counterpart in HI. Additionally, we see shell-like structures (SGS1,
SB4) on the Hα image with no kinematic evidence on the HI map. Resolution effects cannot be
responsible for the non-detection as the structures cover afield of several beam sizes. Unfortunately,
we cannot trace them on the Hα velocity map as SB4 lies outside the field of view and SGS1 is
covered by artificial emission (see Chap. 2).

Coming back to the kinematically detected outflows the question rises why the blue-shifted out-
flow is detected both in Hα and HI with very similar velocities, whereas the red-shifted outflow is
only detected in Hα. This is probably an effect of age and energy input. Considering their position in
the galaxy, it can be assumed that both outflows have a different origin. The huge red-shifted outflow
is most probable driven by the two large star clusters in the GEHR (Drissen et al. 2001), whereas the
blue-shifted gas might get its energy from a star cluster north of the GEHR. This star cluster might
be younger and smaller than the ones in the GEHR so that the energy input is not sufficient or has
not been sufficient, yet to fully ionise the surrounding neutral gas. The ionised gas expands into the
neutral medium, but instead of ionising it, it just moves theneutral gas outwards. We can only detect
a blue-shifted component, which does not mean that there is not a red-shifted component, too. It
always depends on the column density whether we can see the gas or not. In this case, it could be
possible that the blue-shifted gas runs into an area of higher column-density, whereas the red-shifted
part expands into an area of low column density. The same could be true for the huge, red-shifted
outflow. In this case, we do not see a blue-shifted component in Hα and we do not see any counterpart
in H I. Possibly, the energy input is so strong that all the gas was immediately ionised, e.g., by shock
heating. The expansion velocities are almost twice the velocities of the blue-shifted gas. The low HI
column density in comparison to its surroundings also indicates that here, larger amounts of neutral
gas have already been ionised.

4.5.2 Supperbubble blowout in NGC 2366?

As already mentioned in Sect. 4.4.1, Roy et al. (1991) observed the central part of NGC 2366, which
was mainly the GEHR NGC 2363, with a Fabry-Perot interferometer. Next to the huge outflow they
also reported the detection of an expanding superbubble around NGC 2363 with an expansion veloc-
ity of 45 km s−1. Echelle spectroscopy of the central region performed by Martin (1998) and van
Eymeren et al. (2007) revealed neither a blue- nor a red-shifted component around NGC 2363. The
bubble is also not visible on the HI velocity field (see Fig. 4.10). In Sect. 2.5, an artefact of the FP
interferometer was explained which is caused by blurring inside the detector, which leads to an artifi-
cial velocity gradient on very bright emission line regions. Figure 2.8 shows that this blurring leads to
a velocity gradient from−90 km s−1 to 120 km s−1 within 1 kpc, which is unphysical in comparison
to the slowly rising velocity gradient in the other parts of the galaxy and which cannot be observed in
H I. Assuming that this gradient comes from true emission, its interpretation as an expanding super-
bubble is indeed intimating. Therefore, we suppose that most probably, Roy et al. (1991) interpreted
an artefact as a real expanding bubble as they were not aware of the technical problem of blurring
inside the detector. The non-detections of Martin (1998), van Eymeren et al. (2007) and also of Thuan
et al. (2004) in HI give further support of the non-existence of this superbubble.



42 4. A COMPARISON OF THE GAS KINEMATICS IN NGC 2366

4.5.3 Spiral arm structure revisited

Stellar HST photometry (Tikhonov & Galazutdinova 2008) andour optical observations (see Chap-
ter 3) reveal two weak spiral arms in NGC 2366, one on the eastern part of the stellar disk and one on
the western side (Fig. 3.1). In Hα, the spiral arms can be traced by an alignment of small HII regions
at large distances from the disk. Looking again at the enlarged view of the centre (Fig. 4.4), we see
H I maxima in the column density that follow exactly the way of the spiral arms out of the disk. This
could indeed be explained as a concentration of neutral gas formed by a density wave going through
the galaxy. All along the spiral arms, the HI line is split into two components, which has already
been mentioned by, e.g., Thuan et al. (2004). A closer look atthe HI velocities (Fig. 4.8) shows that
next to the main component, a red-shifted component runs along the eastern arm to the south and a
blue-shifted component along the western arm to the north (see also the example spectra in Fig. 4.9,
panels a and b). The eastern arm crosses the supergiant shellSGS1. As the red-shifted component is
visible on large scales, it is unlikely that we can see an additional red-shifted component belonging to
the SGS1.

In contrast to former HI studies by Hunter et al. (2001) and Thuan et al. (2004), we conclude
from our results that the HI data give us even stronger evidence that NGC 2366 has two spiral arms.

4.5.4 Outflow or galactic wind?

We found two main expanding gas structures in NGC 2366. One isonly visible in Hα with an ex-
pansion velocity of 50 km s−1, the other one shows similar expansion velocities in Hα and HI of
30 km s−1. We now want to make some statements about the fate of the gas by comparing the expan-
sion velocities to the escape velocity of the galaxy.

van Eymeren et al. (2007) have already tried to model the escape velocities of dwarf galaxies by
using the NFW halo model. However, several studies show thatthe NFW halo does not represent the
observed density profiles of dwarfs very well, especially inthe inner 1 to 2 kpc where we found the
structures. Cold Dark Matter simulations by, e.g., Navarroet al. (1996) and Moore et al. (1998, 1999)
predict a cuspy core, whereas observations find a core of constant density in the inner parts of rotation
curves (e.g., de Blok & Bosma 2002). This so-called cusp-core discrepancy is addressed in more
detail in Chap. 7. Recent publications by, e.g., Kuzio de Naray et al. (2008) and Spano et al. (2008)
show that the rotation curves of dwarf and low surface brightness galaxies can better be described by
a pseudo-isothermal (ISO) halo (Binney & Tremaine 1987), atleast in the inner few kpcs. The ISO
halo is an empirically derived description of a dark matter halo. Its density profile is given by

ρISO(r) = ρ0
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(

r
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)−1
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with ρ0 being the central density andrc the core radius. The escape velocity is then given by
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with vc being the circular velocity andrmax being the maximum radius of the dark matter halo (see
Binney & Tremaine 1987).

As mentioned above, the ISO halo represents the observations much better than the NFW halo.
Therefore, we decided to model the ISO halo as the outflows aregenerally close to the dynamical
centre. The result is shown in Fig. 4.11. The HI rotation curve including receding and approaching
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FIG. 4.11: Escape velocity for a pseudo-isothermal halo ofrmax = 7.5 kpc (dotted line) andrmax = 15 kpc (solid line).
The observed rotation curve is indicated by small grey triangles. The error bars represent receding and approaching side.
The expanding gas structures are marked by black large triangles.

side is indicated by small grey triangular-shaped symbols.The expanding gas structures are marked
by black large triangles. We corrected the values for an inclination of 64◦ as calculated in Sect. 4.4.2,
which leads to an increase in velocity of about 10%. The circular velocity was measured from the
rotation curve to be 50 km s−1 (see Table 4.4.2). We plotted the escape velocity for two different radii
rmax = 7.5 kpc (dotted line) andrmax = 15kpc (solid line). The lower value ofrmax was chosen
to equal the size of the HI distribution. Most probably, the dark matter halo is much larger so that
we get a lower limit for its size by taking the HI radius. The second value was chosen to be twice
the size of the HI radius, which might still be too small to describe the size ofthe dark matter halo.
Nevertheless, a higherrmax increases the escape velocities, which means that all radiilarger than the
H I radius decrease the probability of a galactic wind so that taking the HI radius asrmax can be
regarded as a lower limit for the escape velocity.

Both outflows have expansion velocities that lie clearly below the escape velocity. As the ISO
halo is characterised by a core of constant density, the escape velocities in the inner parts are even
higher than by using a rapidly decreasing NFW density profile.

4.6 Summary

Fabry-Perot interferometry and HI synthesis observations were performed to compare the morphology
and the kinematics of the neutral and ionised gas component in the nearby irregular dwarf galaxy
NGC 2366.

We found a huge red-shifted outflow in Hα with an expansion velocity of 50 km s−1, which has
been detected before by Roy et al. (1991) and van Eymeren et al. (2007). The FP data allow us for
the first time to see the whole extent of the outflow. With a length of 1.4 kpc it is one of the largest
outflows found so far in dwarf galaxies. This outflow as well asthe supergiant shell SGS1 and the
superbubble SB4 do not have a counterpart in HI and they expand into an area of low HI column
density. The northern part of the galaxy shows an underlyingblue component with a velocity offset of
30 km s−1 in Hα, which is also visible in HI. We suggest that in case of the red-shifted outflow and
the shell structures, the neutral gas is already fully ionised, which indicates that either the star cluster
responsible for the ionisation is older than in case of the blue-shifted component or its energy input is
higher.
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FIG. 4.12: Continuum-subtracted Hα image of NGC 2366. The contrast is chosen in a way to demonstrate the small-scale
structures.

Nevertheless, a comparison of the measured expansion velocities with the escape velocity of the
galaxy, calculated from a pseudo-isothermal halo model, reveals that in all cases and independent of
the choice ofrmax, the expansion velocities of the ouflows stay far below the escape velocity, which
means that the gas is still gravitationally bound and would need substantial amounts of energy to be
accelerated to the escape velocity.

4.A Appendix: Hα image and extension of the catalogue of ionised gas
structures

Here, the continuum-subtracted Hα image is again presented in an enlarged version and with a dif-
ferent contrast as in Fig. 4.1 to emphasise the small-scale structure (see Fig. 4.12). Additionally, the
catalogue of van Eymeren et al. (2007) is extended by the superbubbles in the northern tip of the
galaxy.

TABLE 4.3: The most prominent structures and their sizes in NGC 2366 – an extension –.

Source Diameter Diameter vhelio FWHM
[′′] [pc] [km s−1] [km s−1]

SB4 30 500 - -
SB5 25 417 - -



Chapter 5
A comparison of the neutral and ionised gas
kinematics in the irregular dwarf galaxy
NGC 4861

Abstract

Outflows powered by the injection of kinetic energy from massive stars can
strongly affect the evolution of galaxies, in particular ofdwarf galaxies as their
lower gravitational potentials enhance the probability ofa galactic wind.
Fabry-Perot as well as HI synthesis data of the nearby irregular dwarf galaxy
NGC 4861 were obtained in order to search for outflowing gas structures by
comparing the morphology and the kinematics of the neutral and ionised gas
component.
Both in H I and Hα the galaxy shows several outflows, two directly connected
to the disk and one at kpc-distance from the disk. We measuredexpansion
velocities of 20 to 30 km s−1, which were subsequently compared to the escape
velocity of the galaxy by using the pseudo-isothermal halo model in order to
make some statements about the fate of the gas. We found that the expansion
velocities stay far below the escape velocity minimising the probability of a
galactic wind.
NGC 4861 is accompanied by a small HI cloud located east of the main body.
We found that this cloud is rotating, but has no stellar counterpart on deep
optical images. An interpretation as a dark galaxy can therefore not be ruled
out.

5.1 Introduction

Irregular dwarf galaxies can be the sites of giant star formation regions. The feedback between mas-
sive stars and the interstellar, on larger scales also the intergalactic medium is one of the most impor-
tant processes in the evolution of these galaxies. Kinetic energy and momentum are injected into the
interstellar medium (ISM) by stellar winds of, e.g., Wolf-Rayet stars and by supernovae explosions.
This leads to numerous ionised gas structures in and around the galactic plane (see, e.g., Bomans et al.
1997; van Eymeren et al. 2007). However, ionised gas also exists at kpc distances away from any place
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of current star formation (Hunter et al. 1993). In this case,the ionisation mechanisms are not obvious.
Shock waves that are driven by a concentration of massive stars may sweep the interstellar gas out of
the star forming region, which leads to the formation of a cavity. Due to lower densities than usual in
the ISM, the photons can travel larger distances and can ionise much more distant neutral gas (e.g.,
Hunter & Gallagher 1997). Apart from photoionisation and shock ionisation, turbulent mixing layers
(Slavin et al. 1993) and magnetic reconnection (Birk et al. 1998) are additional, possible excitation
mechanisms.

Another issue that has to be discussed is the fate of these structures. Does the gas stay gravita-
tionally bound to its host galaxy or is the energy input largeenough to accelerate the gas to velocities
beyond the escape velocity of the galaxy, which means that the gas might leave the gravitational po-
tential and enrich the IGM? This question is the basis of several models and simulations. Especially
the simulations by Mac Low & Ferrara (1999) show that at leastin low mass galaxies, the probability
rises that the gas escapes from the gravitational potential.

NGC 4861 is classified as an SB(s)m galaxy, although it shows no evidence for spiral structure
(Wilcots et al. 1996). It is dominated by a Giant Extragalactic H II region (GEHR) in the south-
west, I Zw 49, where most of the star formation occurs. A chainof small HII regions extends to
the north-east forming a tail and therefore giving the galaxy a cometary-shaped appearance. High-
resolution longslit echelle spectra centred on the Hα line of this galaxy were recently analysed by us
(van Eymeren et al. 2007). We found a huge expanding bubble around the GEHR, the blue-shifted
component having a velocity of about 110 km s−1 and the red-shifted component having a velocity of
about 60 km s−1. The galaxy has also been studied in HI by Wilcots et al. (1996) as well as by Thuan
et al. (2004). They report the detection of a small HI cloud at a deprojected distance of 4 kpc east
from NGC 4861 that appears to have no optical counterpart.

In this paper, we search for outflowing gas both in Hα and HI in NGC 4861. So far, studies usually
concentrated either on the neutral gas by performing radio synthesis observations (e.g., Thuan et al.
2004) or on the ionised gas component by performing long-slit spectroscopy (e.g., Hunter & Gallagher
1997; Martin 1998; van Eymeren et al. 2007). One of the major problems of long-slit spectroscopy is
the limited field of view. This changed only during the last decade with the advancement of the so-
called 3d spectroscopy. For our optical observations, we used a scanning Fabry-Perot interferometer
centred on the Hα line that provides us with a complete spatial coverage of NGC4861 and relevant
spectral information. For our HI analysis, we combined the VLA D array data by Wilcots et al. (1996)
with the VLA C array data published by Thuan et al. (2004). We added another VLA C array data set
obtained by us to improveuv-coverage and sensitivity (for details see Table 5.1).

This chapter is organised as follows: The observations and the data reduction are described in
§ 5.2. Section 5.3 compares the morphology of both gas components, § 5.4 presents a kinematic
analysis. In § 5.5, the results are discussed and § 5.6 summerises the main results.

5.2 Observations and data reduction

5.2.1 The Fabry-Perot data

Fabry-Perot (FP) interferometry of the irregular dwarf galaxy NGC 4861 was performed on the 28th
of February 2006 at the 1.93m telescope at the Observatoire de Haute-Provence, France. We used the
Marseille’s scanning FP and the new photon counting camera (Gach et al. 2002). The field of view
is 5.′8× 5.′8 on the 512 x 512 pixels of the detector and is slightly limited by the interference filter
to 5.′5× 5.′5, which gives a spatial resolution of 0.′′68 per pixel. The Hα line was observed through
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FIG. 5.1: R-band image (left panel) and continuum-subtracted Hα image (right panel) of NGC 4861. The three supergiant
shells are numbered according to van Eymeren et al. (2007). In order to stress weaker structures and to differentiate them
from the noise, we used adaptive filters based on the H-transform algorithm (Richter et al. 1991, see App. B)

an interference filter centred at the galaxy’s rest wavelength of 6581 Å with a FWHM of 10 Å. The
free spectral range of the interferometer – 376 km s−1 – was scanned through 24 channels with a
sampling step of 15 km s−1. The final spectral resolution as measured from the night skylines is
about 50 km s−1. The seeing was about 3′′ to 4′′.

In total, NGC 4861 was observed for 172 min. We used a neon lampfor the phase and wave-
length calibration. The data reduction was done using the software ADHOCw1, written by Jacques
Boulesteix. A Gaussian decomposition was performed by interactively fitting the emission (IRAF task
splot, for a detailed description see App. A). Only detections above a 3σ limit were considered. In
order to match the seeing and to improve the signal to noise ratio, we afterwards summed over 3× 3
pixels. All given velocities are heliocentric velocities measured along the line of sight.

Further details about the FP technique, the observations and the data reduction process can be
found in Chap. 2.

5.2.2 Optical imaging

We obtained a 900 sR-band image with the WIYN 3.5m telescope at Kitt Peak. Additionally, we
observed the area around the HI cloud, also with an integration time of 900 s, inR. In order to expand
the search for an optical counterpart of the HI cloud, we obtained a 90 minV-band image with the
2.2m telescope at Calar Alto equipped with CAFOS on the 3rd ofMarch 2008. A standard data reduc-
tion was performed for all data using IRAF. We use an Hα image which is part of the “Palomar/Las
Campanas Imaging Atlas of Blue Compact Dwarf Galaxies” by Gil de Paz & Madore (2005). The
R-band and Hα images of NGC 4861 are shown in Fig. 5.1.

1http://www.oamp.fr/adhoc/
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TABLE 5.1: The VLA HI observations.

Parameters [Unit]

Date 11.04.92 12.12.94 17.01.94
Configuration C C D
Integration Time [min] 266 120 56
Flux calibrator 3C 286 3C 147 3C 147
Phase calibrator 3C 286 3C 147 3C 147
Bandwith [MHz] 1.56 1.56 1.56
Channel Width [km s−1] 2.6 2.6 5.2

H I synthesised beam (na) of the combined data: 31′′×30′′

5.2.3 The HI data

The data were obtained with the VLA in its C and D configuration. All data were calibrated using the
software package AIPS. For further information about the observing technique and the data reduction
process see Wilcots et al. (1996) and Table 5.1. We complemented the data by an archival VLA C
array data set in order to improve the sensitivity and the uv-coverage. It was also calibrated by us
using AIPS. In all data cubes, the continuum was averaged over the line-free channels to form a single
continuum map that was afterwards subtracted from each channel.

For the analysis, all three data sets were combined taking into account the different pointings.
The taskinvert in the software package MIRIAD is very well suited for mosaicing data so that we
combined, inverted, cleaned and restored the cube in MIRIAD. Figure 5.2 shows the HI channel
maps after applying a standard Hanning smoothing, superimposed on a greyscale presentation of our
R-band image. The white cross in the first channel marks the optical centre of the galaxy. The beam
is placed into the lower left corner of the same channel. The corresponding heliocentric velocities are
indicated in the upper right corner of each channel map.

In order to create the moment maps (for a more detailed description see App. C) and to analyse
the HI data, the software GIPSY2 was used.

5.3 General morphology

The R-band and the Hα images are shown in Fig. 5.1. The galaxy has a very similar shape as
NGC 2366. The Hα luminosity is dominated by a GEHR in the south. A chain of smaller H II

regions extends to the north-east ending with a ring-like structure at the northernmost tip. Compa-
rable to SB4 in NGC 2366, it is located at the outer edge of the star distribution. However, no star
cluster seems to be associated with it in contrast to SB4. With a diameter of 1018 pc, it belongs to the
large-scale structure of this galaxy. Following the classification and numbering of van Eymeren et al.
(2007), it is catalogued as SGS5 (see Table 5.3 in App. 5.A). Next to the large-scale structure (see
also the supergiant shells in Fig. 5.1, right panel), Fig. 5.14 in App. 5.A shows an enlargement of the
continuum-subtracted Hα image that emphasises the small-scale structure close to the disk. Most of
the filaments can be found on the western side of the galaxy.

2The Groningen Image Processing System
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FIG. 5.2: HI channel maps of NGC 4861 (contours) as obtained from the VLA using natural weighting of the data,
superposed on theR-band image. Contours are drawn at−1.5 (−3σ), 1.5 (3σ), 3, 6, 12, 24 and 48 mJy beam−1. The
synthesised beam is displayed in the lower left corner of thefirst channel map. The optical centre of the galaxy is marked
by a white cross in the same channel map. The corresponding heliocentric velocities are indicated in the upper right corner
of each channel. A standard Hanning smoothing was applied tothe cube. The original channel spacing is 5.2 km s−1.
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FIG. 5.3: The HI moment maps of NGC 4861 using “natural” weighting, which leads to a synthesised beam of 31′′
×30′′.

Top left: The HI intensity distribution. Contours are drawn at 0.01, 0.03, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4 Jy beam−1 where
10 mJy beam−1 correspond to a column density of1.6× 1021atoms cm−2. Top right: The HI velocity field. Contours are
drawn from 790 to 870 km s−1 in steps of 10 km s−1. The systemic velocity of 835 km s−1 is marked in bold.Bottom left:
The velocity dispersion, overlaid are the same HI intensity contours as on the 0th moment map.Bottom right: The global
intensity profile of the galaxy (solid line) and the HI cloud (long-dashed line). The short-dashed line marks zerointensity.

The corresponding HI intensity distribution is displayed on the upper left panelof Fig. 5.3. The
H I emission is much more extended than the optical extent of thegalaxy forming a symmetric distri-
bution, except for the eastern part, with several maxima along the north-south axis. The distortion in
the east is most probably due to the small HI cloud.

We now compare the morphology of the ionised and neutral gas by plotting the HI intensity
contours over the continuum-subtracted Hα image (see Fig. 5.4). The left panel shows that the optical
galaxy lies in the centre of the HI distribution. The HI intensity maxima all coincide with the optical
extent. Similar to NGC 2366, the HI maximum coinciding with the GEHR is offset to its centre.
Again, the shift is larger than one beam size and therefore not a resolution effect. The other three HI

maxima coincide with several of the smaller HII regions along the tail. Close to the supergiant shells
SGS1, SGS2 and SGS3 as well as east of the GEHR, the gradient ofthe intensity decrease is different
from the overall gradient. In both cases, the gradient is flatter, which means that the gas density is
higher than in the surroundings. This might indicate outflowing gas and indeed, the kinematic analysis
below will show that these two regions harbour expanding structures.
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FIG. 5.4: A comparison of the Hα and the HI morphology. The left panel shows the continuum-subtractedHα image.
Overlaid in black are the HI intensity contours at 0.01, 0.03, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4 Jy beam−1. The
right panel displays an enlargement of the optical part. TheH I intensity contours are overlaid in white.

5.4 Kinematic analysis

We have shown that the HI distribution is very symmetric except for a distortion in the east, most
probably caused by an HI cloud, and that the HI maxima trace the main HII regions from the GEHR
in the south along the tail of smaller HII regions to the north. Additionally, we have already found
indications for outflowing gas. We now want to look at the kinematics of the neutral and ionised gas
and to search for expanding gas structures.

5.4.1 Hα velocity field

The Gaussian decomposition reveals that at several places,the Hα line consists of more than one
component, which is an indication for expanding gas structures. Figure 5.5 shows the resulting veloc-
ity map with the component of highest intensity plotted. Theoverall velocity gradient runs from the
south-west with velocities of about 800 km s−1 to the north-east with velocities of about 870 km s−1.
This fits well with the systemic velocity calculated from theH I data of about 835 km s−1 (see below)
and gives the ionised gas a rotation velocity of 35 km s−1.

Several deviations from the overall rotation become immediately visible: first, there is a blue-
shifted component in the south of the GEHR. On the right panelof Fig. 5.5, we present as an example
one of the spectra extracted from this area (black solid line). The Hα line is split into two components,
one at 760 km s−1 (blue long-dashed line) representing the outflowing gas andone at 820 km s−1 (red
long-dashed line) corresponding to the overall velocity gradient. The sum of both Gaussian fits is
plotted in green and is in good agreement with the observed spectrum.

Possibly, a red-shifted counterpart can be seen in the northof the GEHR. Along the chain of HII
regions to the north-east of the galaxy, slightly red-shifted gas seems to flow out of the disk in the
direction of the supergiant shells (SGSs) located in the west (see Fig. 5.1, right panel). These three
SGSs are kinematically separated: SGS1 and SGS2 (followingthe catalogue of van Eymeren et al.
2007) are red-shifted with an expansion velocity of 30 km s−1, whereas SGS3 follows the rotation
velocity.
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FIG. 5.5: The Hα velocity field of NGC 4861. The left panel shows the velocity distribution of the strongest component.
The right panel displays one example spectrum (black solid line) at the position of the blue-shifted outflow south of the
GEHR which was extracted from the FP data cube. The Hα line is split into a component at 760 km s−1 (blue long-dashed
line) and one at 820 km s−1 (red long-dashed line). The sum of both Gaussian fits is plotted in green and is in good
agreement with the observed spectrum.

The velocities in the area of SGS5 follow the rotation of the galaxy. We found an indication
of a blue- and a red-shifted component with velocity offsetsof about 130 km s−1 and 110 km s−1

in comparison to the main component. This is quite high in comparison to the other outflows and
we cannot be sure whether it is true emission or artificial emission, i.e., a ghost of the GEHR (see
Sect. 2.5).

5.4.2 HI velocity field

The upper right panel of Fig. 5.3 shows the velocity field which looks fairly regular with a gradient
rising from the south-west with velocities of about 795 km s−1 to the north-east with velocities of
about 870 km s−1. As already mentioned by Wilcots et al. (1996), the isovelocity contours close at
both ends of the galaxy, which is an indication for a declining rotation curve. There are two major
deviations from the rotation, i.e., the faint eastern part which is perturbed and the small HI cloud in
the east which has an offset of about 60 km s−1 in comparison to the overall velocity gradient.

The HI velocity dispersion map (Fig. 5.3, lower left panel) shows alltogether four peaks, two of
them close to HI maxima and therefore coinciding with the optical galaxy andtwo positioned at the
disturbed region to the east. The overlay of the HI intensity contours reveals that the HI maxima are
clearly offset from the regions of high dispersion except for the southernmost peak. All four dispersion
maxima have velocities of 20 km s−1 to 22 km s−1, which is 1/3 lower than the peak dispersion in
NGC 2366. This is not unexpected as the velocity field of NGC 2366 is much more distorted than the
one of NGC 4861. The median value lies at 14 km s−1, which is comparable to NGC 2366.

The upper left panel of Fig. 5.6 shows the HI rotation curve of NGC 4861, which was created
by fitting tilted-rings to the observed velocity field (for a detailed explanation see App. C). Initial
estimates for the relevant parameters are the output of the ellipse fitting task (GIPSY taskellfit) and
are used as an input for the tilted-ring fits (GIPSY taskrotcur). The black symbols represent the
best-fitting parameters derived in an iterative approach from the initial estimates and combining both
sides, the error bars define receding and approaching side. Afit with the initial estimates kept fixed
is indicated by the green symbols (fixed approach), a fit with the best-fitting parameters kept free is
shown by the red symbols (free approach). In the inner 200′′, the green symbols are in very good
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TABLE 5.2: HI properties as measured from the VLA data.

Parameters [Unit] NGC 4861 NGC 4861 B
initial estimates best-fitting values initial estimates

centre:
α (J2000.0) 12h 59m 00.7 12h 59m 01.4s 12h 59m 32.6s

δ (J2000.0) +34◦ 51′ 43′′ +34◦ 51′ 43′′ +34◦ 51′ 15′′

vsys [km s−1] 840 835 791
i [◦] 64 65 65
PA [◦] 13 16 244

FHI [Jy km s−1] 36.08 0.30
MHI [108 M⊙] 4.79 0.04
H I diameter 419′′× 294′′ 98′′× 53′′

" [kpc] 15.23× 10.69 3.56× 1.93
H I / opt. ratio 2.3× 5 –
vrot [km s−1] 46 4.4
< σ > [km s−1] 14 7
σPeak [km s−1] 22.8 9.9
rHI,max [kpc] 10.9 2.7
Mdyn [109 M⊙] 5.4 0.012

agreement with the black ones. From a radius of 200′′ on, the differences become larger. The red
symbols only agree well within a radius of about 150′′. The reason for this is that the filling factors
of the rings drop from about 1 to about 0.5 at a radius of 200′′, which leads to a higher uncertainty in
calculating the rotation velocity. Therefore, every valueabove 200′′ has to be treated with care.

In the inner 100′′, the velocity gradient is very steep and linear, indicatingsolid body rotation,
which is a characteristic sign of dwarf galaxies. Above 100′′, the curve shows a plateau with a
tendency to decline. The new rise at a radius of about 240′′ is first due to the lower filling factor and
resulting higher uncertainties in the velocity calculation. On the other hand, the disturbed gas in the
eastern parts of the galaxy also causes a rise in velocity.

The best-fitting parameters are given in Table 5.4.2. We obtained an inclination of 65◦, a position
angle of 16◦, and a systemic velocity of 835 km s−1. The systemic velocity is in good agreement
with observations by Thuan et al. (2004) who measuredvsys to be 833 km s−1 and a position angle
of 17◦, but their inclination of 82◦ is 26% higher than our value. They also derived a higher value
of vrot (54 km s−1 in comparison to 46 km s−1 measured by us), which cannot be explained by the
difference in the inclination. Nevertheless, our result shows in agreement with Thuan et al. (2004)
that the rotation velocity measured by Wilcots et al. (1996)of 80 km s−1 (i of 67◦) must be too high.

In order to prove the reliability of the derived parameters,a model velocity field with the best-
fitting values was created (Fig. 5.6, lower left panel) and subtracted from the original velocity map
(upper right panel). The residual map can be seen on the lowerright panel of Fig. 5.6. The overall
velocity field is very well represented by our derived parameters except for the extension in the east
of the galaxy. Here, the residuals reach values of 15 to 20 km s−1 in comparison to a general value
of ± 5 km s−1. As already mentioned in Sect. 5.3, this extension in combination with the disturbed
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FIG. 5.6: The HI rotation curve of NGC 4861.Top left: Different approaches for deriving the rotation curve. The
black symbols represent the best-fitting parameters, the error bars indicate receding and approaching side. The green curve
was derived by taking the initial estimates and keep them fixed, the red curve by taking the best-fitting parameters and let
them vary.Top right: The HI velocity field.Bottom left: The model velocity field, created by the best-fitting parameters.
Bottom right: The residual map after subtracting the model from the original velocity map.

velocity field is caused by an interaction with a small HI cloud to the east of the main body. A
discussion follows in Sect. 5.5.4.

5.5 Discussion

We found several outflows in Hα and regularly rotating neutral gas. We now want to have a closer
look at the HI spectra in order to look for deviations from the main components. The HI outflows are
then compared to the expanding ionised gas structures and predictions about the fate of the outflows
are made (also in comparison to NGC 2366). Furthermore, we will have a closer look at the small HI
cloud.

5.5.1 Comparison of the neutral and ionised gas

The Hα velocity field (see Fig. 5.5) shows two, possibly three majordeviations from the overall
rotation velocity, one in the south of the GEHR, one close to SGS1 and one north of the GEHR.
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FIG. 5.7: A comparison of the neutral and ionised gas. The left panel shows the residuals after subtracting the HI velocity
map from the Hα velocity map. The right panel presents the Hα velocity map with the HI dispersion contours at 18 and
22 km s−1 overlaid in black. The outermost and two of the inner HI intensity contours are plotted in grey.

As a next step, the HI image was subtracted from the Hα velocity map. Therefore, the FP data were
smoothed to fit the spatial resolution of the HI data of31′′×30′′. The residual map is shown in Fig. 5.7,
left panel. At most positions, the velocities of the neutraland ionised gas are in good agreement. As
already seen on the Hα map, the two main outstanding parts are the south of the GEHR and the area
close to SGS1. The gas in the southern part is blue-shifted with a velocity offset of about 20 km s−1.
The gas of the shell is red-shifted with a velocity offset of about 30 km s−1. Additionally, some
red-shifted gas can be seen north of the GEHR, also with expansion velocities of about 30 km s−1.
From the geometry and the similar expansion velocities boththe blue-shifted outflow to the south of
the GEHR and this red-shifted outflow could originate from the same event. The detections are a
bit suprising as van Eymeren et al. (2007) found an expandingbubble around the GEHR with much
higher velocities (see Sect. 5.1). They could detect the bubble in five highly-resolved spectra, which
excludes any mistakes. On the other hand, we do detect this gas, but on the edges of the bubble where
the line of sight velocities are smaller than in the middle. The central part of the GEHR could not
be properly analysed due to the artificial emission that contaminates the velocity field (see Sect. 2.5).
The spectra show very broad lines all over the GEHR, which might be an indication for an underlying
second or even third component.

A hint of a blue- and a red-shifted component with high velocity offsets of 130 km s−1 and
110 km s−1, respectively – was also visible in the area of SGS5 (see Sect. 5.4.1). This area was not
covered by the echelle spectra analysed in van Eymeren et al.(2007) so that we cannot prove at the
moment whether it is true emission or an artefact. In case it is real emission, NGC 4861 becomes
an interesting object because it then harbours two superbubbles with very high expansion velocities,
which requires a very high energy input. XMM-Newton data show that NGC 4861 has a very lumi-
nous X-ray source in the centre of the GEHR (Stobbart et al. 2006), which would explain the high
expansion velocities. In the area of SGS5, however, no X-rayemission can be seen.

On the the right panel of Fig. 5.7, the HI velocity dispersion contours at 18 and 22 km s−1 are
shown in black plotted over the Hα velocity field. Additionally, the outermost and two of the inner
contours of the HI intensity distribution at 0.01, 0.3, and 0.4 Jy beam−1 are plotted in grey. The
areas of high HI velocity dispersion coincide very well with the regions of expanding ionised gas.
Therefore, we decided to have a closer look at the kinematicsof the neutral gas. We performed a
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FIG. 5.8: Gaussian decomposition of the HI. Blue-shifted (left panel), main (middle panel) and red-shifted (right panel)
components of the HI velocities are shown. Overlaid in white are the HI velocity dispersion in contours of 18 and 22 km s−1

as well as the outermost Hα intensity contour in black.

FIG. 5.9: Some example HI line profiles. (a) The blue-shifted outflow south of the GEHR.(b) The red-shifted outflow
close to the supergiant shells. The Gaussian profiles fitted to the single components are plotted in blue and red, the resulting
sum of the profiles is overlaid in green.

Gaussian decomposition of the HI velocities, especially at the positions of high velocity dispersion
by averaging the velocities over one beam size. The result isshown in Fig. 5.8: the components of
highest intensity are presented in the middle panel. Overlaid in white are the HI velocity dispersion
contours at 18 and 22 km s−1 and the outer Hα intensity contour in black. For a comparison, the blue-
and red-shifted components are shown on the left and right panel. Note that regions where we did
not find a blue- or redshifted component were filled with the main component. Two example spectra
extracted from the HI cube are given in Fig. 5.9 together with the fitted Gaussian profiles for the single
components (long-dashed blue and red lines) and the resulting sum (long-dashed green lines).

Looking at the southern part of the optical galaxy, a blue-shifted component is detected with a
heliocentric line of sight velocity of about 786 km s−1. The main component at this position has a
velocity of about 812 km s−1. The Hα velocity field shows at the same position a blue-shifted outflow
with velocities of about 780 to 790 km s−1, which is in good agreement with the HI data. This outflow
has already been detected in HI by Thuan et al. (2004) who suggested that this gas was moved away
from the GEHR, driven by stellar winds and SNe over the last 1600 yr. The region west of NGC 4861
where the three supergiant shells are located reveals a red-shifted component (see Fig. 5.8, right
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panel). The velocities vary between 860 and 870 km s−1 in comparison to the main component of 830
to 840 km s−1, which is comparable to the ionised gas as the Hα velocity map shows a red-shifted
component of 860 to 870 km s−1.

Summarised, it can be said that the neutral and ionised gas show the same kinematic behaviour
regarding outflows. In both cases, the neutral outflowing gasis much more extended than the ionised
gas. This is certainly due to the much lower column densitiesof the ionised gas, which means that
there is probably more extended gas, but the sensitivity of the FP data is not high enough to detect it.

As already mentioned above, the northern part of the GEHR shows a red-shifted component in
Hα with a velocity offset of about 30 km s−1. Figure 5.8, right panel also shows some red-shifted
emission at the same position with velocities of about 837 kms−1, which corresponds to an offset of
about 23 km s−1 in comparison to the main HI component. The large velocity offset detected in the
echelle spectra (van Eymeren et al. 2007), which we did not find in the Hα velocity field, can therefore
also not be detected in the HI velocity field. This does not necessarily mean that the expanding bubble
does not exist. First of all, the Hα velocity field is contaminated by artificial emission so thatthe
existence of the outflow in Hα cannot be ruled out. Furthermore, outflowing gas in Hα without a
counterpart in HI has already been found in NGC 2366 (see Chap. 4), which led to the interpretation
that the HI in these cases is already fully ionised.

We showed in Sect. 5.3 that the HI intensity distribution (see Fig. 5.3, upper left panel) hasat the
positions of both outflows a different behaviour in comparison to the rest of the galaxy as the distance
of two neighboured intensity contours becomes much larger.That means that the gas density is higher
in these areas, which fits into the image of gas which is blown out and is at the same time moving
more gas out of the GEHR and therefore enhancing the density.

Alltogether, it can be said that the expansion velocities are generally quite moderate, not only the
ones of the gas close to the disk, but also of the structures further out like the SGSs. SGS5 shows no
line-splitting in HI, only a component that follows the overall rotation so that the assumption of the
blue-shifted component being a ghost feature (see Sect. 5.4.1) is further supported. However, as seen
above, a missing HI outflow is no proof for a nonexistent Hα outflow.

5.5.2 Outflow or galactic wind?

In order to learn about the fate of the outflowing gas, the expansion velocities of the detected outflows
are now compared to the escape velocities of NGC 4861. The procedure is the same as described in
Sect. 4.5.4. We took the pseudo-isothermal halo model and calculated the escape velocity following
Eq. 4.2. The circular velocity was measured from the rotation curve to be 46 km s−1 (see Table 5.4.2).
We plotted the escape velocity for two different radiirmax = 11kpc (dotted line) andrmax = 22kpc
(solid line). The lower value ofrmax was chosen to equal the size of the HI distribution so that the cor-
responding curve is again a lower limit for the escape velocities. The result is shown in Fig. 5.10: the
observed rotation curve including receding and approaching side is indicated by small grey triangular-
shaped symbols. The expanding gas structures are marked by black large triangles. We corrected the
values for an inclination of 65◦ as calculated in Sect. 5.4.2, which leads to an increase in velocity of
about 10%.

As Fig. 5.10 shows, the expansion velocities of all outflows stay far below the escape velocities,
which makes it impossible for the gas to leave the gravitational potential of the galaxy.
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FIG. 5.10: Escape velocity for an pseudo-isothermal halo ofrmax = 11 kpc (dotted line) andrmax = 22 kpc (solid line).
The observed rotation curve is indicated by small grey triangles. The error bars represent receding and approaching side.
The expanding gas structures are marked by black large triangles.

5.5.3 Comparison with NGC 2366

NGC 4861 is very well suited to be compared with NGC 2366 because not only its optical morphology
is very similar to NGC 2366 (see Sect. 5.3), but also the parameters describing the kinematic properties
of the neutral gas are similar for both galaxies. The HI distribution of NGC 2366, however, is more
patchy and the velocity field is more perturbed, which results, e.g., also in higher outflow velocities
in comparison to NGC 4861. The main drivers for the distortions are probably the GEHR and the
possible spiral arms. NGC 4861 has no spiral arms, but also a GEHR. Two major outflows are directly
connected to it, a third one is close to the supergiant shells. The expansion velocities do not exceed
30 km s−1 and all outflows were detected in the HI and the Hα velocity field. The 50 km s−1 outflow
in NGC 2366, however, was only detected in Hα. As already discussed in Sect. 4.5.1, this is probably
an effect of age and energy input. The energy input of the GEHRin NGC 4861 seems not to be high
enough to have fully ionised the surrounding neutral medium, which might indicate that this galaxy
is younger than NGC 2366 or less affected by events that trigger star formation (like, e.g., density
waves). The outflow close to the supergiant shells is most probably ionised by a different cluster.

5.5.4 HI cloud to the east

We saw on the HI moment maps that NGC 4861 has a small companion east of the main body at a
deprojected distance of 4 kpc. It seems to interact with the main H I complex as the large-scale HI
distribution is extended in the direction of the HI cloud and the velocity field is distorted. Publications
by, e.g., Wilcots et al. (1996) imply that the cloud has no optical counterpart. However, they only used
a DSS image so that we decided to perform deep imaging.

Figure 5.11 shows an overlay of the outer HI intensity contour at 0.01 Jy beam−1 over ourR-band
andV-band images. Despite an exposure time of 900 s with a 3.5m telescope in the case of theR-band
image, no optical counterpart of NGC 4861 B can be seen. We therefore obtained a 90 minV-band
exposure with the Calar Alto 2.2m telescope, which does alsonot show any stellar association that
could be connected to the HI cloud. Assuming that the size of a possible stellar disk equals the HI

extent of 98′′× 53′′, we derived an upper limit for the integrated flux in theV-band ofmV < 24.3 mag
andMV < −6.54 mag, respectively, which makes the existence of a stellar component very unlikely.
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FIG. 5.11: DeepR-band andV-band images of the surroundings of NGC 4861. Overlaid in black is the outer HI intensity
contour of the HI cloud at 0.01 Jy beam−1.

Additionally, we had again a look at the HI velocity field and performed the same kinematic
analysis for the HI cloud as for the whole galaxy (see Sect. 5.4.2) treating the cloud as an individual
system. As we are limited by both spectral and spatial resolution and as the emission is detected at
5σ, which is close to our detection limit, we worked with the initial estimates derived byellfit as the
best-fitting parameters. Therefore, the results are just anestimate. The left panel of Figure 5.12 shows
the velocity field, the model and the residual map are displayed in Fig. 5.12 middle and right panel.
The velocity field reveals a fairly regular rotation patternwith a rotation velocity of 4.4 km s−1. The
inclination is the same as the one of NGC 4861, but the cloud rotates under a different position angle
than the main body (see Table 5.4.2). The systemic velocity was measured to be 791 km s−1, which is
about 60 km s−1 lower than expected from the rotation of the main body. Having in mind that the line
of sight velocity difference between single galaxies in a group can be of the order of 100 km s−1 at a
distance of these galaxies of several hundred kpcs, this velocity offset might indicate that NGC 4861 B
lies in the foreground of NGC 4861 at a distance of maybe 100 kpc or more.

These results make NGC 4861 B an interesting candidate for the dark galaxy debate. The detection
of dark galaxies is important for the cosmologists as it would offer a solution to the missing satellite
problem (see Sect. 1.1). Studies by, e.g., Taylor et al. (1993) and Taylor et al. (1995) exclusively
concentrated on the search for isolated HI clouds in the vicinity of dwarf galaxies. They found
the fraction to be very high, although more than 50% of them had an optical counterpart. One of
the most famous dark galaxy candidates at the moment is VIRGOHI21, which has a velocity width
of 220 km s−1, no optical counterpart down to a surface brightness level of 27.5 B mag arcsec−2,
and is located at a distance of 150 kpc from the next galaxy (NGC 4254) (Minchin et al. 2005). It
was interpreted by the authors as a dark matter halo. However, it is very difficult to differentiate a
dark galaxy from tidal debris. Simulations, e.g., by Bekki et al. (2005) show that tidal debris can
have the same properties concerning velocity width, optical surface brightness and distance from the
progenitor, even if the values are as high as for VIRGOHI21.

NGC 4861 B has a very low velocity width, but in comparison to this low width a high HI mass.
Therefore, we checked whether the parameters are consistent with the Baryonic Tully-Fisher (BTF)
relation (see Fig. 5.13). The grey stars represent the galaxies analysed by McGaugh (2005) with his
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FIG. 5.12: A kinematic study of the HI cloud NGC 4861 B. Velocity map (left panel) with a black contour at vsys =
791 km s−1, model velocity field (middle panel) and residual map (rightpanel).

fit of M = 50 ∗ v4 as long-dashed line, black dots are from Trachternach et al.(2008b). NGC 4861 B
(black filled triangle) lies far above the correlation. Assuming that it has a stellar component would
even increase the distance from the correlation. Observations by Begum et al. (2006) show that galax-
ies with HI masses of4 × 106 M⊙ or even less exist (e.g., KK 230 or DDO 210). However, these
two galaxies have rotation velocities that are a factor of two and four, respectively higher than the one
of NGC 4861 B and therefore better fulfil the BTF correlation (see black squares in Fig. 5.13). Note
that we neglected the stellar mass. The ellipse fitting task calculated an inclination angle of 65◦ for
the HI cloud, which is quite high. If we assume a much lower inclination (about 14◦), the rotation
velocity would rise and the cloud would approach the BTF correlation. This implies, of course, that
the BTF correlation also works for these low masses and low rotation velocities because the galaxies
mentioned above lie all at the lower end.

Alltogether, it can be said that at the moment we cannot rule out any idea of what NGC 4861 B
might be, dark galaxy or just tidal debris or infalling gas. Our deepV-band image implies that the
existence of a stellar component is very unlikely and the HI velocity field shows a regular rotation.
These are both strong arguments to interprete the cloud as a dark galaxy. However, we need a better
measurement of the inclination and a higher spatial resolution and sensitivity of the HI data in order
to verify our interpretation.

5.6 Summary

Fabry-Perot interferometry and HI synthesis observations were performed to compare the morphology
and the kinematics of the neutral and ionised gas component in the irregular dwarf galaxy NGC 4861.

Both gas components show a very similar behaviour. The overall velocity gradient runs from the
south-west to the north-east from 800 to 870 km s−1. We detected a blue-shifted outflow in the south
of the GEHR with an expansion velocity of about 23 km s−1 as well as a red-shifted outflow in the
north of the GEHR with an expansion velocity of about 25 km s−1. Furthermore, a red-shifted outflow
was detected close to the SGSs in the west of the tail with an expansion velocity of about 30 km s−1.
All outflows are more extended in HI than in Hα. A comparison of the expansion velocities with
the escape velocity of the galaxy using the pseudo-isothermal halo model reveals that the gas stays
gravitationally bound. However, we did not include the two fast expanding superbubbles mentioned
in Sect. 5.5.1. The one expanding from the GEHR is too close tothe dynamical centre where the
escape velocities are high. SGS5, whose existence first needs to be confirmed by, e.g., obtaining a slit
spectrum, is a bit further away from the dynamical centre, which means that here, the probability of a
galactic wind is strongly increased.
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FIG. 5.13: Baryonic Tully-Fisher relation. The grey stars represents the values measured by McGaugh (2005) with their
fit of M = 50∗V 4 as long-dashed line. The black dots are from Trachternach etal. (2008b), the black squares from Begum
et al. (2006). NGC 4861 B is marked by a filled triangle.

Additionally, we examined the HI cloud NGC 4861 B in more detail. A 90 minV-band exposure
obtained with the Calar Alto 2.2m telescope suggests that this cloud has no optical counterpart as we
did not detect any star association down to a 3σ detection limit of 27.84 inV. Nevertheless, it shows
a regular rotation, although that small in comparison to an HI mass of4 × 106 M⊙ that it lies far
above the Baryonic Tully-Fisher relation. From our results, an interpretation as a dark galaxy cannot
be ruled out.

5.A Appendix: Hα image and extension of the catalogue of ionised gas
structures

Here, the continuum-subtracted Hα image is again presented in an enlarged version and with a dif-
ferent contrast as in Fig. 5.1 to emphasise the small-scale structure (see Fig. 5.14). Additionally, the
catalogue of van Eymeren et al. (2007) is extended by the supergiant shell at the northern tip of the
galaxy.

TABLE 5.3: The most prominent structures and their sizes in NGC 4861 – an extension –.

Source Diameter Diameter vhelio FWHM
[′′] [pc] [km s−1] [km s−1]

SGS5 28 1018
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FIG. 5.14: Continuum-subtracted Hα image of NGC 4861. The contrast is chosen in a way to demonstrate the small-scale
structures.



Chapter 6
The Local Volume HI Survey: Gas
kinematics in IC 4662 and NGC 5408

Abstract

The feedback between massive stars and the interstellar medium is one of the
most important processes in the evolution of dwarf galaxies. Numerous neutral
and ionised gas structures both in the disk and in the halo have been found, but
their origin and fate are not clear, yet. Therefore, we want to study the kine-
matics of both gas components in order to search for outflowing gas structures
and to make predictions about their fate.
We here present new radio and optical data of two peculiar dwarf galaxies in
the Local Volume: IC 4662 and NGC 5408. The HI line and 20 cm radio con-
tinuum data were obtained with the Australia Telescope Compact Array and
are part of the “Local Volume HI Survey”. The radio data are complemented
by optical images and spectroscopic data obtained with the ESO New Tech-
nology Telescope.
The HI velocity field of NGC 5408 is fairly regular, whereas IC 4662 shows
disturbed HI kinematics. After a Gaussian decomposition of the HI and the
Hα line, we found several outflows in both galaxies with expansion velocities
up to 75 km s−1, sometimes present in both gas components, sometimes only
in one gas component. However, the expansion velocities aretoo low to allow
the gas to escape from the gravitational potential of the galaxies as a compar-
ison with the escape velocities derived from the cored pseudo-isothermal halo
model shows. This result is consistent with studies of otherdwarf galaxies.

6.1 Introduction

The interplay between massive stars and the interstellar medium (ISM) has a large effect on the for-
mation and the evolution of galaxies. Thereby, dwarf galaxies provide a perfect environment for this
kind of interaction as they are simple systems, fragile and hence likely to be strongly affected by both
external and internal processes (e.g., Gallagher & Hunter 1984).

Numerous ionised gas structures in and around the galactic plane of these galaxies have been
found (e.g., Bomans et al. 1997; Hunter & Gallagher 1997; Martin 1998; van Eymeren et al. 2007).
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Generally, these structures enclose large concentrationsof massive stars. In this case, the ionisation
mechanisms are relatively well understood: kinetic energyand momentum are delivered by massive
stars to their surroundings through stellar winds and supernovae explosions. A superbubble filled with
hot gas evolves and begins to expand into the ISM. Due to Rayleigh-Taylor instabilities the outer shells
can rupture and the hot gas can rise through tunnel-like features – chimneys – into the halo (Norman
& Ikeuchi 1989). However, it is not clear, yet what the final fate of the gas is. Theoretical models
predict that at least part of the hot gas has enough kinetic energy to leave the gravitational potential
of its host galaxy and to enrich the intergalactic medium (IGM) by becoming a freely flowing wind
(e.g., Mac Low & Ferrara 1999). The relatively low escape velocities of dwarf galaxies facilitate the
removal of substantial amounts of gas. Nevertheless, no convincing case of a galactic wind has been
reported so far (Bomans 2005).

We here present a multi-wavelengths study of two more galaxies, the peculiar dwarf galaxies
IC 4662 and NGC 5408. We performed HI and 20 cm radio continuum observations as well as optical
imaging and spectroscopy.

IC 4662 (HIPASS J1747–64) is classified as an IBM galaxy. Its distance ofDTRGB = 2.44 Mpc
was obtained by Karachentsev et al. (2006) and makes it therefore to be the nearest known repre-
sentative of blue compact dwarfs (Karachentsev et al. 2006). It seems to be a rather isolated galaxy,
belonging to no known groups. de Vaucouleurs (1975) describes IC 4662 as a foreground galaxy in
the direction of the NGC 6300 group.

NGC 5408 (HIPASS J1403–41) is classified as an IB(s)M galaxy.It was first studied by Bohuski
et al. (1972). Its nucleus consists of several bright HII regions and appears to be undergoing a violent
burst of star formation (Bohuski et al. 1972). As it harboursan ultra-luminous X-ray source very
close to the concentrations of HII regions, it was a popular object to study over the last decades. Its
distance ofDTRGB = 4.81 Mpc was obtained by Karachentsev et al. (2002). Its position on the sky
puts NGC 5408 in the Centaurus A group, but its distance differs from the medium value of Cen A
members by more than 1 Mpc.

This chapter is organised as follows: in Section 6.2 we summarise the observations and the data
reduction. In § 6.3 we compare the morphology of the neutral and ionised gas and the radio continuum.
Section 6.4 contains a kinematic analysis including a search for outflowing gas. The fate of the gas is
discussed in § 6.5, which will be followed by a summary in Sect. 6.6.

6.2 Observations and Data Reduction

6.2.1 ATCA radio data

H I line and 20 cm radio continuum observations of IC 4662 and NGC5408 were obtained with the
Australia Telescope Compact Array (ATCA) as part of the “Local Volume HI Survey” (LVHIS).
IC 4662 was observed for a full synthesis (12 h) in each of three arrays (see Table 6.2). The lower
resolution data of NGC 5408 (375 and 750D array) were taken from the archive and complemented
by high-resolution data within LVHIS (1.5A array). As the archival data were part of a larger sample
of galaxies, all observed within a few nights, theuv-coverage is worse than for IC 4662. Therefore,
the synthesised beam of IC 4662 is generally better than the one of NGC 5408.

The first frequency band was centred on 1418 MHz with a bandwidth of 8 MHz, divided into 512
channels. This gives a channel width of 3.3 km s−1 and a velocity resolution of 4 km s−1. The ATCA
primary beam is 33.′6 at 1418 MHz. The second frequency band was centred on 1384 MHz (20 cm)
with a bandwidth of 128 MHz.
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TABLE 6.1: The basic properties of IC 4662 and NGC 5408.

Optical name IC 4662 NGC 5408 References
HIPASS name J1747–64 J1403–41

optical centre:
α (J2000) 17h 47m 08.8s 14h 04m 22s (1)
δ (J2000) –64◦ 38′ 30′′ –41◦ 22′ 36′′ (1)

l, b 328.6, –17.9 317.2, 19.5 (1)
distance [Mpc] 2.44 4.81 (2)
vopt [km s−1] 336 ± 29 537 ± 33 (1)
type IBm IB(s)m (1)
optical diameter 3.0′ × 1.6′ 2.6′ × 1.6′ (3)

" 2.1 kpc× 1.1 kpc 3.6 kpc× 2.2 kpc
inclination 58◦ 52◦ (3)
position angle 104◦ 62◦ (3)
mB [mag] −14.84 ± 0.09 −15.84 ± 0.09 (3)

vHI [km s−1] 302± 3 506± 3 (4)
vLG [km s−1] 153 314 (4)
w50 [km s−1] 86 62 (4)
w20 [km s−1] 133 112 (4)
FHI [Jy km s−1] 130.0 ± 12.0 61.5 ± 6.7 (4)
log MHI [ M⊙] 8.26 ± 0.04 8.53 ± 0.03

The totalB-magnitude,mB, was obtained from Lauberts & Valentijn (1989). Using the GalacticB-band extinction,AB

(Schlegel et al. 1998), these were converted to absolute magnitudes,MB.
References: (1) de Vaucouleurs et al. (1991), (2) Karachentsev et al. (2004), (3) Lauberts & Valentijn (1989) [ESO
Uppsala], (4) Koribalski et al. (2004) [HIPASS BGC].

TABLE 6.2: ATCA radio observations.

Object IC 4662 NGC 5408
EW367 375

Arrays 750A 750D
1.5D 1.5A

H I synthesised beam (na) 70′′ × 62′′ 57′′ × 50′′

20 cm synthesised beam (r0) 33′′ × 29′′ 77′′ × 53′′
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TABLE 6.3: Imaging – Some observational parameters.

Parameter [Unit] IC 4662 NGC 5408
Filter 608 (R) / 596 (Hα) 642 (R) / 692 (Hα)
Exp. Time [s] 600 / 1800 600 / 1200
Spatial resolution [′′] 0.36 0.16

The data reduction was performed with the MIRIAD software package using standard procedures.
Both H I and 20 cm data were flux- and phase-calibrated. Using a first order fit to the line-free channels
in the HI data set, the 20 cm radio continuum is separated from the pureH I emission. The HI channel
maps were made using “natural” (na) weighting of theuv-data in the velocity range covered by the
H I emission in steps of 4 km s−1 and a standard Hanning smoothing was applied. They are displayed
in Figs. 6.1 and 6.2, superimposed on a greyscale presentation of ourR-band images. The white cross
in the first channel marks the optical centre of the galaxy. The beam is placed into the lower left
corner of the same channel. The corresponding heliocentricvelocities are indicated in the upper right
corner of each channel. In case of IC 4662, we excluded the longest baselines, which are all baselines
to the distant antenna 6, because they do not contain any significant flux. In case of NGC 5408, the
longest baselines are included, which gives us a resolutioncomparable to IC 4662 despite the worse
uv-coverage. One Jy beam−1 km s−1 corresponds to an HI column density of2.59×1020 atoms cm−2

(IC 4662, na) and3.9 × 1020 atoms cm−2 (NGC 5408, na), respectively.
The broadband 20 cm continuum maps of both galaxies were madeusing robust (r=0) weighting,

but excluding all baselines to CA06. The resulting synthesised beams for all data sets are given in
Table 6.2. The measured rms noise is around 0.1 mJy beam−1.

In order to create the moment maps and to analyse the HI data, the software GIPSY1 was used.
The moment maps were created by first isolating the regions ofsignificant emission in every channel
and afterwards clipping everything below a 3σ threshold (for further details see App. C).

6.2.2 Optical data

The optical data presented here (both imaging and spectroscopy) were obtained with the EMMI in-
strument attached to the 3.5m ESO New Technology Telescope (NTT). A standard data reduction was
performed using IRAF.

Imaging

DeepR-band and Hα data are available for both galaxies. The images of IC 4662 were observed by
us, the images of NGC 5408 are from the ESO archive. After the standard data reduction, further
reduction steps were carried out. In order to get the pure Hα line emission, the flux of the stars in the
continuum image was scaled to the Hα flux and the continuum image was afterwards subtracted from
the Hα image. In order to stress weaker structures in the Hα images and to differentiate them from
the noise, adaptive filters based on the H-transform algorithm (Richter et al. 1991, see App. B) were
used. The resultingR-band images are displayed in Fig. 6.3 and the relevant observational parameters
are given in Table 6.3.

1The Groningen Image Processing System
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FIG. 6.1: HI channel maps of IC 4662 (contours) superposed on ourR-band image. Contours are drawn at−4.5 (−3σ),
4.5 (3σ), 10, 20, 50, 100, and 200 mJy beam−1. The synthesised beam (natural weighting) is displayed in the lower left
corner of the first channel map. The optical centre of the galaxy is marked by a white cross in the same channel map. The
corresponding heliocentric velocities are indicated in the upper right corner of each channel. A standard Hanning smoothing
was applied to the cube. The original channel spacing is 4 km s−1.
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FIG. 6.2: HI channel maps of NGC 5408 (contours) superposed on theR-band image. The same as in Fig. 6.1. Contours
are drawn at−4 (−3σ), 4 (3σ), 8, 16, 32, and 64 mJy beam−1.
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FIG. 6.3: R-band images of the peculiar dwarf galaxies IC 4622 (left panel) and NGC 5408 (right panel), obtained with
EMMI attached to the ESO NTT.

Medium-resolution long-slit spectroscopy

Archival medium-resolution long-slit spectra with a spectral resolution of about 60 km s−1, as mea-
sured from the night sky lines, were reduced and used for a kinematic analysis of NGC 5408. As the
target of these observations was the X-ray source in NGC 5408, all spectra were obtained at almost
the same position. Therefore, we only took one slit positionas a representative.

Further medium-resolution spectra not only of NGC 5408, butalso of IC 4662 were obtained from
May 1st to May 3rd 2006 by us. Only the red part of EMMI was read out using grating # 7 centred at
the Hα line with a wavelength coverage of 1300 Å and a dispersion of 0.41 Å/pix. With a slit width of
1′′, we achieved a spectral resolution of 112 km s−1, again as measured from the night sky lines. The
spatial resolution is 0.′′332 and the seeing was about 1′′. A geometric distortion correction was not
necessary because the deviations were smaller than one pixel. For the wavelength calibration, spectra
of a thorium comparison lamp were obtained. The detector is amosaic of two chips with the overscan
region lying in between. As the emission is very extended, both chips had to be used to obtain a
spectrum, which meant that a small part of the emission always lay in the gas. A single spectrum
was exposed for 45 min. Afterwards, the telescope was slightly moved to have a different part of the
emission in the gap.

Three spectra each at different positions along the two galaxies were obtained. Details are given
in Table 6.4. For the measurement of the emission lines, the spectra were binned in spatial direction by
three pixels, which corresponds to about 1′′ matching the seeing. At positions of very weak emission,
ten pixels were summed up to improve the signal to noise (S/N)ratio. The IRAF tasksplot was
used in the interactive mode to determine the peak wavelength and the Full Width at Half Maximum
(FWHM). All wavelengths measurements were converted into heliocentric velocities.

6.3 General morphology

At the beginning of the analysis, we had a look at the optical and radio morphology of IC 4662 and
NGC 5408 in order to have a first impression of how the stars andthe gas are connected. Additionally,
we measured the star formation rates from the 20 cm radio continuum data.
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TABLE 6.4: Long-slit spectroscopy – some details.

Object Slit No. Exp. Time PA
[min] [◦]

NGC 5408 1 225 54
2 180 6
3 201.5 296
1b 60 80

IC 4662 1 180 330
2 135 56
3 180 70

6.3.1 IC 4661

Our optical images show that IC 4662 has a slightly elongatedshape along the east-west axis (see
Fig. 6.3, left panel and Fig. 6.16 of App. 6.A, upper panel). On the Hα image, this part of the galaxy
is surrounded by diffuse filamentary structure, especiallyin the eastern part. Additionally, a cluster of
stars with associated Hα emission that appears to be detached from the main body of thegalaxy can be
seen. It is located 1.′5 or 1.1 kpc to the south-east of the centre. Hidalgo-Gámez etal. (2001) pointed
out that this HII region differs significantly from the main body in oxygen abundance. Therefore,
the scientists speculate whether it is an own system interacting with IC 4662 (e.g., H. Lee, private
communication) or just an unusually placed OB association.Our deep Hα image in combination with
the H-transform algorithm shows that this bright HII region is at least connected to the main complex
by a chain of small HII regions and diffuse filamentary gas structures. We will comeback to this
peculiarity during the kinematic analysis.

The upper left panel of Fig. 6.4 shows the HI intensity distribution, which seems to consist of two
parts. The inner high-intensity system is perpendicular tothe outer low-intensity system. As displayed
in Fig. 6.5, the inner system coincides with the optical extent of IC 4662 including the southern HII
region. We see an additional HI maximum to the north-west with no optical counterpart.

In Fig. 6.6 (left panel) the 20 cm radio continuum contours are plotted over the continuum-
subtracted Hα image, which coincide very well with the optical extent of the galaxy. Not only the
bright H II regions in the north, but also the small HII region in the south-east can be seen at 20 cm.

6.3.2 NGC 5408

Like IC 4662, the stellar disk of NGC 5408 is slightly elongated along the east-west axis, which leads
to a box-like appearance in the optical (see Fig. 6.3, right panel and Fig. 6.16 of App. 6.A, lower
panel). It is dominated by a bright complex of HII regions in the south-west. In the eastern part, the
ionised gas becomes more patchy with several filaments emanating from the disk. Diffuse gas can
also be seen on the whole southern side of the galaxy.

The HI intensity distribution looks fairly symmetric with two point-like maxima in the centre (see
Fig. 6.7, upper left panel). A comparison with the ionised gas distribution shows that the HI intensity
maximum coincides with the optical extent of NGC 5408 (see Fig. 6.5).
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FIG. 6.4: HI moment maps of IC 4662, combining three arrays, but excluding baselines to CA06, which leads to a
synthesised beam of70′′

× 62′′. Top left: The HI distribution (0th moment map). Contours are drawn at 0.015 (3σ), 0.04,
0.1, 0.2, 0.4, 0.8, and 1.6 Jy beam−1 where 0.015 Jy beam−1 correspond to a column density of3.3 × 1020atoms cm−2.
Top right: The mean HI velocity field (contour levels range from 220 to 380 km s−1 in steps of 10 km s−1). The systemic
velocity of 302 km s−1 derived by Koribalski et al. (2004) is marked in bold.Bottom left: The HI velocity dispersion.
Overlaid are the same HI intensity contours as on the 0th moment map.Bottom right: The global intensity profile. The
short-dashed line marks zero intensity.

The right panel of Fig. 6.6 displays the 20 cm radio continuumcontours superimposed onto the
Hα image. The continuum peaks at the position of the bright HII region in the south-western part
of the galaxy, which is also the position of the western HI maximum. It is more or less a point
source with a slight extension to the north-east, followingthe main part of the body and further out.
Unfortunately, we are limited by the beam size. Higher resolution data are needed to prove whether
the radio continuum is more than a point source.

6.3.3 Star Formation rates

In order to estimate the star formation rate (SFR) of a galaxy from the 20 cm data, we used

SFR [M⊙ yr−1] = 0.14 D2 S20 cm (6.1)

derived from Condon (1992) and Haarsma et al. (2000), whereD is the distance in Mpc. We measured
a flux density ofS20 cm = 33 mJy in IC 4662 andS20 cm = 24 mJy in NGC 5408, resulting inSFR =
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FIG. 6.5: Continuum-subtracted Hα images of IC 4662 (left panel) and NGC 5408 (right panel). Thespatial resolution
was smoothed to fit the resolution of the HI data. Overlaid in black are the HI intensity contours at 0.015 (3σ), 0.04, 0.1,
0.2, 0.4, 0.8, and 1.6 Jy beam−1 (IC 4662) and 0.05 (3σ), 0.1, 0.2, 0.3, 0.5, 0.8, and 1.0 Jy beam−1 (NGC 5408). Overlaid
in grey are the HI velocity dispersion contours at 25 km s−1.

FIG. 6.6: Continuum-subtracted Hα images of IC 4662 (left panel) and NGC 5408 (right panel) withthe 20 cm radio
continuum contours overlaid in white, combining three arrays and using robust weighting (r=0), but excluding baselines
to CA06. IC 4662: The contour levels are−0.4, 0.4, 0.8, and 1.6 mJy beam−1. Sidelobes from two strong radio sources,
PKS 1740–64 and PKS 1746–64 are visible in the lower right corner. NGC 5408: The contour levels are−5, 5, 10, 20, 40,
80, and 160 mJy beam−1.

0.027 M⊙ yr−1 andSFR = 0.074 M⊙ yr−1, respectively. The star formation rate of a galaxy can also
be estimated from its far-infrared luminosity,LFIR, usingSFR [M⊙ yr−1] = 0.17LFIR (Kennicutt
1998), withLFIR in units of 109 L⊙. The IRAS 60µ and 100µ flux densities, the resulting FIR
luminosity, and FIR star formation rate are given in Table 6.5. Following Helou et al. (1985) we
calculated the parameterq which is the logarithmic ratio of FIR to radio flux density. For IC 4662 we
find q = 2.54, for NGC 5408 we findq = 2.16, which is in both cases consistent with the mean value
of 2.3 for normal spiral galaxies (Condon 1992).
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FIG. 6.7: HI moment maps of NGC 5408, combining three arrays and including baselines to CA06, which leads to a
synthesised beam of57′′

× 50′′. Top left: The HI distribution. Contours are drawn at 0.05 (3σ), 0.1, 0.2, 0.3, 0.5, 0.8,
and 1.0 Jy beam−1 where 0.1 Jy beam−1 correspond to a column density of5.0 × 1020atoms cm−2. Top right: The HI

velocity field (contour levels range from 440 to 550 km s−1 in steps of 10 km s−1). The systemic velocity of 502 km s−1, as
calculated from fitting tilted-rings to the velocity field, is marked in bold.Bottom left: The HI velocity dispersion, overlaid
are the same HI intensity contours as on the 0th moment map.Bottom right: The global intensity profile of the galaxy.
The short-dashed line marks zero intensity.

TABLE 6.5: Star formation rates from FIR and 20 cm radio continuum measurements.

Optical name IC 4662 NGC 5408

S60µm [Jy] 8.82 2.83
S100µm [Jy] 11.38 2.96
FFIR [10−11 erg s−1 cm−2] 43.01 12.94
SFRFIR [M⊙ yr−1] 0.014 0.016

F20 cm [mJy] 33 24
SFR20 cm [M⊙ yr−1] 0.027 0.074

q-factor 2.54 2.16

FFIR was obtained using the relation by Sanders & Mirabel (1996).
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6.4 Kinematic analysis

The comparison of the optical and radio morphology in IC 4662and NGC 5408 revealed that the
optical extent coincides very well with the HI maxima and that both galaxies have a radio continuum
source at the location of strongest star formation, which isin case of IC 4662 extended to the southern
H II region. Here, the morphology already suggests that the southern HII region is more likely an
unusually displaced OB association than an own system because it appears to be connected to the
stellar disk by HII regions and diffuse ionised gas and is embedded into the central H I maximum.

Looking at Fig. 6.5, it becomes obvious that the optical appearance of both galaxies is defined
by an alignment which is perpendicular to the large-scale HI distribution. The subsequent kinematic
analysis will give further information about the gas properties of these two dwarfs.

6.4.1 The kinematics of the neutral gas – the HI velocity fields

The HI velocity field of IC 4662 (see Fig. 6.4, upper right panel) is very disturbed. The overall veloc-
ity gradient runs from the north-east with velocities of 220km s−1 to the south-west with velocities
of 380 km s−1. It seems as if the direction of the rotation changes from thewestern part of the galaxy
to the eastern part, causing a sudden change of the position angle of almost 90◦. This change is
possibly correlated with the two perpendicular systems as discussed in Sect. 6.3. The HI velocity dis-
persion map (lower left panel of Fig. 6.4, overlaid are the HI intensity contours) shows a dispersion of
20 km s−1 in the inner and 11 km s−1 in the outer parts, except for two maxima with almost 40 km s−1

east of the extended HI intensity maximum.

NGC 5408 shows a very symmetric HI velocity field (Fig. 6.7, upper right panel) with a velocity
gradient running from the south-east with velocities of 440km s−1 to the north-west with velocities
of 550 km s−1. The gradient is very smooth except for both ends of the disk where the velocity field
looks slightly warped. South of the intensity maxima a distortion of the velocity field can be seen.
The HI velocity dispersion is shown on the lower left panel of Fig. 6.7, overlaid are the HI intensity
contours. The mean dispersion is about 20 km s−1 with two peaks at 30 km s−1, offset from the HI

intensity maxima to the south, but coinciding with the disturbed region in the velocity field.

6.4.2 The kinematics of the neutral gas – the HI rotation curves

In order to derive the rotation curves, a tilted-ring model was fitted to the observed velocity field
with the GIPSY taskrotcur (for a detailed description see App. C). Initial estimates for the relevant
parameters are the output of the ellipse fitting task (GIPSY taskellfit) and are used as an input for
the tilted-ring fits (GIPSY taskrotcur). The upper left panels of Figs. 6.8 and 6.9 show the results:
the black symbols represent the best-fitting parameters derived in an iterative approach from the initial
estimates and combining both sides, the error bars define receding and approaching side. A fit with the
initial estimates kept fixed is indicated by the green symbols (fixed approach), a fit with the best-fitting
parameters kept free is shown by the red symbols (free approach). In order to prove the reliability of
the calculated values, a model velocity field was created by using the best-fitting parameters (Figs. 6.8
and 6.9, lower left panels) and afterwards subtracted from the original velocity field (upper right
panels). The residual maps are shown on the lower right panels with the outer HI intensity contour
and the systemic velocity contour overplotted. We subsequently discuss the resulting rotation curves
as well as the kinematic properties of the neutral gas for both galaxy separately.
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TABLE 6.6: ATCA H I properties.

Optical name IC 4662 NGC 5408
HIPASS name J1747–64 J1403–41

initial estimates best-fitting values initial estimates best-fitting values
dynamical centre:
α(J2000) 17h 47m 06.4 17h 47m 08.8s 14h 03m 21.6s 14h 03m 20.4s

δ(J2000) -64◦ 39′ 25′′ -64◦ 39′ 00′′ -41◦ 22′ 43′′ -41◦ 22′ 14′′

vsys [km s−1] 302 310 508 502
i [◦] 38 38 55 57
PA [◦] 278 214 299 303

FHI [Jy km s−1] 103 59
log MHI [ M⊙] 8.2 8.5
H I diameter [′] 15.0× 11.5 10.0× 6.3
" [kpc] 10.6× 8.2 14.0× 8.8
H I / opt. ratio 5× 7 4
vrot [km s−1] 107 53
< σ > [km s−1] 11/20 18
σPeak [km s−1] 36.8 31.7
rHI,max [kpc] 6 9.5
Mdyn [109 M⊙] 15.9 6.2

IC 4662

As already mentioned above, the HI velocity field of IC 4662 is very disturbed, which made it difficult
to fit a rotation curve. Nevertheless, we tried to derive values for the different kinematic parameters.
The upper left panel of Fig. 6.8 shows the results for the different approaches. The error bars, indicat-
ing receding and approaching side, are very large, which means that the difference between receding
and approaching side is quite high. The fixed approach shows acompletely different behaviour as the
iterative or even the free approach. The curve is very flat in the inner 100′′ and rises slowly over the
next 200′′. The iterative and free approach show a steeper rotation curve that immediately begins to
rise coming to a plateau at 300′′, which is what we would expect from the rotation curve of a dwarf
galaxy (for a comparison see Figs. 4.6 and 5.6, upper left panels). From a radius of 300′′ on, the
scatter in the velocities becomes even larger, which is due to the decreasing filling factor of the rings
(see discussion in App. C).

The iterative approach gives us an inclination angle of 38◦, a position angle of 214◦, and a sys-
temic velocity of 310 km s−1 (see also Table 6.6). The latter is a few km s−1 higher as expected
from the HI profile. HIPASS observations by Koribalski et al. (2004) also reveal a lowervsys of
302±3 km s−1. This deviation results from the different ways of howvsys was measured. Usually,
both methods – calculatingvsys from the widths of the HI profiles or by fitting tilted-rings to the
velocity field – should lead to the same value, at least in caseof a “well-behaved” galaxy. IC 4662,
however, is far away from being a regular galaxy. Especially, the velocity field is quite disturbed,
which most probably leads to the different value forvsys. For the analysis presented here, we decided
to work with the higher value of 310 km s−1.
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FIG. 6.8: The HI rotation curve of IC 4662 created by fitting a tilted-ring model to the observed velocity field.Top
left: Different approaches for deriving the rotation curve. The black symbols represent the iterative approach, the error bars
indicate receding and approaching side. The green curve wasderived by taking the initial estimates and keeping them fixed
(fixed approach), the red curve by taking the best-fitting parameters and keeping them free (free approach). For a more
detailed description see App. C.Top right: The observed HI velocity field.Bottom left: The model velocity field created
by taking the best-fitting parameters.Bottom right: The residual map after subtracting the model from the original velocity
field.

The residual map (lower right panel of Fig. 6.8) shows hat theinner part is well represented by
the model velocity field, whereas the outer parts in the east and west are badly fitted by the derived
best-fitting parameters.

NGC 5408

NGC 5408 has a slowly rising rotation curve coming to a plateau at a radius of 250′′. The error bars,
i.e., receding and approaching side, show a very similar kinematic behaviour. The initial estimates are
already very close to the best-fitting parameters. The free approach is also in good agreement with
the other two approaches except for some scatter from 50′′ to 100′′. This is still far away from the
disturbed region, which can therefore not explain the scatter. From a radius of 300′′on, the deviations
become larger, which is again due to the strongly decreasingfilling factor, but probably also to the
warped structure. Beyond 350′′, the rotation curve tends to rise again, although the receding side
declines.
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FIG. 6.9: NGC 5408: The same as in Fig. 6.8.

The iterative approach gives an inclination angle of 57◦, a position angle of 303◦, and avsys

of 502 km s−1 (see also Table 6.6). This time, the systemic velocity is slightly lower than the one
measured in HIPASS (Koribalski et al. 2004), but agrees wellwith the HI line profile.

We again chose the best-fitting parameters (see Table 6.6) tocreate the model velocity field and
subtracted it from the observed velocity field. The residualmap shows that the original velocity field
is very well represented by these parameters (Fig. 6.9, lower right panel). The residuals are generally
at± 5 km s−1, except for one region in the south with a value of 15 km s−1. This region coincides
with the already mentioned distortion in the velocity field and the high velocity dispersion. A closer
look at the velocity profiles reveals a second component withan offset of 35 km s−1 blue-shifted. This
shall be examined in more detail in Sect. 6.4.3.

6.4.3 The kinematics of the ionised gas – long-slit spectroscopy of the Hα line

As already mentioned in Sect. 6.2.2, we performed a Gaussiandecomposition of the long-slit spectra
by interactively fitting Gaussian profiles to the observed emission lines (see also App. A). Figure 6.10
shows example spectra of IC 4662 (slit 3 atr = −50′′) and NGC 5408 (slit 1b atr = 0′′), respectively.
Two Gaussian profiles were fitted to the Hα line (blue and red long-dashed line). The sum of both
components is plotted in green and fits the observed spectrumvery well. From all spectra, we created
position-velocity (pv) diagrams. The corresponding HI velocities were taken from the HI data cubes
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FIG. 6.10: Example spectra of IC 4662 (slit 3 atr = −50′′) and NGC 5408 (slit 1b atr = 0′′). In both cases, the Hα line
is split into two components (blue and red long-dashed lines). The sum of both Gaussian fits is plotted in green and is in
good agreement with the observed spectrum.

and are, as well as the Hα velocities, not corrected for inclination. The results areshown in Figs. 6.11
and 6.12. Both figures contain the Hα image of the galaxies, overplotted are the slit positions. Posi-
tion 0 in the pv diagrams is marked by a small circle. Hα velocities are plotted with + symbols, the
H I velocities are indicated by a solid line. Again, we discuss the results for both galaxies separately.

IC 4662

Three spectra at different locations of IC 4662 were obtained (Fig. 6.11, upper panel). The lower part
of Figure 6.11 shows the resulting pv diagrams. Parts of the ionised gas follow the HI velocities, but
also some deviations from the HI can be seen. Spectrum 1 splits at two positions into two components,
one red-shifted and one blue-shifted, both with an offset incomparison to the neutral gas of about
40 km s−1. The line splitting at -150′′ coincides with the southern HII region, the line splitting at -60′′

coincides with the main complex of HII regions in the north.

The southern HII region has been and still is a subject of great interest. Due to its chemical
composition, which is different from the main complex, and its isolated position, it is considered to be
a separate system interacting with IC 4662. However, both from the morphology (see Sect. 6.3) and
the kinematics it can be concluded that it most probably belongs to IC 4662. Strong evidence is given
on the pv diagrams as the southern HII region and the northern HII complex show the same behaviour
concerning outflowing gas. As mentioned above, the Hα line is split into a red- and a blue-shifted
component at both locations. The velocity offsets to the corresponding HI velocities agree very well
with each other.

The Hα emission in spectrum 2 follows the HI velocities along the whole slit except for the last
part which seems to be offset by 20 km s−1 blue-shifted. This region coincides with the filamentary
structure to the north-east of the main body where outflowingmaterial is expected. Spectrum 3 looks
very chaotic at first glance. Along the whole slit, the Hα emission splits into two components, one
slightly below the HI velocity, the other one red-shifted by about 75 km s−1. Spectrum 2 also shows
a hint of this highly red-shifted component.
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FIG. 6.11: Pv diagrams of IC 4662. The upper panel shows the continuum-subtracted Hα image. White arrows indicate
the slit positions, white circles mark position 0. The lowerthree panels display the pv diagrams of the Hα emission. The +
symbols represent the Hα velocities obtained from the spectra, the solid line the HI velocities obtained from the ATCA HI
data cube.

NGC 5408

As already mentioned in Sect. 6.2.2, spectra from two different observations of NGC 5408 were kine-
matically analysed. Figure 6.12 shows the pv diagrams. The upper row contains our own data, the
lower left panel represents the archival data.

The data confirm what was already visible on the Hα image (see Fig. 6.16 of App. 6.A): NGC 5408
shows outflowing material distributed over the whole disk. The centre of the Hα emission in the south-
west harbours a strong blue-shifted component with a velocity offset of about 60 km s−1 in comparison
to H I (see slit 1a). In spectrum 1b (the archival higher resolution spectrum), the blue-shifted compo-
nent is in fact even more than 60 km s−1 offset from HI. This is most probably a resolution effect.
Additionally, spectrum 1b shows a red-shifted component inthis region with a similar offset of about
50 km s−1. This component cannot be seen in the lower resolution data,which is again a resolution
effect. The eastern HII region shows a blue-shifted component with an offset of 30 to50 km s−1 in
slit 1b and slit 3. And finally, slit 2 and slit 3 reveal a red-shifted component in the northernmost part
of the galaxy with a velocity offset of about 30 to 40 km s−1, which might be the counterpart of the
blue-shifted outflow.
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FIG. 6.12: Pv diagrams of NGC 5408. The upper part shows the threeslit positions that were obtained by us, the lower
left panel the archival data. The lower right panel displaysthe continuum-subtracted Hα image. Again, all slit positions are
indicated by white arrows. Position 0 is marked by white circles.

6.4.4 A comparison of the HI with the Hα kinematics

We had a closer look at the HI kinematics of both galaxies by performing a Gaussian decomposition
as described in App. A. Figures 6.13 and 6.14 show the resulting maps: a map with the blue-shifted
gas on the left, a map with the main component (component of highest intensity) in the middle and a
map with red-shifted gas on the right. Note that regions where we did not find a blue- or redshifted
component were filled with the main component. The velocities were averaged over 70′′× 70′′ in
case of IC 4662 and 50′′× 50′′ in case of NGC 5408, which roughly corresponds to one beam size. In
white, an HI velocity dispersion contour at 25 km s−1 is overlaid as well as the outer intensity contour
of the Hα image.

IC 4662

We see line-splitting of the HI close to the centre of the galaxy and especially north of the stellar disk.
East of the optical galaxy and coinciding with the major peakin H I velocity dispersion, the HI shows a
red-shifted component with a velocity offset of 60 km s−1. At the position of the southern HII region,
the HI emission is split into the main component at 315 km s−1 and a blue-shifted component at
280 km s−1. In Hα we even see three components, the main component at 325 km s−1, a blue-shifted
component at 285 km s−1 and a red-shifted component at 360 km s−1. At the position of the main HII
region complex, the HI is again split into two component, the main component at 300 km s−1, the
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FIG. 6.13: Gaussian decomposition of the HI in IC 4662. Blue-shifted (left panel), main (middle panel) and red-shifted
(right panel) components of the HI velocities are shown. Note that regions where we did not find ablue- or redshifted
component were filled with the main component. We averaged the velocities over 70′′ ×70′′, which roughly corresponds to
one beam size. Overlaid in white are the HI velocity dispersion contour at 25 km s−1 as well as the outermost Hα intensity
contour in black.

FIG. 6.14: Gaussian decomposition of the HI in NGC 5408. The same as in Fig. 6.13. We averaged the velocities over
50′′ ×50′′, which roughly corresponds to one beam size.

blue-shifted one at 260 km s−1. The Hα line reveals a blue-shifted component at 260 km s−1 and a
red-shifted component at 350 km s−1. This means firstly that also the HI associated with the southern
H II region and the main HII region complex shows the same kinematic behaviour. Secondly, the HI

and Hα velocities agree very well with each other, revealing a blue-shifted component with an offset
of about 40 km s−1. At the location of the stellar disk, the red-shifted, probable counterpart is only
visible in Hα, although a bit further to the east the HI shows a red-shifted outflow with an expansion
velocity of 60 km s−1 (see above). Looking at the HI intensity distribution close to the stellar disk
(see Fig. 6.4, upper left panel), a significant drop in intensity at the position of the outflowing gas
becomes visible. We saw a similar behaviour in NGC 2366 and NGC 4861: probably, the neutral gas
has already been blown away from the location of the stellar disk and the inner part has partly or even
fully been ionised, which means that the HI content is now signficantly reduced. A similar feature
can be seen west of the optical galaxy at two minor velocity dispersion peaks. Studies have been
made where about 50 so-called HI holes have been found in a single dwarf galaxy (see, e.g., Walter
& Brinks 1999).
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In addition to the low HI column density, we also need to have in mind that the spatial resolution
of the ATCA data is very low (the whole optical extent of IC 4662 only corresponds to two beam
sizes), which might be the reason why we miss the the red-shifted HI gas associated with the stellar
disk.

NGC 5408

In the eastern part of the optical galaxy, the HI shows an additional component at 485 km s−1 in
comparison to the main component at 515 km s−1 leading to an offset of 30 km s−1. This fits with the
results from the spectroscopy, although we again fail to detect a red-shifted component in the HI. The
reasons are probably the same as for IC 4662.

In the south of the HI distribution and more than 2 kpc away from the optical galaxy, the HI splits
into two components, one following the rotation with about 500 km s−1 and a blue-shifted one with
465 km s−1. The highest HI velocity dispersion as well as the large residuals after subtracting the
velocity model from the observed velocity field are found to be in the same area a bit south of the
optical galaxy. The HI intensity distribution does not show any peculiarities, like, e.g., an HI hole.

6.5 Outflow or galactic wind?

In order to make predictions about the fate of the outflowing gas structures we compared the expansion
velocities with the escape velocities of the galaxies derived by using the cored pseudo-isothermal
(ISO) halo model. As discussed in Sect. 4.5.4, only the ISO halo was used for estimating the escape
velocity as it represents the shape of the rotation curves inthe inner parts much better than the NFW
halo. Following Eq. 4.2, the escape velocity was calculatedusing the circular velocity derived from
the HI rotation curves. Again, two estimates for the maximal halo radiusrmax were made: as a
lower limit we took the HI radius and as a more physical assumption we took twice the HI radius.
In case of IC 4662, we chose anrmax of 6 kpc (dotted line) and 12 kpc (solid line), respectively,for
NGC 5408 we took anrmax of 9.5 kpc (dotted line) and 19 kpc (solid line), respectively. Figure 6.15
shows the results for both galaxies. The observed rotation curve is indicated by small grey triangles.
The outflows with their distances from the dynamical centre and their velocities compared to the HI
velocities are marked by large black triangles.

In both galaxies, the expansion velocities of the outflows stay far below the escape velocity. A
higherrmax results in an increase of the escape velocity. Probably, theradius of the dark matter halo
rmax is much higher than assumed, which means that the escape velocities become even higher. The
curve withrmax = rHI,max gives therefore a lower limit for the escape velocity values.

In IC 4662, the outflow velocities of up to 75 km s−1 are quite high in comparison to NGC 2366
(see Chap. 4) and NGC 4861 (see Chap. 5) with an average outflowvelocity of 30 km s−1. Addi-
tionally, the galaxy has a rotation velocity of 107 km s−1, which is twice as high as in the ones of
NGC 2366, NGC 4861, and NGC 5408. This results in a high dynamical mass, which significantly
increases the gravitational potential. Thus, although IC 4662 has the highest outflow velocities, the
factor ofvexp/vesc is similar than the one of the other three galaxies.

NGC 5408 shows expanding gas of 60 kms, but only close to the dynamical centre where the es-
cape velocities are the highest. However, we also found expanding neutral gas at a distance of 4.3
kpc from the dynamical centre. Although the expansion velocity of 35 km s−1 is low in comparison
to the other outflows in this galaxy, it is only 20 km s−1 away from the value of the escape veloc-
ity. This means that because the escape velocities at distances of 2 kpc and more from the centre are
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FIG. 6.15: Outflow or galactic wind? The expansion velocities ofthe outflowing gas structures in IC 4662 (left panel)
and NGC 5408 (right panel) are compared with the escape velocities calculated by using the pseudo-isothermal halo model.
IC 4662: the escape velocity is calculated for an isothermalhalo of rmax = 6 kpc (dotted line), which fits the size of the
H I distribution, andrmax = 12kpc (solid line). NGC 5408: the escape velocity is calculated for an isothermal halo of
rmax = 9.5 kpc (dotted line), which fits again the size of the HI distribution, andrmax = 19kpc (solid line). The observed
rotation curve is indicated by small grey triangles. The error bars represent receding and approaching side. The expanding
gas structures are marked by black large triangles.

significantly lower than in the inner 1 kpc, it is more likely for an expanding gas structure to leave
the gravitational potential. Simulations dealing with superbubble blowout (e.g., Mac Low & Ferrara
1999) predict that at least a small fraction of the gas escapes into the IGM. This leads to the following
conclusions: There might be gas further away from the main body of the galaxies with higher expan-
sion velocities that cannot be detected by us due to its low surface density. Usually, we only see the
edges of a superbubble or supershell. The other explanationwould be that these dwarf galaxies are
too young to have accelerated the gas to such high velocitiesand distances or the energy input is too
low.

6.6 Summary

Radio and optical data of the two peculiar dwarf galaxies IC 4662 and NGC 5408 were analysed in
order to compare the morphology and the kinematics of the neutral and ionised gas.

In both galaxies, we found several outflows both in Hα and HI with expansion velocities of 30
km s−1 up to 75 km s−1. Although the HI velocity field of IC 4662 is much more disturbed than the
one of NGC 5408, both galaxies show the same properties concerning outflowing gas. The expansion
velocities are of the same order, the outflows are scattered over the whole stellar disk, but in the
end it is very unlikely that they will be blown away as the expansion velocities stay far below the
escape velocities of the host galaxies. Only in NGC 5408, we found an outflow in HI with no optical
counterpart, at a distance of 4.3 kpc from the dynamical centre and with an expansion velocity of
35 km s−1. At this distance from the dynamical centre, the escape velocity has significantly dropped
so that the outflow still remains below the escape velocity, but closer to it than all the other outflows
detected in this galaxy.

The most peculiar feature in IC 4662 is the southern HII region which has been studied by, e.g.,
Hidalgo-Gámez et al. (2001) who found a different oxygen abundance in comparison to the main HII

region complex. This rises the question whether the HII region is an own system or just an unusually
placed OB association. The comparison of the optical and radio morphology showed that this HII
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region is embedded in the highest column density HI together with the main HII region complex.
The 20 cm radio continuum also shows an extension to the southern HII region. The long-slit spec-
tra reveal a blue- and a red-shifted component in Hα both at the position of the southern HII region
and throughout the northern main HII region complex with an expansion velocity of 40 km s−1. The
H I line is split at the same positions in a blue-shifted and the main component. This similar kine-
matic behaviour as well as the fact that the southern HII regions fits well into the radio morphology
strengthens the interpretation that this HII region is part of IC 4662.

6.A Appendix: Hα

Here, the continuum-subtracted Hα images are again presented in an enlarged version, without any
overlays, and with a contrast that emphasises the small-scale structure (see Fig. 6.16).
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FIG. 6.16: Continuum-subtracted Hα images of IC 4662 and NGC 5408. The contrast is chosen in a way to demonstrate
the small-scale structures.





Chapter 7
Dark matter in dwarf galaxies

Abstract

The cusp-core discrepancy is one of the major problems whichresult from
comparing the observations of the mass distribution with the predictions of
Cold Dark Matter theories. Simulations predict a cuspy density slope in the
inner parts of galaxies, whereas observations of dwarf and low surface bright-
ness galaxies show a constant density core.
VLA and ATCA H I data have been obtained for a sample of four nearby ir-
regular dwarf galaxies and rotation curves have been derived. We here com-
plement the inner parts of the HI rotation curves by high-resolution Hα data
from Fabry-Perot observations and long-slit spectroscopy. In order to look at
the behaviour of the inner part of the rotation curves, we fit NFW and pseudo-
isothermal halo models to the data using aχ2 minimisation. We model the
minimum-disk, the minimum-disk + gas, and the maximum-diskcases. The
surface photometry is taken from the literature in order to derive the rotation
curve for the stellar component.
In all cases, the observed rotation curves can better be described by a cored
pseudo-isothermal halo. Furthermore, the fits improve by including gas and
stars, which means that the velocity contribution from the baryons in the inner
parts is significant enough to not be neglected.

7.1 Introduction

Early observations of the rotation curves of spiral galaxies showed that the dynamical mass is too
high to be explained by the amount of luminous matter alone (e.g., Bosma 1978; Rubin et al. 1978).
Therefore, the so-called “dark” matter has since then become part of modern cosmology. In order
to explain and describe the properties of the Universe, a cosmological constantΛ and a form of
collisionless Cold Dark Matter (CDM) have been involved. Simulations like, e.g., the Millennium
Simulation by Springel et al. (2005) have been very successful in describing the observed large-scale
structures in the Universe (Spergel et al. 2003; Spergel et al. 2007), but they do not work properly on
galaxy scales.

The main problems are the missing satellite problem (Moore et al. 1999) and the cusp-core dis-
crepancy (e.g., de Blok & Bosma 2002). Numerical simulations predict cuspy haloes with a density
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distribution described by a power lawρ(r) ∼ rα with α = −1 (e.g., Navarro et al. 1996) toα = −1.5
(e.g., Moore et al. 1998, 1999). This cusp leads to a steeply rising rotation curve. However, obser-
vations of dwarf and low surface brightness galaxies show that real rotation curves rise less steeply
than predicted by CDM simulations (e.g., de Blok & Bosma 2002). Similar conclusions have also
been made from observations of high surface brightness diskgalaxies (Salucci 2001). At small radii
(typically few kpcs), the mass distribution can better be described by a central, constant-density core
(e.g., de Blok & Bosma 2002).

This interpretation has been met with skepticism as cored haloes lack theoretical and cosmological
motivation. Systematic effects in the data like beam smearing, slit misplacement and non-circular
motions have also been used to argue against the presence of cored haloes (van den Bosch et al. 2000;
Swaters et al. 2003). However, repeated one-dimensional long-slit spectra observed by independent
observers at different telescopes (de Blok et al. 2003) as well as high-resolution Hα observations using
a two-dimensional velocity field (e.g., Kuzio de Naray et al.2008; Spano et al. 2008) also suggest the
presence of a dark matter core in the inner parts of disk galaxies. Non-circular motions can indeed
affect the results of rotation curve studies as it is assumedthat the particles travel on circular orbits.
Recent observations by Gentile et al. (2005) and Trachternach et al. (2008a), however, show that
non-circular motions are typically of the order of few km s−1, i.e., too small to explain the cusp-core
discrepancy.

In this chapter, the cusp-core discrepancy is addressed by using the rotation curves derived from
H I synthesis data of four nearby irregular dwarf galaxies. In the inner few kpcs, high-resolution Hα
data are added to the HI rotation curves. In principle, HI synthesis observations are well suited for
this study as the HI usually has a higher filling factor than the patchy and diffuse Hα distribution.
However, de Blok (2004) shows that a spatial resolution better than 1 kpc is needed to distinguish
between a cusp and a core. As this is only given for the HI data of NGC 2366, Hα velocities from
Fabry-Perot (FP) observations (NGC 4861) and from long-slit spectra (IC 4662 and NGC 5408) are
used to replace the inner parts of the HI rotation curves.

This chapter is organised as follows: in § 7.2, the data are shortly described. In § 7.3, we explain
the derivation of the Hα rotation curves. Section 7.4 contains the theoretical background of the mass
models, which is followed by a discussion of the results in § 7.5. Section 7.6 gives a short summary.

7.2 The data

Rotation curves derived from HI synthesis observations of four nearby irregular dwarf galaxies are
used for the mass decomposition. The data of NGC 2366 are partof the The HI Nearby Galaxy
Survey (THINGS, Walter et al. 2008) and were obtained with the VLA in three different configurations
leading to a high spatial resolution of 13′′ × 12′′. NGC 4861 was also observed with the VLA in two
configurations. The HI data of IC 4662 and NGC 5408 are part of the Local Volume HI Survey
(LVHIS) and were obtained with the ATCA in three different configurations. Some observational
details are given in Table 7.1. The phase and flux calibrationas well as the separation of the continuum
from the HI line emission were performed with AIPS in the case of NGC 4861and with MIRIAD for
IC 4662 and NGC 5408. We then used MIRIAD to combine the different arrays and to create the HI

cubes. The data of NGC 2366 had already been calibrated and combined by the THINGS team.
Additionally, Hα data are used for the inner parts of the rotation curves. FP interferometry of

NGC 2366 and NGC 4861 was performed with the Marseille’s scanning FP attached to the 1.93m
telescope at the Observatoire de Haute-Provence, France. The data reduction was carried out with
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TABLE 7.1: The main observational parameters.

Parameter NGC 2366 NGC 4861 IC 4662 NGC 5408

H I data

Telescope VLA VLA ATCA ATCA
Arrays B+C+D C+D EW367+750A+1.5D 375+750D+1.5A
Spectral resolution [km s−1] 2.6 5.2 4 4
Synthesised beam [′′] 13× 12 31× 30 70× 62 57× 50

Optical data

Telescope 1.93m OHP 1.93m OHP ESO NTT ESO NTT
Instrument FP FP EMMI EMMI
Spectral resolution [km s−1] 50 50 112 60/112
Seeing [′′] 3.5 3.5 1 1/1

ADHOCw (see Chaps. 2, 4 and 5). For IC 4662 and NGC 5408, we obtained long-slit spectra with
the ESO NTT on La Silla equipped with EMMI. The data reductionwas performed with IRAF (see
Chap. 6). Some observational details are again summarised in Table 7.1.

7.3 Rotation curves

7.3.1 HI rotation curves

The HI rotation curves have already been derived in Chaps. 4 to 6 by fitting a tilted-ring model to the
H I velocity fields with the GIPSY taskrotcur.

7.3.2 Hα rotation curves

As the spatial resolution of optical data is much higher thanthe spatial resolution of radio data, a
derivation of the Hα rotation curve could help to improve the quality of the HI curve in the inner parts.
For the outer parts, we still depend on the HI rotation curve as the neutral gas is much more extended
than the ionised gas. Recent publications show that, e.g., for a cusp-core debate, the inner 1 to 2 kpc
need a very high spatial resolution (de Blok 2004), which cannot be achieved with single dish radio
data and which is even difficult to obtain with the current radio interferometers. The THINGS survey
is one of the first to contain HI data of a number of nearby galaxies with a high spatial resolution.
Of course, this also depends on the distance of the objects and currently, only nearby galaxies can be
resolved better than 1 kpc.

In order to directly compare both curves, the same parameters (centre coordinates, inclination,
position angle, systemic velocity) have to be chosen. For NGC 2366 and NGC 4861, we used the
FP data cubes and derived a rotation curve as described in App. C. For IC 4662 and NGC 5408, we
obtained slit spectra, which give us only a rough estimate ofan Hα rotation curve because we assume
that a slit spectrum positioned along the major axis gives usthe rotation curve. This is, of course,
only true if the galaxy has a regular rotation pattern. Furthermore note that, as the purpose of the slit
spectra was different from using them for deriving a rotation curve (see Chap. 6), it is coincidence if
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FIG. 7.1: A comparison of the HI and the Hα rotation curve (left panels). HI velocities are marked in black with the
values for receding and approaching side indicated by the error bars. In dark grey the same for the Hα velocities. The right
panels show again the Hα velocity field. Regions of red- or blue-shifted emission areremoved to improve the quality of the
rotation curve.

FIG. 7.2: A comparison of the HI and the Hα rotation curve of IC 4662 (left panel). HI velocities are marked in black
with the values for receding and approaching side indicatedby the error bars. The velocities obtained from slit 2 (see right
panel) were taken to estimate the Hα rotation curve (dark grey symbols).
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FIG. 7.3: A comparison of the HI and the Hα rotation curve of NGC 5408 (left panel). HI velocities are marked in black
with the values for receding and approaching side indicatedby the error bars. The velocities obtained from two slit positions
(see right panel) were taken to estimate the Hα rotation curve. The values of slit 3 are marked by symbols in dark grey, the
values of slit 1b by symbols in light grey.

their position angles correspond to the HI position angles. Thus, we sometimes had to deproject the
slits onto the major axis, which causes further uncertainties in the measurement of the rotation curves.
And last but not least, we might make errors in the calculation of the rotation curves not only from
the long-slit spectra but also from the FP data because part of the Hα emission could be absorbed by
dust.

The resulting rotation curves are now described and discussed separately for all four galaxies.

NGC 2366

A comparison of both rotation curves (see Fig. 7.1 upper leftpanel) shows that from a radius of
1 kpc on, the Hα rotation curve lies below the HI curve. Several factors could be responsible for this
difference: first of all, the Hα distribution is usually very patchy so that the fitting of a tilted-ring
model to the velocity field leads to a low the filling factor of the rings, which then leads to higher
errors in the velocity calculation. Additionally, the ionised gas is dominated by outflows as, e.g., the
huge outflow north-west of the Giant Extragalactic HII Region (GEHR) in NGC 2366. The FP Hα
velocity map used for deriving the rotation curve always shows the component of highest intensity
and not the intensity weighted mean, which is at the positionof the huge outflow the outflow itself
and not a gas component that follows the rotation of the galaxy. In fact, the only component detected
in this area is the huge outflow of ionised gas. This means for the tilted-ring fitting that sometimes,
a high fraction of points along the rings (especially close to the centre where the rings are small) has
a completely different velocity as expected from the rotational gradient, which results in an over- or
underestimation of the actual rotation velocity. However,an over- or underestimation of outflowing
gas can here be ruled out as the Hα velocity field was first cleaned from blue- or red-shifted gas(see
white gaps in Fig. 7.1 upper right panel). This brings us backto the low filling factor of the rings.
The centre of the HI lies to the very east of the optical galaxy at07h28m55s,+69◦12′28′′. From a
radius of 1 kpc on, we mainly collect emission from the western H II region and noise. This is why
the receding side, indicated by the upper error bars, significantly differs from the combined values as
almost no red-shifted emission can be detected beyond a radius of 1 kpc. Therefore, the combined
values are dominated by the values from the approaching side.



92 7. DARK MATTER IN DWARF GALAXIES

Additionally, an ellipse fitting of theR-band image gives a slightly higher inclination angle of 68◦

instead of 64◦ and a much lower position angle of 28◦ instead of 45◦ (see Table 4.2). For the Hα
image we get an inclination of 71◦ and again a position angle of 28◦. This means that the orientation
of the optical galaxy is different in comparison to the HI distribution and the optical galaxy seems to
be higher inclined than the HI. This was also observed by Hunter et al. (2001) who measured these
parameters by drawing several isophotes onto aV-band image. If we now apply the HI parameters to
the calculation of the Hα rotation curve, this might lead to errors.

Because of the problems described above and as the HI rotation curve with a spatial resolution of
13′′× 12′′ is accurate enough for our kind of study, we would decrease the quality of our analysis by
taking the Hα velocities for the inner part of the rotation curve. Therefore, we fit the mass models to
the HI rotation curve only.

NGC 4861

Figure 7.1 lower left panel shows the rotation curves of NGC 4861. In this case, the HI centre is in
very good agreement with the optical centre, which leads to two very similar rotation curves. The
error bars of the Hα velocities are sometimes quite high (up to 40 km s−1), which is again an effect of
outflowing gas structures, although we tried to remove significant red- or blue-shifted emission from
the Hα velocity field (see Fig. 7.1 lower right panel). The velocitygradient of the Hα rotation curve
might be a bit steeper, but this could also be caused by the high velocities of the receding side.

As both rotation curves agree very well, we replace the HI velocities in the inner 4.7 kpc by the Hα
velocities. The velocities can best be fitted by a polynomialfunction ofvrot = −2.1895 r2 +19.126 r
with vrot in km s−1 and r in kpc. This increases the spatial resolution by a factor of 8in the inner
4.7 kpc and should therefore improve the quality of the models.

IC 4662

For IC 4662, we had to estimate the Hα rotation curve from three long-slit spectra. As slit 1 is al-
most perpendicular to the major axis and slit 3 shows mainly blue- or red-shifted emission, we were
left with slit 2, which shows a major fraction of gas that follows the HI rotation (see Fig. 6.11) and
whose position angle is close to the HI position angle. The slit was then deprojected onto the major
axis and the velocities corrected for the inclination of theneutral gas distribution. Figure 7.2 left
panel shows the resulting Hα rotation curve indicated by dark grey symbols together withthe HI

curve marked by black symbols. The Hα velocities could best be fitted by a polynomial function of
vrot = −7.1872 r2 + 51.326 r, which leads to a steeper rotation curve in the inner 1.2 kpc.In com-
parison to the HI rotation curves of the other three galaxies of our sample, the H I rotation curve of
IC 4662 rises very slowly in the inner part. This is most probably due to the disturbed HI velocity
field (see Fig. 6.8) and the low resolution of the HI data (beam smearing). Adding the Hα veloci-
ties significantly improved the quality of the HI rotation curve. The dynamical centre is located at
17h47m09s,−64◦39′00′′, which means that the Hα emission is mainly located on the approaching
side. Therefore, no error bars indicating receding and approaching side could be drawn.

NGC 5408

Concerning its morphology, the optical part of NGC 5408 is perpendicular to the HI distribution. The
H I centre is located in the north at14h03m20s,−41◦22′14′′, which means that the Hα has again
only an approaching side. The spectra mainly show expandinggas structures (see Fig. 6.12), which



7.4. Mass models 93

made it difficult to extract the velocities following the HI rotation. The position angle of slit 3 is
almost identical to the HI position angle so that we took the velocities along slit 3 without any spatial
correction. Additionally, we deprojected slit 1b onto slit3. Both slits together cover the inner 2 kpc of
NGC 5408, which is shown in Fig. 7.3 left panel. The Hα velocities are corrected for the inclination of
the neutral gas. Values from slit 3 are marked in dark grey, values from slit 1b in light grey. Only data
points close to the HI values are plotted in this diagram. Again, no error bars indicating receding and
approaching side could be drawn as we only measure the approaching side of NGC 5408. In general,
the Hα velocities follow the HI rotation curve very well. The Hα gradient can best be described by a
linear function ofvrot = 10.864 r.

7.4 Mass models

We have improved the quality of the HI rotation curves of our sample galaxies (except for NGC 2366)
by adding high-resolution Hα data to the inner kpcs. These rotation curves are now used to perform a
mass decomposition with the GIPSY taskrotmas, which allows to interactively fit the single compo-
nents (halo, gas, stars) to the observed rotation curve by minimising theχ2 of the parameter space. In
this section, the derivation of the single mass components is described and the used dark matter halo
models are introduced.

7.4.1 Dynamical components

As dwarf galaxies are dark matter-dominated, the velocity contribution from the baryons is often
neglected when fitting dark matter halo models to the rotation curves of these galaxies. This type of fit
which ignores the contribution of stars and gas is called theminimum-disk case. But although the dark
matter is the dominant component in dwarf galaxies, the baryons are still important, especially close
to the centre. In order to accurately determine the distribution of the dark matter, the contribution of
stars and gas to the observed rotation curve has also to be considered. The velocity component of the
gas is determined by using the HI density profiles. In order to account for He and metals a scaling
factor of 1.5 is included. Flux-calibrated optical or infrared images together with a stellar mass to
light (M/L) ratio give the contribution of the stars. Taking into account all three components is called
the maximum-disk case. The observed, total velocity is thengiven by

v2
obs = v2

stars + v2
gas + v2

halo (7.1)

7.4.2 Dark matter halo models

We use two models to describe the dark matter halo, which are the cuspy NFW halo (e.g., Navarro
et al. 1996) and the cored pseudo-isothermal (ISO) halo (e.g., Binney & Tremaine 1987).

Numerical simulations show that the density of CDM haloes rises steeply towards the halo centre
(e.g., Navarro et al. 1996). The NFW mass-density distribution is described as

ρNFW(r) =
ρi

r/rs · (1 + r/rs)
2 (7.2)

whereρi is related to the density of the Universe at the time of halo collapse, andrs is the characteristic
radius of the halo. This leads to a rotation curve

vrot(r) = v200

√

ln(1 + cx)− (cx)/(1 + cx)

x[ln(1 + c)− c/(1 + c)]
(7.3)
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with x = r/r200. The concentration parameterc = r200/rs is directly correlated tov200, the circular
velocity atr200 (de Blok et al. 2003)

log c = 1.191 − 0.064 log v200 − 0.032 log v2
200 (7.4)

r200 is the radius at which the density contrast exceeds 200, roughly the virial radius (Navarro et al.
1996).

As observations have shown that dwarf and low surface brightness galaxies cannot well be fitted
by a cuspy halo, the empirically derived ISO halo is used. It describes a dark matter halo that has a
core of roughly constant density. The density profile is given by

ρISO(r) = ρ0

(

1 +

(

r

rc

)2
)−1

(7.5)

with ρ0 being the central density andrc the core radius. The rotation curve corresponding to this
density profile is

vrot(r) =

√

4πGρ0r2
c

(

1 +
rc

r
arctan

(

r

rc

))

(7.6)

7.4.3 Fitting process

Three different scenarios are presented here, a minimum-disk fit, a minimum-disk + gas fit, and a
maximum-disk fit.

Minimum-disk

The NFW and ISO haloes are fitted to the observed rotation curve. As the contribution of stars and
gas are ignored, this case puts an upper limit on the slope andthe concentration of the halo density
profile.

Minimum-disk + gas

The gas also contributes to the observed rotation curve. Next to H I, which dominates the gas compo-
nent, He and the metals are included by scaling the HI data by a factor of 1.5. As the ratio between
the molecular gas and HI is much lower in dwarf galaxies in comparison to luminous spirals (Taylor
et al. 1998; Leroy et al. 2005), we did not correct for this gascomponent. In order to create a surface
density profile for the HI, the GIPSY taskellint was taken, using the HI intensity map and the param-
eters from the best tilted-ring model as an input. The outputof ellint is given in terms of mean flux
and has therefore to be converted to physical units. The GIPSY taskrotmodthen allows to determine
the rotation of the gas under the assumption of an infinitesimally thin disk.

Maximum-disk

The derivation of the rotation curve of the stellar disk is the most critical part as the surface photometry
depends on different factors which are difficult to estimatelike the extinction or theM/L ratio. We
used results from surface photometry performed by Hunter etal. (2001) for NGC 2366, by Gil de Paz
& Madore (2005) for NGC 4861, by Hunter & Elmegreen (2006) forIC 4662, and by Noeske et al.
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TABLE 7.2: Parameters for the exponential disk fitting.

NGC 2366 NGC 4861 IC 4662 NGC 5408

Band V R V J
µ0 [mag/arcsec2 ] 22.82 20.95 19.49 18.29
h [kpc] 1.59 0.88 0.3 0.33
References (1) (2) (3) (4)

M/L 1 0.3 0.2 -

M⊙ [mag] 4.83 (V) 4.42 (R) 4.83 (V) 3.64 (J)

References: (1) Hunter et al. (2001), (2) Gil de Paz & Madore (2005), (3) Hunter & Elmegreen (2006), (4) Noeske et al.

(2003)

(2003) for NGC 5408. For all galaxies, the surface density can be described by an exponential disk
model

µ = µ0 + 1.086
r

h
(7.7)

with µ0 being the central surface brightness andh the disk scale length. The parameters for each
galaxy are given in Table 7.2. They were then converted from [mag/arcsec2] to units ofL⊙/pc2. As
the absolute magnitudes are just the magnitudes measured ata distance of 10 pc, we could determine
how manyarcsec2 would fit into an area of 1pc2 at a distance of 10 pc. Using the absolute magnitude
of the sun M⊙ in the appropriate filter (see Table 7.2), we may say thatL⊙/pc2 equals the absolute
solar magnitude per 1pc2 area at a distance of 10 pc. This gives a conversion factor of

conv =
M⊙[mag]

−2.5 log(tan(1/10))2[arcsec2]
= M⊙ + 21.5649 (7.8)

The desired surface brightness values in terms of luminosities could then be calculated with

Σ = 10−0.4(µ−conv) (7.9)

Again, we usedrotmod to determine the rotation of the stars under the assumption of an infinitesi-
mally thin disk. Note that we made the simplifying assumption of a stellarM/L of 1 in the case of
NGC 2366, which is in good agreement with adopting a Kroupa ora Kennicutt initial mass function
(IMF) (Portinari et al. 2004). For the other three galaxies,calculations by assuming a Kroupa or
Kennicutt IMF revealed a stellarM/L below 1, but above 0.6. However, adopting a stellarM/L of 0.6
already led in all three galaxies to a stellar rotation curvethat lay above the observed curve in the inner
kpc. Therefore, we chose aM/L of 0.3 for NGC 4861 and 0.2 for IC 4662, which are still physical
values (see also Spano et al. 2008). In case of NGC 5408, we didnot fit a stellar component as the
M/L value had to be far below 0.1 in order to fit the observed rotation curve.

Figures 7.4, 7.5, 7.6 and 7.7 show the results for the four sample galaxies. For both dark matter
halo models, the full rotation curve is plotted and modelledas well as only the inner rising part. As
described in App. C, the outer parts show a large scatter due to the lower filling factor of the tilted
rings. From top to bottom the minimum-disk, the minimum-disk + gas and the maximum-disk cases
are fitted. Grey symbols represent the observed rotation curve, the long-dashed lines present the halo
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FIG. 7.4: Mass decomposition of NGC 2366. The rotation curves for an NFW halo (full rotation curve and< 6 kpc) and an
pseudo-isothermal halo are modelled. From top to bottom theminimum-disk, the minimum-disk + gas, and the maximum-
disk cases are fitted. Grey symbols represent the observed rotation curve, the long-dashed lines the halo component, the
dotted lines the gas component, the dashed-dotted lines thecontribution of the stars, and the solid lines the resultingmodel
fit.

component, the dotted lines the gas component, and the dashed-dotted lines the contribution of the
stars. The resulting model fit is indicated by a solid line.

Table 7.3 lists the results of the best fits for both profiles including the reducedχ2. We assumed
v200 to be the rotation speed, which we estimated from the observed rotation curve. Following Eq. 7.4,
we derived the concentration parameter c. We kept both parameters fixed so that the only free param-
eter isr200. In the case of the ISO halo both parameters were kept free.

7.5 Discussion

All fits show that in general, the ISO halo gives much better solutions than the NFW halo, which
agrees with other analyses (see, e.g., Kuzio de Naray et al. 2008; Spano et al. 2008). All fits could
further be improved by adding the gas and the stellar component. In the following subsections each
galaxy is analysed separately.

7.5.1 NGC 2366

Figure 7.4 shows the resulting fits for NGC 2366. A comparisonof the reducedχ2 values immediately
reveals that the ISO halo gives much better results than the NFW halo independent of the radius of
the rotation curve. As the HI rotation curve strongly declines from a radius of 6 kpc on, wealso
modelled the curves without the outer 1.5 kpc. This gives improved fits for both haloes. Additionally,
χ2 becomes lower by going from the minimum-disk to the maximum-disk case, which means that the
baryons play an important role, at least in the core region ofa galaxy.
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FIG. 7.5: Mass decomposition of NGC 4861. In the inner 4.7 kpc, the H I velocities are replaced by a polynomial function
fitted to the Hα velocities ofvrot = −2.1895 r2 + 19.126 r with vrot in km s−1 andr in kpc. Otherwise the same as in
Fig. 7.4. A reduced rotation curve was fitted up to a radius of 5.5 kpc.

FIG. 7.6: Mass decomposition of IC 4662. The same as in Fig. 7.5. The Hα velocities replace the HI velocities in the
inner 1.2 kpc and are represented by a polynomial function ofvrot = −7.1872 r2 + 51.326 r. A reduced rotation curve
was fitted up to a radius of 3.9 kpc.
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FIG. 7.7: Mass decomposition of NGC 5408. The Hα velocities replace the HI velocities in the inner 2.1 kpc and are
represented by a linear function ofvrot = 10.864 r. The contribution of the stars could not be fitted. A reduced rotation
curve was fitted up to a radius of 7 kpc.

Alltogether, the reduced HI rotation curve fitted with an ISO halo gives the lowest valuesfor χ2.
The resulting model fit agrees very well with the HI curve in the inner 3 kpc and also in the outer parts
the ISO halo gives better results than the NFW halo. Moreover, the values of the core densities and
radii from the ISO models are very reasonable.

7.5.2 NGC 4861

We had to choose a stellarM/L of 0.3 for NGC 4861, which is a factor of 2 to 3 lower than the one
we calculated by adopting a Kroupa or a Kennicutt IMF (see Sect. 7.4.3). However, only this low
value provided us with a stellar rotation curve that lay below the observed rotation curve. As already
mentioned in Sect. 7.4.3, the derivation of the stellar component is the most crucial part of the mass
decomposition due to the surface photometry which depends on different, hard assessable factors.
This means that the surface photometry might be wrong. Another possibility is that the observed
rotation curve is not exact. However, we measured the rotation curve from two different data sets and
in two different wavelengths, and they both agree very well,which is a good check against an incorrect
rotation curve. The reducedχ2 values of the maximum-disk case show that we did indeed not fita
very good model as theχ2 values are partly the highest for the maximum-disk case in comparison to
the other two cases. In NGC 2366, they always decrease from the minimum- to the maximum-disk
case, which is what we would expect by adding the gas and the stars.

Without further considering this problem, we can nevertheless say that NGC 4861 shows the best
resulting fits and lowestχ2 values of all four galaxies (see Fig. 7.5 and Table 7.3). As already men-
tioned in Chap. 5 and Sect. 7.3.2, both the morphology and thekinematics of the neutral and ionised
gas agree very well with each other. The galaxy is very symmetric and undisturbed except for the
outer eastern part. Nevertheless, the trend is the same as inNGC 2366: the ISO halo gives much bet-
ter results than the NFW halo and the fits could significantly be improved by removing the outer rising
part of the rotation curve and by concentrating on the inner 5.5 kpc. By taking the Hα rotation curve
for the inner 4.7 kpc, theχ2 values could significantly be lowered to 60% of the old value in case of
the full rotation curve and a NFW halo, to 30% of the old value in case of a reduced rotation curve and
a NFW halo, to 50% in case of the full rotation curve and an ISO halo, and to below 30% in case of a
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reduced rotation curve and an ISO halo. The improvement of the resulting fits for the reduced rotation
curves is of course much larger as almost 90% of these curves consist of Hα velocities. Altogether,
the ISO halo gives an excellent model for the inner 5.5 kpc.

7.5.3 IC 4662

Concerning the stellarM/L value, we had the same problems for IC 4662 as for NGC 4861. Addi-
tionally, IC 4662 was very difficult to handle due to its disturbed HI velocity field which led to huge
problems in deriving a rotation curve. The low resolution ofthe ATCA data and therefore the problem
of beam smearing together with the distortions in the inner part of the galaxy were two good reasons
to use the Hα rotation curve. But as only one slit spectrum was available,the so-derived rotation
curve is only an approximate representation of the true rotation curve. Because of all these reasons,
the reducedχ2 values are almost always the highest in this galaxy in comparison to the other three
galaxies.

7.5.4 NGC 5408

NGC 5408 is similar to NGC 4861, a quiet galaxy without any large scale distortions which severely
influence its kinematic behaviour. We used the Hα rotation curve for the inner 2.1 kpc, which is in
good agreement with the velocity values of the HI curve. In comparison to the other three galaxies,
both curves, HI and Hα, rise very slowly in the inner 2 kpc. Using the photometric data from the
literature, it was impossible to derive a stellar rotation curve that lay below the total rotation curve,
also not by assuming a stellarM/L ratio of 0.1, which is the lowest value before becoming unphysical.
Again, we either underestimate the rotation in the inner part (remember that we estimated the Hα
curve from only two long-slit spectra) or the photometric data are not accurate enough. We therefore
decided to not model the stellar component.

Figure 7.7 shows the resulting fits. Again, theχ2 values are very high for the NFW halo and much
smaller for the ISO halo. For this galaxy, the reduced rotation curve did not significantly improve the
quality of the models, which is probably due to the fact that the repeated rising of the rotation curve
beyond a radius of 7 kpc fits the first rise of the curve.

7.6 Summary

We used VLA and ATCA HI data of a sample of four nearby irregular dwarf galaxies in order to
perform a mass decomposition of the derived rotation curves. In all galaxies except for NGC 2366, we
replaced the inner parts of the HI rotation curves by Hα velocities derived from FP data (NGC 4861)
or long-slit spectra (IC 4662 and NGC 5408). We fitted a cuspy NFW halo and a cored pseudo-
isothermal halo to the rotation curves and modelled the minimum-disk, the minimum-disk + gas, and
the maximum-disk cases. The resulting model fits show that inall four galaxies, the observed rotation
curves are better represented by the ISO halo, which is contradiction with CDM simulations (e.g.,
Navarro et al. 1996; Moore et al. 1998), but in good agreementwith other observations (e.g., Kuzio
de Naray et al. 2008; Spano et al. 2008).

We could significantly improve the quality of the NFW and ISO halo fits by restricting the radius
to the rising part and neglecting the flat and sometimes even the declining part. The reducedχ2 could
also be lowered for both halo models by considering the gas and the stars. This means that the baryons
cannot be neglected, at least not in the inner part of the galaxies.
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TABLE 7.3: The basic parameters of the mass decomposition.

NFW full NFW small ISO full ISO small
Parameter v200 c r200 χ2 v200 c r200 χ2 ρ0 rc χ2 ρ0 rc χ2

Unit [km s−1] [kpc] [km s−1] [kpc] [10−3M⊙ pc−3] [kpc] [10−3M⊙ pc−3] [kpc]

NGC 2366

Min.-disk 50 9.4 114.42 46.32 50 9.4 95.08 21.96 48.59 1.05 28.38 32.93 1.52 4.92
Min.-disk + gas 50 9.4 170.23 46.05 50 9.4 130.26 13.53 43.80 0.95 27.92 28.15 1.45 3.82
Max.-disk 50 9.4 274.39 36.06 50 9.4 196.59 12.56 23.58 1.14 24.38 14.17 1.98 4.18

NGC 4861

Min.-disk 46 9.5 133.89 14.51 46 9.5 113.84 13.91 27.40 1.34 6.51 19.34 1.89 0.56
Min.-disk + gas 46 9.5 182.83 10.62 46 9.5 148.41 8.49 22.03 1.37 3.72 16.83 1.80 0.88
Max.-disk 46 9.5 224.46 11.73 46 9.5 202.89 19.97 10.21 2.10 6.26 7.02 3.43 5.34

IC 4662

Min.-disk 107 8.5 77.88 89.12 107 8.5 84.67 122.73 138.89 1.65 9.40 119.85 1.96 5.34
Min.-disk + gas 107 8.5 80.54 85.16 107 8.5 87.47 117.47 134.28 1.67 9.62 115.51 1.99 5.73
Max.-disk 107 8.5 84.39 127.10 107 8.5 93.45 178.94 107.85 1.95 23.10 84.99 2.70 18.17

NGC 5408

Min.-disk 53 9.7 152.58 50.20 53 9.7 170.97 54.80 8.77 3.93 4.73 8.22 4.38 4.00
Min.-disk + gas 53 9.7 179.12 42.85 53 9.7 203.67 45.73 7.02 4.41 3.90 6.62 4.92 3.59



Chapter 8
Summary and Outlook

8.1 Summary

In order to explain the enrichment of the intergalactic medium, it is important to understand outflow
processes, to know what the drivers for an outflow are and whatthe fate of the outflowing gas is.
Massive stars transfer kinetic energy and momentum into theinterstellar medium through stellar winds
and supernovae explosions, which leads to an expanding superbubble filled with hot gas and defined by
cool dense gas shells in the outer parts. If the energy input is high enough, the shells can fragment and
the hot gas is blown out from the disk into the halo of the galaxy (chimneymodel, Norman & Ikeuchi
1989). At this point, two developments are possible: eitherthe hot gas cools down and eventually falls
back onto the galactic disk or the gas is blown away and becomes a galactic wind, enriching the IGM
with metals. The probability of a galactic wind is strongly increased in low mass galaxies where the
gravitational potential is low (Mac Low & Ferrara 1999). Therefore, dwarf galaxies are best suited
for this kind of study as they are sources of strong star formation (which means that the energy input
is high), but generally have a low gravitational potential.

A sample of four nearby irregular dwarf galaxies was studiedin this thesis (NGC 2366 in Chaps. 3
and 4, NGC 4861 in Chap. 5, IC 4662 and NGC 5408 in Chap. 6). DeepHα images of all four
galaxies reveal numerous filaments up to kpc-size in and around the galactic plane, but also at kpc-
distance away from star-forming regions. Therefore, the Hα kinematics were studied by performing
Fabry-Perot interferometry (NGC 2366 and NGC 4861) and medium-resolution long-slit spectroscopy
(IC 4662 and NGC 5408). The optical data were complemented byH I synthesis observations from the
VLA (NGC 2366 and NGC 4861) and the ATCA (IC 4662 and NGC 5408) and partly by 20 cm radio
continuum observations from the ATCA (IC 4662 and NGC 5408).The morphology and especially
the kinematics of both gas components were examined and compared with each other.

All four galaxies harbour small- and large-scale filaments and shells visible on our deep Hα im-
ages. Especially NGC 4861 shows huge shells of kpc-size at a distance of several kpcs from the
galactic disk. They are connected to the disk by long, narrowfilaments, which indeed give the im-
pression of material transported into the halo through chimneys. The kinematic analysis of the sample
galaxies usually revealed outflowing ionised and most of thetimes also neutral gas at the positions
of these filaments and shells. The lowest expansion velocities were measured in NGC 4861 (about
25 km s−1), the highest in IC 4662 (up to 75 km s−1). This is not surprising because NGC 4861 shows
a fairly symmetric HI distribution as well as a regular HI velocity field, except for the distortion in
the east due to the HI cloud. IC 4662, however, is far away from being symmetric or regular so that
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turbulence and high velocity outflows are expected. In the following subsections, the main results for
all galaxies are briefly summarised.

8.1.1 Outflows of neutral and ionised gas in dwarf galaxies

The regions of high HI velocity dispersion in NGC 4861 coincide well with the main outflows detected
on the Hα velocity field. A Gaussian decomposition of the HI line reveals that the outflows are also
detectable in HI with the same expansion velocities, but extending over a larger area.

In NGC 2366, an outflow was detected with no counterpart in HI and an expansion velocity of
50 km s−1 that expands into an area of low HI column density indicating that the neutral gas is already
fully ionised. Comparing NGC 2366 with NGC 4861, we saw that both galaxies are very similar
concerning its optical morphology, its luminosity and its mass, and its HI properties like inclination
and rotation velocity. Therefore, the results regarding the outflows lead to two possible conclusions:
either the star formation in NGC 2366 is stronger and the gas was faster ionised than in NGC 4861 or
the star clusters in NGC 2366 are older which means that the ionisation has lasted for a longer time
than in NGC 4861. The suggestion that NGC 2366 has a higher kinetic luminosity is supported by the
detection that NGC 2366 shows at several wavelengths (optical, radio, UV) evidence for two weak
spiral arms emanating from the bar-like disk (see Chap. 3), which leads to a more disturbed medium
and to triggered star formation. A second outflow was detected in NGC 2366 withvexp = 30 km s−1

both in Hα and HI.
In comparison to the other three galaxies, NGC 5408 only shows few small-scale ionised gas

structures on the Hα image. The HI intensity distribution is very symmetric, although on larger scales
perpendicular to the stellar disk. The HI velocity field is fairly regular. Nevertheless, outflowing gas
was detected all over the stellar disk with expansion velocities up to 60 km s−1 indicating strong
star formation activity. One outflow was found in HI, but not in Hα with an expansion velocity of
60 km s−1, which is several kpcs away from the dynamical centre of the galaxy.

Similar to NGC 5408, IC 4662 shows two systems with two different alignments in HI, one of
them coinciding with the stellar disk, the other larger one embedding the first one and perpendicular
to it. The HI velocity field is very disturbed and also seems to change its alignment by 90◦ in the
centre of the HI distribution. Most of the outflows were detected in Hα and HI, but the galaxy also
shows one outflow only in HI, at a distance of 1.5 kpc from the dynamical centre. An often discussed
peculiarity in this galaxy is the southern HII region, which has a different oxygen abundance than the
northern HII region complex leading to the assumption that it is an own system (Hidalgo-Gámez et al.
2001). The observations show no distinctive features concerning its kinematics. Instead, the spectra
reveal the same kinematic behaviour of the gas as in the main HII region complex. Outflowing gas
was found with an expansion velocity of 40 km s−1 blue- and red-shifted (in HI only the blue-shifted
component is visible). Additionally, the HII region is connected through diffuse filamentary ionised
gas and smaller HII regions to the main optical part. It is embedded into the neutral gas and the 20
cm radio continuum. Alltogether, this leads to the assumption that the southern HII region is a part of
IC 4662.

Having found many outflowing gas structures in the sample galaxies with supersonic expansion
velocities, the question rises what their fate is. Therefore, the escape velocities of the galaxies were
calculated by taking the pseudo-isothermal halo model thatwell describes the observed rotation curves
in the inner parts of dwarf galaxies (see below). In all cases, the expansion velocities of the outflows
are only 30% to 50% of the escape velocities, derived under the assumption that the radius of the
dark matter halormax equals to the HI radius. However,rmax is most probably much higher, which
leads to even higher escape velocities further decreasing the probability of a galactic wind. At first
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glance, this looks like a contradiction with theoretical models like, e.g., the superbubble model by
Mac Low & Ferrara (1999). But note that outflowing gas was onlydetected close to the dynamical
centre where the escape velocities are very high. Few kpcs away from the dynamical centre, the
escape velocity drops significantly, increasing the probability of a galactic wind. This can, e.g., be
seen in NGC 5408, which harbours an outflow in HI, 4.3 kpc away from the dynamical centre with an
expansion velocity of 60 km s−1. In this case, the expansion velocity is still below the escape velocity,
but it only differs by 20 km s−1, which corresponds to a factor ofvexp/vesc = 0.8. Possibly, there are
even more outflows at larger distances from the dynamical centre, but their column densities will be
strongly decreased and therefore, the data used in this thesis are most probably not sensitive enough
to detect this gas. On the other hand, assuming that the current star formation episode is the driver of
the outflows and taking into account the simulations by Mac Low & Ferrara (1999), it becomes clear
that all four galaxies, having dynamical masses of roughly (4-16)×109 M⊙, are still at the beginning
of the superbubble blowout process. As Fig. 1.2 shows, at total masses of 109 M⊙, most of the gas is
still bound to the disk when the energy input stops. However,the star clusters in, e.g., NGC 2366 are
only a few Myrs old (Drissen et al. 2001), which makes a superbubble blowout even more unlikely.
The huge shells in NGC 4861 are therefore most probably the result of a former star formation event
as they are located at several kpcs away from any place of current star formation activity.

Alltogether, this means that our observations are in good agreement with the simulations. All
sample galaxies harbour filaments and shells that could be shown to expand, but the galaxy masses
are too high and the galaxies not old enough to have experienced a significant mass loss.

8.1.2 The cusp-core discrepancy

As we needed to decide for a halo model in order to derive the escape velocities, a mass decomposition
of the sample galaxies was performed. The HI rotation curves were complemented in the inner parts
by Hα velocities in order to improve the spatial resolution. The NFW halo and the pseudo-isothermal
halo were used to model the derived rotation curves (see Chap. 7). The fits improved from the NFW to
the ISO halo and from the minimum-disk to the maximum-disk case. This means that in contradiction
to dark matter halo simulations (e.g., Navarro et al. 1996; Moore et al. 1998, 1999) and in agreement
with many other observations (e.g., de Blok & Bosma 2002; Kuzio de Naray et al. 2008; Spano et al.
2008), the cored ISO halo describes the rotation curve of a dwarf galaxy much better than the NFW
halo in the inner few kpcs. Additionally, the baryons cannotbe neglected, at least not in the inner
parts of the rotation curves.

8.1.3 HI cloud in NGC 4861 – did we find a dark galaxy?

A peculiar feature in NGC 4861 is the small HI cloud to the east, which is interacting with the main
body of the galaxy because its rather symmetric HI distribution is extended to the east, the velocity
field is disturbed and we found a high velocity dispersion. A 90 min V-band exposure obtained with
the Calar Alto 2.2m telescope suggests that this cloud has nooptical counterpart as we did not de-
tect any star association down to a 3σ detection limit of 27.84 inV. Additionally, the cloud rotates,
although only with 4.4 km s−1, which is that low in comparison to an HI mass of4 × 106 M⊙ that it
lies far above the Baryonic Tully-Fisher relation. However, the inclination of this object was difficult
to measure and could be much lower than the 65◦ we finally assumed, which would then move the
cloud onto the BTF correlation. Despite this uncertainty, the missing stellar component as well as the
regular rotation pattern are two strong arguments that leadto the result that an interpretation of this
cloud as a dark galaxy cannot be ruled out.
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8.2 Outlook

A direct conclusion from the summary is that the study of the fate of the outflows has to be extended
to galaxies of lower mass. With a total mass of (4-16)×109 M⊙ the sample galaxies lie at the higher
end of the mass range modeled by Mac Low & Ferrara (1999) wherethe probability of a galactic wind
is close to or even is zero.

Furthermore, in this thesis, the main emphasis lies on the kinematics of the neutral and ionised
gas. Concerning the detected expanding gas structures, only their fate was analysed, which is a late
state in the evolution of these structures. What has to be addressed in future studies are the ionisation
or excitation mechanisms, i.e., the history of the ionised gas. How does the neutral gas get its kinetic
energy, how is it ionised? And what are the drivers for a superbubble blowout? What is the energy
source for all structures found at a distance of several kpcsaway from ionising star clusters? For all
four galaxies, long-slit spectra are available that cover the whole red wavelength range including the
critical diagnostic lines of [OI], [NII] and [SII]. Studiesof emission line ratios such as [NII]/Hα and
[SII]/Hα provide information about the physical conditions of the gas. Photoionisation models like
CLOUDY can then be used to examine the trends of the observed emission line ratios and therefore,
to constrain the ionisation processes (Elwert & Dettmar 2005).

An important aim of this thesis was to perform a multi-wavelengths study. Only in comparison
with other components, a component in a galaxy can properly be analysed. Here, the neutral and
ionised gas component were compared and partly also the 20 cmradio continuum, at least in the case
of IC 4662 and NGC 5408. The radio continuum is a tracer for star formation, and observations at
several cm wavelengths would allow to distinguish radio continuum emission from HII regions from
radio continuum emission from supernovae (Condon 1992), which means to distinguish younger from
older star formation regions. This analysis would make it possible to define a star cluster as an ionising
source for an outflow or to rule it out. CO observations as a tracer for the molecular gas as well as
X-ray observations could complement this multi-wavelengths study.

Although fibre spectrographs are the more popular instruments at the moment, Fabry-Perot inter-
ferometers are still powerfull tools to study galaxies in detail. Several observatories scattered over the
whole world offer the opportunity to attach a FP to their telescopes. However, only few people know
how to handle these data. The GHASP survey (see Chap. 2) is theonly survey that includes a larger
number of galaxies observed with a FP. One important result of this thesis is that the FP data with
their high spatial and spectral resolution are well-suitedfor a kinematic analysis of the ionised gas
component. Therefore, a large survey of nearby gas-rich galaxies, preferable on the southern hemi-
sphere, could help to deepen our knowledge about the ionisedgas component. This survey could also
be used as a complement to HI surveys like, e.g., LVHIS on the southern hemisphere or THINGS on
the northern hemisphere.



Appendix A
The Gaussian decomposition

The velocity maps that are created from 3d data cubes containing two spatial axes and one spectral
axis usually show the intensity weighted mean velocity values. This means that the splitting of an
emission line into several components can only be detected on the velocity dispersion map with a
high velocity dispersion as an indicator. In this thesis, however, we were especially interested in
searching for outflowing gas structures, i.e., gas structures whose velocities differ from the main
velocity component. Therefore, the spectra in every pixel,especially close to regions of high velocity
dispersion, had to be examined in order to detect line-splitting. This was done with the IRAF routine
splotwhich allows to interactively fit the emission lines.

As splotcan only handle 2-dimensional data (intensityvswavelength / velocity), the spectra had
first to be extracted from the 3d Hα and HI data cubes. The easiest way to do this was to extract
diagonal lines from the cubes. One pixel had to be given as a start point as well as the number of steps
which depended on the size of the galaxy and the spatial resolution. The spectrum of every pixel lying
on this line was then extracted with the MIRIAD taskgaufit into an ASCII-file containing intensity
and wavelength information. We chose MIRIAD for this step asthis software was designed to handle
3d data, whereas IRAF is mainly a 2d imaging and spectroscopysoftware.

Within IRAF, the ASCII-files needed to be converted into an STSDAS-table format as the IRAF
tasks cannot handle ASCII-files. Afterwards, the STSDAS-tables were converted into single spectra.
During this process, the header keywords describing the spectral axis were changed from wavelengths
to heliocentric velocities.

In order to be within the spatial resolution, the spectra were summed up over roughly one beam
size in x and y for the HI data and summed up over3 × 3 pixels for the FP Hα data. This also
had the advantage of improving the signal. The spectra were then loaded intosplotand the Gaussian
decomposition was performed (see Fig. A.1). This task worksin the following way: The user chooses
the lines he wants to fit (small white vertical dashes in Fig. A.1) andsplot fits Gaussian, Lorentzian
or Voigt profiles to the original spectrum (long dashed line following the observed spectrum indicated
by a solid line). The continuum is taken into account and subtracted before the fitting process (short
dashed horizontal line). The parameters like peak velocity, integrated flux and Gaussian FWHM
for every fit are written into a logfile. After that, the fitted components can be subtracted from the
original spectrum in order to look for residuals. In case that a weak component is hidden in a broad
component of high intensity, it will become visible after the subtraction of the fitted profile of the
strong component. The fitting process is then repeated by forcing splot to additionally fit a profile for
the weak component.
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Following the above described method, the whole galaxy was scanned line after line and the pa-
rameters of all profiles were written into the logfile. A new file was created containing the final step of
the process, which was putting the newly measured velocity values in the beforehand created empty
image file. This file needed to have the same pixel size and numbers of pixels as the cube. The easiest
way was to take one of the moment maps developed from the 3d data cube and replace all pixel values
by zero. Choosing the desired velocity range, three different velocity maps were created, which are
on the one hand the main velocity map that roughly corresponds to the 1st moment map – intensity
weighted mean – created by tasks likemomentin MIRIAD or momentsin GISPY. On the other hand,
two additional velocity maps were built, which contain the blue- and red-shifted components, respec-
tively. As at most places along the galaxy the emission line is not split into several components, empty
pixels in the blue- and red-shifted velocity maps were replaced by the value of the main velocity com-
ponent.

The main script for the Gaussian decomposition (gaufit_man.cl, to be run within IRAF) is given
here:

– extract spectra –

emacs initial ← give start point in x and y
emacs steps.cl ← insert number of steps
!rm gaufit.cl
cl < steps.cl ← create for every step thegaufit command with all pa-

rameters set accurately, gives gaufit.cl
emacs gaufit.cl ← executegaufit
ls p*_* > profile.lst ← write all profile-files into list
!perl edittab.pl ← go to profile_atx_y, take column 2 and 3, store it in pro-

file_atx_y.dat
ls p*_*.dat >
profile1.lst
!perl irafcom.pl ← write cl-script to convert ASCII via STSDAS-table into

image
cl < tab2im.cl

– combine spectra –

emacs initial
emacs steps1.cl ← number of steps to runscombine
!rm scombine.cl
cl < steps1.cl ← create cl-script forscombine
emacs scombine.cl
cl < scombine.cl ← sum spectra over one beam size

– run splot –

ls s*.fits >
splot.dat
!rm splot.cl
!perl splot.pl ← create cl-script forsplot
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FIG. A.1: The interface of the Gaussian fitting routinesplot. The user chooses the lines he wants to fit andsplot gives
different parameters of the fitted Gaussian (see lower edge of the interface), among them the peak velocity and the Gaussian
FWHM.

!rm splot.log
cl < splot.cl ← run splot
emacs splot.log

– create image –

!perl makexyv.pl ← choose velocity range/ components which shall be plot-
ted

!rm p*_*.dat
!rm p*_*.fits
!rm p*_*.txt
!rm p*_*
!rm s*.fits
!rm *.lst
emacs xyv.cl ← check cl-script
cl < xyv.cl ← put the velocity values into the 2d image using the IRAF

taskimreplace





Appendix B
Adaptive filtering

The ionised filaments and shell- or bubble-like structures,which are all an indication for outflowing
gas, usually have a very low surface brightness, especiallyin the outer parts of the optical galaxy. In
order to emphasise these structures, an adaptive filter based on the H-transform algorithm (Richter
et al. 1991) was applied to the Hα images of all sample galaxies. In the following, its necessity and
its functionality are explained in more detail.

The low surface brightness gas structures are often barely visible on the Hα images. In order
to differentiate signal from noise in the regions of low signal, it can be helpful to smooth an image,
which is usually done with stationary filters. These filters are space-invariant, which means that they
treat every feature in an image alike regardless of whether it is a strong point-like source like a star
or a galaxy core, a bright extended object like a galaxy or faint extended emission close to the noise
level. This leads to the result that, depending on the filter width, either the strong point-like sources in
the image are degraded and smeared or the areas of low signal are not enough smoothed. The solution
to this problem is therefore a space-variable filter which smoothes extensively in the background,
less extensively in the outer parts of extended objects, andnot at all in locations of strong point-like
sources. This implies that the filter has to recognise the local resolution and adapt itself to it. It is
therefore called adaptive filter. The orthogonal transformwhich is used for such a filter is called H-
transform, which is based on the Haar-transform (Haar 1910). A mathematical description of how this
algorithm works is given in Richter (1978).

In simple words, the filter compares the signal-to-noise (S/N) ratio of the objects in a given pixel
area with theS/N in neighbouring areas. Bright point-like objects show a strong declining gradient,
whereas areas of noise show almost no gradient in comparisonto neighbouring areas. In order to
make the filter recognise the local gradient, a threshold fortheS/N ratio has to be defined. Gradients
with absolute values smaller than the threshold are interpreted as noise and set to zero. Otherwise,
they are taken as “significant” and stay unchanged. After an inverse transform, the image is smooth
over wide regions in the background (all gradients are zero), the stars are unchanged (all gradients sig-
nificant) and faint emission is smoothed moderately (small-scale gradients zero, large-scale gradients
significant).

The adaptive filter is implemented in IRAF under the taskadaptive. The user can choose the
shape of the filter, its width and theS/N threshold. Figure B.1 shows as an example the continuum-
subtracted Hα image of NGC 2366 before (left panel) and after the adaptive filtering (right panel). A
pyramid with a width of 5 and a threshold of 3σ was chosen. The very faint and diffuse emission on
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FIG. B.1: The adaptive filter technique in practice. The continuum-subtracted Hα image of NGC 2366 is shown before
applying the filter (left) and after the performing the H-transform algorithm (right). After applying the adaptive filter
technique, the weak filamentary structure on the western side of the galaxy is better visible than before.

the western side of the galaxy is enhanced after the filtering. Small noisy blobs scattered along the
disk can now be proved to be faint HII regions.



Appendix C
Deriving the rotation curves

C.1 H I rotation curves

In order to derive rotation curves of the sample galaxies, the moment maps (especially the 1st moment
map) had to be extracted from the 3d data. First, the HI cubes were smoothed to distinguish signal
from noise (GIPSY tasksmooth). A threshold limit of 2.5σ of the background was set, below which
all emission points were transferred as blank pixels (GIPSYtaskcondit). The remaining noise was
manually removed by going through all channels and only choosing the regions of true emission
(GIPSY taskblot). Finally, the moment maps could be created by using the GIPSY taskmoments.

The rotation curves could then be derived by fitting a tilted-ring model to the velocity field (GIPSY
taskrotcur). In this model, every concentric ring has its own systemic velocityvsys, its centre given by
x0 andy0, its inclinationi, its position anglePA, its expansion velocityvexp, and its rotation velocity
vrot. Therotcur routine performs a least squared fit for the function

v(x, y) = vsys + vrot cos(θ) sin(i) + vexp sin(θ) sin(i) (C.1)

whereθ is the azimuthal angle in the plane of the galaxy and is related to the known parameters
through

cos(θ) =
−(x− x0) sin(PA) + (y − y0) cos(PA)

r
(C.2)

and

sin(θ) =
−(x− x0) cos(PA) + (y − y0) sin(PA)

r cos(i)
(C.3)

The position anglePA is defined as the angle between the north direction on the sky and the major
axis of the receding half of the galaxy.

Before runningrotcur, the GIPSY ellipse fitting taskellfit was used to fit an ellipse to the HI
velocity field by eye. This routine gave preliminary values for x0 andy0, i, andPA. We tookvsys from
the global profile plotted with the MIRIAD taskmbspect, measuredvrot to be(vmax − vmin) /2, and
chosevexp to be zero. The width of the rings was defined to be half the beamsize and the maximum
radius was given by the radius of the ellipse fitted withellfit. With these initial estimates,rotcur
was able to derive a rotation curve by looking at each ring separately. The side of the velocity field
(receding, approaching or both) had also to be specified.
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Three different approaches were chosen to derive a rotationcurve:

• Fixed approach: a rotation curve combining receding and approaching side was fitted by taking
the initial estimates and keeping them all fixed.

• Iterative approach: in an iterative procedure the best-fitting values were derived. Again, both
sides were combined. In a first run, all parameters were kept fixed except forvsys – and, of
course,vrot – so thatvsys was calculated for each ring. A median of all values was derived
afterwards androtcur was started again, this time with the medianvsys as a fixed parameter
and the centre coordinates kept free. After calculating median values ofx0 andy0 and giving
them torotcur as two fixed parameters, the inclination was kept free which was followed by the
position angle as a free parameter. In a last run, the now best-fitting values of all parameters
were kept fixed and the final rotation curve was derived. Usingthe same approach, receding
and approaching side were treated separately by taking the already defined values forvsys and
the centre coordinates and calculatingi andPA. The resulting rotation curves are presented in
the diagrams as error bars.

• Free approach: the best-fitting values from the iterative approach were taken as initial esti-
mates and all parameters were kept free. The idea of this approach was to prove the reliability
of the best-fitting parameters by successfully reproducingthe values calculated in the iterative
approach for every single ring.

Figures C.1 and C.2 show the values for all parameters of NGC 5408 which are plotted against
the radius of the rings. Additionally, the upper right paneldisplays the filling factor of the rings. The
results of the iterative approach (Fig. C.1) show that as long as the filling factor is close to 1, i.e.,
in this case out to a radius of 300′′, the values of the parameters do not significantly change over
the rings, except for the inclination (lower left panel) whose plot indicates two systems, one with an
inclination of about 58◦ and a second one with an inclination of 76◦. As a simplifying assumption,
only one parameter was calculated for all radii. As already mentioned above, this was done by taking
the median of each parameter, indicated by solid lines in Figs. C.1 and C.2. The dashed lines present
the 25% and 75% levels. All values above a radius of 300′′ were not considered because of the lower
filling factor. Figure C.2 shows the values for the free approach where simultaneously all parameters
were kept free during a run ofrotcur. Here, the scatter is much higher which is due to the increased
number of free parameters.

Table C.1 shows the derived values for the different parameters of all three approaches. It can
be noted that the initial estimates given byellfit already describe the galaxy very well as they do not
significantly differ from the best-fitting values of the iterative approach. The free approach also gives
quite reasonable results despite the larger scatter over the rings. The resulting rotation curves for all
three approaches are displayed in Figure C.3. The fixed approach is indicated by green symbols, the
iterative approach by black symbols plus error bars, and thefree approach by red symbols. As already
seen in Figs. C.1 and C.2 and in Table C.1, all three approaches agree very well in the inner 300′′

where the filling factor is high.
The above described procedure was also used to derive the HI rotation curves of the other three

galaxies.

C.2 Hα rotation curves

In order to complement the HI rotation curves in the inner kpcs by higher resolution data,Hα rotation
curves were derived. In the cases of NGC 2366 and NGC 4861, theprocedure was similar to the fixed
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TABLE C.1: NGC 5408: Parameter sets for the three different approaches.

Parameters [Unit] fixed approach iterative approach free approach

vsys [km s−1] 507.5 502.4 499.1
x0 [′′] 0.42 -3.18 -5.17
y0 [′′] 0.05 5.81 3.77
i [◦] 55.33 57.28 61.07
PA [◦] 299.21 302.61 305.79

FIG. C.1: Deriving the rotation curve of NGC 5408: The iterativeapproach. All parameters are fitted against the radius
of the rings.Upper left: vsys. Upper right: Filling factor f. Middle: Centre position inx (left) and y (right).Lower left:
Inclination. Lower right: Position angle. The solid line represents the median of eachparameter, the dashed lines give the
25% and 75% levels.

approach: the best-fitting parameters from the HI rotation curve (iterative approach) were taken and
kept fixed while deriving the rotation curve from the Fabry-Perot Hα velocity field. In the cases of
IC 4662 and NGC 5408, a rotation curve was estimated from the long-slit spectra and corrected for
inclination.
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FIG. C.2: Deriving the rotation curve of NGC 5408: The free approach. The same as in Fig. C.1. The best-fitting
parameters from the iterative approach were taken as initial estimates and kept free.

FIG. C.3: The resulting HI rotation curves of NGC 5408 created by fitting a tilted-ring model to the original HI velocity
field. Different approaches for deriving the rotation curveare shown. The black symbols represent the iterative approach,
the error bars indicate receding and approaching side. The green curve was derived by using the fixed approach, the red
curve by using the free approach.
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