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Abstract

Methods for data reduction of spectral data of the Hα-line from Fabry-Perot observations with
the CIGALE instrument of blue compact galaxies are developed. Velocity fields describing the
dynamics of BCGs are created by converting redshifts of the Hα-line (determined by fitting one or
two gaussian functions to each spectrum) to velocities for all measured points.

Methods for extraction of position-velocity diagrams and slit rotation curves from velocity fields
are created for a one dimensional description of the dynamics of a galaxy.

A framework for creating synthetic velocity fields based on simple models is created. This frame-
work is used to develop routines for fitting models of galaxy dynamics to BCGs for a two-
dimensional description of the dynamics of the galaxies.

Finally a tilted ring model is developed with the purpose of testing if rotation curves for BCGs
can be extracted in the same way as for spiral galaxies.
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Chapter 1

Introduction

1.1 Challenge and Objectives

It is nowadays a well known fact that our galaxy is only one of billions of galaxies in the universe.
Galaxies have different sizes and structures and are categorized hierarchically according to the
Hubble sequence (fig. 2.1). It is belived that galaxies evolve with time due to mergings of smaller
galaxies. If this is true, it is possible that galaxy formation is not restricted to the past, but could
go on continuously even today. It should then be possible to find recently formed nearby galaxies
that have similar properties as the galaxies of the early universe. These nearby galaxies could
then be studied and that research applied to studies of distant galaxies, i.e. galaxies in the early
universe. Blue compact galaxies (BCGs) is a class of galaxies that is a candidate for these newly
formed nearby galaxies. The BCGs are the galaxies this thesis aim to investigate.

In this thesis a set of tools and general methods for data reductions of observations of blue compact
galaxies are developed. The tools aim to deduce the dynamics of blue compact galaxies, i.e. rotation
curves, position-velocity diagrams and velocity fields. This is a brief overview of what the tools
aim to do:

• Create maps of the line of sight velocities of BCGs from the measured spectral data. The
goal is to be able to discover if a galaxy consists of more than one component and in the case
it do, find velocity maps for the different components.

• Create position-velocity diagrams and slit rotation curves from the velocity maps. These
can later be used to compare the galaxy to theoretical models or other observed slit rotation
curves.

• Create a framework for creation of synthetic velocity fields created from simple models for
rotation curves and in-/outfall of matter in the galaxy.

• Be able to fit synthetic velocity fields to the measured velocity fields to further reduce the
spectral data, and categorize BCGs.

• Implement a tilted-ring model to test if BCGs have a structure similar to spiral galaxies.

The goal is to try to give an increased understanding of the dynamics of BCGs which, hopefully,
eventually will lead the knowledge of how they fit into the evolutionary model for formation of
galaxies.

This work is a continuation of the work performed by Thomas Marquart in 2004 [3].

1.2 Outline of the Thesis

Chapter 2 introduces a few topics and concepts needed for the understanding of this thesis.
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Chapter 3 focus on the Fabry-Perot observations and the data reductions already performed on
the existing data.

Tools for data reduction of the spectral data by fitting gaussian functions to the measured Hα-line
is developed in chapter 4. This chapter also describes the creation of velocity fields.

Chapter 5 describes the creation of position-velocity diagrams and rotation curves from the velocity
fields.

In chapter 6 a method for creation of synthetic velocity fields is developed. Several models are
implemented and these are then used to create tools to fit a synthetic velocity field to a measured
velocity field.

A tilted-ring model is described, implemented and tested with the data in chapter 7.

2



Chapter 2

Scientific Background

2.1 Galaxies

The matter in the universe is not, on smaller scales, evenly distributed, but rather clumped together
in forms of galaxies. A galaxy is a gravitationally bound system consisting of different forms of
matter, for instance stars and interstellar gas. The matter is often distributed in a disk, rotating
around its center of gravity. Another type of motion can be infall and outfall of matter in the disk.

There are mainly three types of galaxies, elliptic, spiral and irregular galaxies. These types are
hierarchically illustrated in the Hubble sequence (fig. 2.1). The Hubble sequence is based solely
on the visual appearance of the galaxies and may therefore miss important properties like the star
formation rate.

Spiral galaxies are formed as disks and are rotationally supported, i.e. they keep their shape by
ordered motions of stars in circular orbits around the gravitational center. A graph showing the
rotational velocity dependence on the distance from the gravitational center is called a rotation
curve.

Elliptical galaxies, as opposed to spiral galaxies, isn’t bound by the rotation of the galaxy, but
keep their shape by chaotic motions of stars. These are called dispersion supported systems.

When discussing measured galaxies, two quantities often referred to are the position angle (PA)
and the inclination of the galaxies. The position angle is measured from north to east and is
the angle between a line from the galaxy center headed north and the galaxy’s major axis. The
inclination is the angle between the line of sight direction and the galaxy disk (in case of spiral
galaxies), 0 degrees means the galaxy is seen face on and 90 degrees means the galaxy is seen edge
on.

2.2 Hα-line

Hydrogen consists of a proton and an electron. The electron exists in quantized energies in the
potential from the proton. These different levels are described by the principal quantum number,
n. When the electron transition from a higher state to a lower, electromagnetic radiation is emitted
with a frequency corresponding to the difference in energy between the states. A specific transition,
from n = 3 to n = 2, is called Hα, this transition emits radiation of wavelength 656.3 nm and can
be used to trace ionized gas in galaxies.

Hydrogen in galaxies is ionized by the radiation from ongoing star formation. Gas rich galaxies
with a high rate of star formation will feature large clouds of ionized hydrogen. When a proton
and an electron recombines, the electron will eventually transition to lower energy states and the
Hα-transition is sometimes a part of this process. This creates the emission line called the Hα-line
in measured spectra of the galaxy.
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Figure 2.1: The Hubble sequence shows the hierarchical structure of galaxies. Picture from [1].

2.3 Doppler Effect

The light measured from an object that moves towards or away from us is shifted in wavelength
due to the doppler effect. The doppler shift can be expressed as

∆λ = zλ0 (2.1)

where ∆λ is the shift in wavelength (λ − λ0), λ is the wavelength shifted and z is the redshift of
the object and is defined as

z =
v

c
(2.2)

,for v << c, where v is the recession speed of the object and c is the speed of light.

By measuring the wavelength λ, of an emission line with a known λ0, the recession velocity of the
object can be calculated using eq. 2.1 and 2.2. When measuring spectra from objects far from us,
the largest contribution to the recession velocity will be the systemic velocity, which is the velocity
due to the expansion of the universe. This velocity is described by Hubble’s law

v = H0d (2.3)

where d is the distance from us and H0 is the Hubble constant, which is approximately 75
km/s/Mpc.

When measuring a galaxy, the difference from the systemic velocity at each point will be the
velocity due to motions of matter within the galaxy, for instance rotation of the galaxy. Such
computations can be used to deduce the dynamics of the galaxy.
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2.4 Blue Compact Galaxies

Blue Compact Galaxies are a class of galaxies that have a strong scientific interest, mainly due to
their often very low content of metals and their very intense star formation. These galaxies are
also called HII-galaxies since their spectra looks like the spectra from a galactic HII-region (a local
region where intense star formation ionizes the gas). The rate of star formation is in direct relation
to the equivalence width of the Hα-emissionline and can thus be calculated from measurements of
the spectra (oral communication with Marquart 2005).

The factors triggering a phase of strong star formation, called starburst (SB), is not very well
understood, although merging of galaxies is known to be a major contributing factor. It is also
unclear where in the scheme of hierarchical galaxy formation the BCGs fit, i.e. what are their
progenitors and what is the outcome of a SB; which must exist because a galaxy can’t be in a
starburst-state for long due to the high rate of gas consumption. As previously mentioned, these
galaxies are candidates for the early stage of galaxy formation.

Studies of the dynamics of these systems, which is what this thesis deals with, is one step in
understanding them. For instance to see if they are rotationally supported or if they consist of
multiple dynamical components, suggesting a recent merger event.

Spectral information about BCGs are collected with high-resolution 3D-spectroscopy (two spatial
dimensions and one spectral dimension) specifically measuring the Hα-line. The line of sight-
velocity of the ionized gas in the galaxy is deduced by studying the dopplershift of the Hα-line. A
velocity field of the galaxy is then created. This is a map of the velocities of the ionized gas at
each spatial point in the galaxy.

By assuming that the stars follow the same motion as the ionized gas, the gravitational potential,
or the dynamics of the galaxy (rotation curves) is derived from the velocity field. From the rotation
curves the mass of the system can be estimated. This can later be compared to the estimated mass
from photometrical methods.

One problem here is that the stars and the gas does not necessarily have the same motion. In a SB,
many massive and short lived stars are created, ending their lives as supernovas blowing out large
amounts of gas. This creates an outflow of gas from the galaxy, affecting the spectral information.
The less massive the galaxy is, the larger this effect becomes since there is less gravitational pull
holding the gas back.
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Chapter 3

Observations

A bit about the data and how it is obtained has to be known to understand the implications it has
on parts of the procedures developed and to understand some of the problems and solutions that
was encountered during the development. The parts of the data collecting and reduction that has
implications on how the algorithms and routines had to be developed are here described. For a
more complete description on data collecting and data reduction see [2].

3.1 Fabry-Perot Observations

The observations has been performed with ESO’s 3.6m telescope at La Silla, Chile, using the
CIGALE instrument and a photon counting camera. The CIGALE instrument is a Fabry-Perot
interferometer developed at the Marseille Observatory in France. The photon counting camera
has the advantage of having no read out noise at all, it can therefore be scanned as frequently as
desired.

An interferometer uses constructive interference to observe the flux for different wavelengths. Two
parallel and semi-transparent mirrors are placed at a certain distance from each other. Incident
light will be transmitted (constructive interference will occur) only when eq. 3.1 is fulfilled.

2l cos i = nλ (3.1)

where l is the distance between the mirrors, i is the angle of incidence, n is an integer and λ is the
wavelength.

By varying the distance between the plates, the measured wavelengths are varied. It is seen from
eq. 3.1 that for a given l and i all wavelengths fulfilling λ1

n , where n is an integer and λ1 is the
wavelength corresponding to n = 1, will be measured.

The necessary range (in wavelength) to scan to get complete information is called free spectral
range (FSR) and is defined by eq. 3.2.

∆λ =
λ

n
(3.2)

This is the range necessary to increase n by 1, that is for instance to go from λ to λ
2 .

As can be seen from eq. 3.1, when scanning the flux of one wavelength, the result will be the
superposition of that particular wavelength, λ and all λ + n∆λ, where n is an integer. To reduce
this effect a bandpass filter as close to the FSR as possible is used to select only the interesting
range of wavelengths. These filters are however not narrow enough to select only one FSR, but they
often cover about 3 FSRs. This means that the resulting spectrum contains significant contribution
from approximately -FSR to 2 times FSR. How this looks like is shown in fig. 3.1, 3.2 and 3.3.
This will be called folding throughout the rest of the thesis.
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Figure 3.1: Non folded spectrum. This is the ”true” spectrum spaning 3 times the FSR (72
channels).
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Figure 3.2: The dashed lines show how the left and right wing of the spectrum is folded into the
desired FSR (the middle 24 channels of fig. 3.1) when measured with a Fabry-Perot interferometer
using a bandpass filter covering a range of 3 FSR.
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Figure 3.3: The resulting spectrum when measuring the spectrum shown in fig. 3.1 with a Fabry-
Perot interferometer using a bandpass filter covering a range of 3 FSR. This is the three lines shown
in fig. 3.2 added together.

The difference in distance between the mirrors, corresponding to one FSR, is divided in a number
of steps ranging from 24 to 64. One particular step is called a channel. The distance between
the mirrors are sequently changed to each channel and the spectral information is thus measured
channel by channel. This is illustrated in fig. 3.4.

The spectral resolution, R, of the measurements is calculated using eq. 3.3

R =
∆λ

F
(3.3)

where F is the finesse of the instrument, which is connected to the quality of the semi transparent
mirrors used in the interferometer.

3.2 Data Reduction

The first part of the data reduction is to remove the influence of cosmic rays and the background.
The background level is determined by averaging empty regions in the observed field. The result
is then subtracted from the galaxy data.

Sometimes the removal of cosmic rays and the background introduces slightly negative photon
counts to parts of the data, since it is possible that the background average is higher than the
actual background for parts of the galaxy. This proved to be the underlying cause for some
problems that occurred during the development of gauss fitting routines.

Since the angle of incidence, i, is slightly different depending on the position in the image, the
measured wavelengths varies within the same image (channel), see eq. 3.1. This is corrected by
moving measurements between the channels, that is, to place each measured intensity at the correct
wavelength. This is called phase computation.

All images (channels) from the measured galaxy are then combined to a data cube and stored in
the ADHOC-file format. The data cube has two spatial dimensions and one spectral dimension
(the spectrum is stored for each point in the image of the galaxy). See appendix A for a description
of the ADHOC-file format.
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Figure 3.4: Schematic illustration of how the Fabry-Perot interferometer obtains a line profile by
sequently changing the channel observed [2].
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Chapter 4

Extracting Information from
Spectra

It is desired to reduce the data points in each measured line profile (ranging from 24 to 64 points)
to four physical quantities, the continuum level of the spectrum, the intensity and width of the
Hα-line and the redshift of the Hα-line. When the latter is known, the velocity of the galaxy at
each pixel can be calculated and a map of velocities can be created. The creation of these velocity
fields will be the focus of this chapter.

4.1 Method Overview

The general idea for computing the velocity field is to find the redshift for each pixel in the data
cube by studying the spectrum corresponding to that pixel. For each spectrum the position of
the Hα-line is determined. This gives information about the redshift of the line compared to the
first channel in the spectrum, whose redshift is known beforehand. Combined, this gives the total
redshift in each pixel and the corresponding velocity can easily be computed. The problem is to
find the position of the Hα-line, which is seen as a peak in the spectrum.

The easiest way to create a velocity field is by computing the first moment (or the statistical mean)
of each line profile in the spectral image. This gives a rough estimation of the mean velocity in
each pixel. A function to create a velocity field by computing the first moment did already exist
and was therefore reused with some minor adjustments.

Computing the first moment is quick, but for this analysis a better method was desired. A previ-
ously used method [4] is to fit some mathematical function to each line profile. From those fits the
velocity in each pixel can later be deduced.

For this study, gaussian functions (eq. 4.1) where chosen as suitable functions (see fig. 4.1 for an
example). From a fitted gaussian function the velocity in that pixel can easily be computed by
using the position of the peak. For later studies, the full width at half maximum will also be trivial
to compute. Fits using a single gaussian will be referred to as single fits.

Some of the data had a second peak in the line profiles (fig. 4.3). Sometimes this second peak was
large enough to greatly reduce the quality of the fit using a single gaussian. Therefore a method
for fitting double gaussians was implemented. This method fits a function on the form described
by eq. 4.2. Such a fit will be referred to as a double fit (see fig. 4.2 for an example). This greatly
improved the quality of the fits in the cases of double peaks.

For some data the peaks was so close to each other that the second peak was actually buried inside
the first peak (fig. 4.4). It was decided to make an attempt at finding such peaks. A fit of this
type will be referred to as a trydouble fit.

Since images can have sizes up to 512x512 pixels, a total of 262144 pixels, it is an absolute require-
ment that this fitting process is fully automated, that is, no user interaction is required during
the fitting process and the computation of redshifts. Because of the large number of pixels it is
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Figure 4.1: Example of a single gaussian fitted to a measured spectrum. The dots is the measured
data and the line is the fitted gaussian.
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Figure 4.2: Example of two gaussians fitted to a measured spectrum. The dots is the measured
data and the line is the fitted gaussians.

11



� � � � � � � � � � � �
�

�

� �

� �

� �

� �

Figure 4.3: Synthetic line profile with two peaks. The blue dots marks the line profile that is a
superposition of two gaussians (the red and green lines).
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Figure 4.4: Synthetic line profile where the second peak is buried inside the first peak.The blue
dots marks the line profile that is a superposition of two gaussians (the red and green lines).
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also required that the fitting routine is very reliable so that no double checking is needed. If these
two requirements can’t be fulfilled, fitting gaussians to the line profiles of a whole galaxy will be
practically impossible to do.

4.2 Gauss Fits

4.2.1 Method

4.2.1.1 Fitted Functions

Since the data is collected using an interferometer it is folded due to the filters used not being narrow
enough, as was described earlier. The functions fitted was chosen to replicate this behavior. It
was decided that it would be enough to truncate the folding at three times the free spectral range
(FSR).

As stated earlier the functions fitted are either single gaussians (eq. 4.1) or double gaussians with
a common continuum level (eq. 4.2).

f(x) = y0 + A× e
(x−x0)2

2σ2 (4.1)

f(x) = y0 + A1 × e
(x−x01)2

2σ12 + A2 × e
(x−x02)2

2σ22 (4.2)

The folding is taken care of by computing the functions on an interval from -FSR up to 2 times
FSR. That is, if the number of channels are 10, the function is computed from -10 to 19, where 0-9
is the actual range of interest. The result is divided into three arrays, -10 to -1, 0 to 9 and 10 to
19. These arrays are added to form the synthetic line profile ranging from channel 0 to 9.

4.2.1.2 The Fitting

This is a quick overview of the steps involved in the fitting routine.

The first step is to sort out pixels not worth investigating. This is done by simply checking the
maximum value in each spectrum against a limit value. Only spectra whose maximum value is
above this limit are fitted. All other are simply set to zero. Two fitting routines were implemented,
one fully automatic and one interactive.

For each spectrum that is to be fitted automatically, the following is done:

• Investigate the spectrum and set initial values for the parameters.

• Set limits on the parameters based on the spectrum.

• Do the fitting.

• Sort out bad fits.

For each spectrum that is to be fitted interactively, the following is done:

• Show the spectrum to the user. The user then clicks on one or two peaks with the mouse.

• Set initial values for the parameters based on where the user clicked.

• Set limits on the parameters based on the initial values chosen by the user.

• Do the fitting.

• Sort out bad fits.

13



These steps will be described in detail in Automatic Fitting and Interactive Fitting later.

For a given image, the user can choose to fit all pixels automatically, all interactively or all auto-
matically except an arbitrary number of rectangles of arbitrary size covering pixels that are to be
fitted interactively. The latter is useful for images containing troublesome areas for which the user
would like more control over the fits.

The result for each spectrum is always the 7 parameters of eq. 4.2. If the fit is a single fit, the
second peaks parameters are just set to 0. The result is stored in a new data cube. For each pixel
the 7 parameters together with the estimated errors of the parameters are stored. For pixels whose
spectrum is not fitted (due to low amplitude), all parameters are set to 0.

4.2.1.3 Predicted Problems

A few issues was considered before implementation of the fitting algorithm.

The single gauss fit has 4 free parameters, which wasn’t much of a problem, but for a double gauss
fit there are 7 free parameters, which is quite a lot for data sets that could be as small as 24 data
points. Especially since there is no guarantee that the line profiles will look like clean gaussians.
A lot of bad fits will be sorted out by the limitations that are set on the parameters, but more
extensive checks has to be done to sort out bad double fits. This is especially true for the cases
where only one distinct peak exists, but a double fit is performed anyway.

The folding gives rise to two problems. The first has to do with the inability to determine the
correct continuum level only by studying the line profiles. Because of the folding, two different
sets of parameters can reproduce more or less the same synthetic line profile. More precisely, a
high continuum level combined with a small and narrow peak, when folded, will look the same as
a large and wide peak combined with a low continuum level.

The second problem has to do with successive movement of the peak from pixel to pixel. If the
position of the peak is such that it wanders off the edge of the FSR it will, due to the folding, enter
from the other side of the line profile. Since the velocity in a pixel is computed from the position
of the peak this will produce a discontinuity in the velocity field.

4.2.1.4 Shifting the Spectra

If the peak is found to have a successive movement such that it moves out of the FSR, as described
under Predicted Problems above, all line profiles for that image can be shifted so that the peak
never moves out of the FSR. Once that is done, the line profiles can be gauss fitted without giving
rise to discontinuities in the velocity field produced. The number of channels the image is shifted is
temporarily stored and later the corresponding shift in velocity is added to the velocity field. Note
that this solution will not work if the peak have such a large successive movement that it moves a
distance larger than one FSR, since it will then cross the edge twice in the line profile.

4.2.2 Automatic Fitting

4.2.2.1 Initial Values

The first part in the fitting routine is the choice of initial values for the parameters. A few tests
showed that the initial values had a big impact on whether the fit would converge or not. The tests
also showed that a double gauss fit was a lot more sensitive to initial values than a single gauss fit.
This sensitivity made it very important to find good initial values, especially for the double gauss
fits.

For single gauss fits the following choices proved to be the best:

• x0 is chosen as the position of the maximum value of the spectrum.

• y0 is chosen as the minimum value of the spectrum.

• A is set to the difference between the maximum and the minimum value.

14
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Figure 4.5: The first type of peak that is searched for in the line profiles.
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Figure 4.6: The second type of peak that is searched for in the line profiles.

• σ is set to 3.0.

Even though no negative values should exist (since negative photon count shouldn’t happen), some
arrays had a lot of negative values that was introduced during the data reduction, as described
earlier. The fitting routine sometimes had problems handling these arrays with negative values.
Therefore, before the fit (including the choice of initial values) the minimum value was subtracted
from the array. This makes sure no negative values exist, but also has the effect that the minimum
value will always be 0. This could prove to be a problem in the future if weighting of the data
points based on their value is to be implemented.

For a double gauss fit the choice of initial values, mainly for x01 and x02, is a bit more difficult. An
algorithm to find peaks was developed. First, a decision about what structure that should count as
a peak had to be made. Just counting all points whose neighbors has a lower value would result in
too many peaks found. Therefore this idea was extended to a total of five points, two data points
on each side of the considered data point, see fig. 4.5.

This worked very well, but for a few line profiles no peaks was found, even though they clearly
existed. All the missing peaks seemed to follow the same pattern (fig. 4.6). Peaks on that form was
added to the peak finding-algorithm. The algorithm can easily be extended with more patterns if
a need for it arises.

The algorithm finds all peaks in a line profile that looks like the patterns in fig. 4.5 and 4.6. The
two points with the largest amplitude are marked as preliminary peaks. If the data point is to
further be considered a peak it has to fulfill the criterium in eq. 4.3,

pointvalue−minvalue > limit×
√

pointvalue (4.3)
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where the limit was chosen to be 0.1. That is, the peak height above the minimum value for the
fitted continuum has to be larger than 10 percent of the inverse statistical error for the data point.
Different values on the limit was tested and 0.1 proved to be a good balance between neglecting
important peaks and keeping too many non existent peaks.

If two peaks are found and a double fit is to be performed, the initial values are set as follows:

• x01 is chosen as the position of the first peak.

• x02 is chosen as the position of the second peak.

• y0 is chosen as the minimum value.

• A1 is set to the difference between the value for the first peak and the minimum value.

• A2 is set to the difference between the value for the second peak and the minimum value.

• σ1 is set to 3.0.

• σ2 is set to 3.0.

As for a single fit, the minimum value is subtracted from the line profile before setting the initial
values (but after the peaks are found).

In the case where a double fit is to be performed, even though only one peak is found, the initial
values for the position and amplitude of the second peak is set to the same values as the first peak.

4.2.2.2 Parameter Limits

When a fit fails to converge properly, the fitting routine has a tendency to increase or decrease
parameters until their values are far beyond physical relevance before the fit fails. Sometimes those
cases results in fits that actually look good, but are undoubtedly non-physical. Therefore some
constraints on the parameters are set. This will ensure that the fits found are within limits for
physical relevance and it will also speedup the process of sorting out non-convergent fits.

x0, x01 and x02 are limited to lie within the array of the line profile. That is, the peaks must have
its centers within the array.

A, A1 and A2 are limited between 0 and 1.5 times the maximum value in the line profile.

σ, σ1 and σ2 are limited between 0.5 and half the length of the array. No peaks with σ lower than
0.5 exists in the data and peaks with σ larger than half the array length are not considered peaks
anymore. If peaks with σ outside these limits exists it suggests that the wrong resolution was used
in the observations.

y0 is limited between 0 and half the difference between the largest and smallest value in the line
profile. This span has no real physical meaning, but is chosen because it produces good fits. The
true continuum value can not be determined from the available data due to the folding, as explained
in detail under Predicted Problems above. This also has an impact on the amplitude and width of
the gaussians found, since all three parameters are somewhat connected due to the folding.

4.2.2.3 Fits

The actual fit is done by minimizing the square errors. The routine used here is Mpfit [5], a routine
originally written for Fortran, but later rewritten for Python.

With mpfit it is easy to set limitations on the parameters, something that can’t be done at all
with, for instance the square error minimization routine found in Scientific Python [6] that was first
considered. In addition to the fitted parameters, mpfit returns the total error and the individual
errors for the parameters.

The weight for all data points are uniformly set to 1. This can easily be changed if some other
weighting is desired in the future. All points are for now weighted uniformly because all points
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are considered to hold equally valuable information. A channel with low signal indicates a lack of
photons in that frequency range and a channel with high signal indicates many photons in that
frequency range. This is equally good information, therefore they should have the same weight in
the fitting.

4.2.2.4 Sort Out Bad Fits

Unfortunately, the limits set on the parameters are not enough to guarantee a double fit of good
quality (single fits are not a problem). As predicted, more extensive checking has to be done to
sort out bad fits.

Three simple checks were implemented to sort out doubtful double fits.

• The second peak has to be larger than some limit, called limitamp, times the first peak.

• The distance between the peaks has to be larger than some limit, called limitwidth, times the
largest standard deviation σ, for the peaks.

• The total error has to be smaller than some limit, called limiterr.

If any of the checks fail, the line profile is fitted with a single gauss instead. The three limits has
to be fine tuned to the data that is being used.

The first check will sort out any fits where the second component is small compared to the first
component. Since the line profiles are not perfect gaussians the fit can almost always be made
better by adding a small extra gauss, but that doesn’t mean that it represents a second peak,
therefore those fits are sorted out.

The second check sorts out all fits where the gaussians are overlapping to much. A single gauss can
be reproduced by superpositioning two smaller gaussians close to each other, this is not desirable
here and this check sorts out all those fits.

If the fit for some reason passed all the other checks, but happens to be a very bad fit with a large
error it is sorted out by the third check. This is just a last backup check, if the fit really is that
bad it is almost always caught by the previous checks.

4.2.2.5 Returned Information

The minimum value subtracted from the line profile earlier is added to y0. The peaks are then
sorted by amplitude, so the first peak is always the largest one in amplitude.

The function returns an array with 14 entries. If a single fit has been performed the first 4 values
are the fitted parameters, the next 3 are set to 0, the next 4 are the errors corresponding to the
fitted parameters and the last 3 are set to 0. If the fit is a double fit, the first 7 are the fitted
parameters and the last 7 are the corresponding errors. If no fit was performed (due to no peaks
found) all 14 parameters are set to 0.

4.2.3 Interactive Fitting

Except for the choice of initial values and limits on the parameters, the interactive fitting works
like the automatic fitting.

4.2.3.1 Initial Values

The spectrum is displayed and the user chooses initial values by clicking on none, one or two
peaks. The coordinates for the clicks are stored. If no peak is chosen the function returns 0 for all
parameters.

Before the initial values are set the minimum value in the spectrum is subtracted from the spectrum,
exactly as an automatic fit. This value is added to y0 when the fit is finished.
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The initial values are set as follows:

• x01 is set to the x-coordinate of the first click.

• x02 is set to the x-coordinate of the second click, if there is one.

• y0 is chosen as the minimum value.

• A1 is set to the difference between the y-coordinate of the first click and the minimum value.

• A2 is set to the difference between the y-coordinate of the second click and the minimum
value, if there is a second click.

• σ1 is set to 3.0.

• σ2 is set to 3.0.

4.2.3.2 Parameter Limits

Since the user has given information about where the peaks are situated, the parameter limits are
set much more tightly than for the automatic fits.

x01 and x02 are limited to lie within one channel to the left and right of the initial values.

A1 and A2 are limited between the initial value + 1 or the initial value - 1.

σ1 and σ2 are limited between 0.5 and half the length of the array. The same limits as for automatic
fits since the clicks gives no information about the width of the peaks.

y0 is limited between 0 and half the difference between the largest and smallest value in the line
profile. Also the same as for automatic fits since no additional information is available.

4.3 Generating the Velocity Field

From the fitted parameters, velocity fields for the first and, if available, second peak can easily be
generated. The first peaks, which are always the largest ones, are assumed to be the Hα-line of the
larger component of the galaxy.

By multiplying the position of the line (x0, x01 and x02) with the FSR (in velocity) divided by the
number of channels, the velocity compared to the first channel is calculated.

The velocity for the first channel is given in the data.

If the spectra has been shifted prior to the fitting, the corresponding shift in velocity is calculated
as the shift in channels times the FSR (in velocity) divided by the number of channels.

The velocity for the pixels is given by adding these three quantities for each pixel. An example of
a velocity field can be seen in fig. 4.7.
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Figure 4.7: Velocity field for the galaxy UM452 fitted with a single gaussian. The velocity is
measured in km/s.
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Chapter 5

Rotation Curves

A velocity field is a two dimensional map of the velocities in the galaxy. A more comprehendible
view of the rotational structure of the galaxy can be created by reducing the two spatial dimensions
to one, thus creating a rotation curve. There are two types of rotations curves that are useful.

A position-velocity diagram is a plot of the velocity against the position of all data points along
the major axis in the galaxy. This gives a general idea of the overall structure and rotation speed
of the galaxy. This can be used to compare the galaxy to theoretical rotation profiles, for instance
to a spiral galaxy.

A slit rotation curve, is like a position-velocity diagram, but limited to points that lie inside a slit.
This type of rotation curve is useful when comparing it to other, real measurements of slit rotation
curves, where a galaxy is observed through a slit.

5.1 PV-diagrams

The extraction of a position-velocity diagram (PV-diagram) is done from an already existing ve-
locity field. The procedure is simple, the velocity is just the value in a pixel. The position is the
vector from the dynamic center of the galaxy to the pixels position, projected on to the axis defined
by the position angle. The axis defined by the position angle is the major axis of the galaxy when
looked at with some inclination.

This is done for all data points in the velocity field image and the extracted positions and velocities
are plotted against each other. An example can be seen in fig. 5.1. Notice though, that in order
to compare this rotation curve to theoretical ones, all points must be multiplied by a factor sin i,
where i is the inclination of the galaxy.

5.2 Slit Rotation Curves

A slit rotation curve can be extracted either automatically from an existing velocity field, or
interactively from a raw data cube. Automatic and interactive refers to whether the gauss fitting
of the spectra are done automatically or interactively.

A slit is defined by the width, the angle and the central position of the slit. To easily automate
the process of extracting slit rotation curves for a lot of different curves, a special file format was
created to store the slit properties along with a variable telling whether the slit width should be
varied depending on the angle.

If the latter is true, the functions takes into account that pixels are squares and therefore have
different widths depending on the angle, which in turns leads to different distances between pixels.
This is then corrected for by increasing the slitwidth with the same factor as the pixelsize is
increased with for different angles.
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Figure 5.1: Position-velocity diagram for UM452, extracted from a velocity field fitted with a single
gaussian (fig. 4.7).

5.2.1 Automatic

The automatic extraction of slit rotation curves works almost the same as the extraction of position-
velocity diagram.

• The velocity is the pixel value in the velocity diagram.

• The position is the pixels position along the slit.

This is done for all data points that lie within the slit. The extracted velocities and positions can
then be plotted against each other, as seen in fig. 5.2.

As for the position-velocity diagram, in order to compare the slit rotation curve to other curves, it
must be multiplied by a factor sin i, where i is the inclination of the galaxy.

5.2.2 Interactive

The only difference from the automatic fit is that the velocities are computed by interactive gauss
fitting of all the points within the slit from the raw data cube. If two peaks are fitted, both will be
shown in the rotation curve. That procedure is described in detail under 4.2.3 Interactive Fitting
under 4 Extracting Information from Spectra above.

21



� � � � � � � � � � �� � � � �
� � 	 �

� 
 � �

� 
 � �

� 
 � �

� 
 � �


 �
�� �� �

�� �
�� � �

�� �
� ��

� �  ! " # $ % & ' ( ) ' * ' & ) + , - . / 0

Figure 5.2: Slit rotation curve from UM452, extracted from a velocity field fitted with a single
gaussian (fig. 4.7). The slit used has a width of 2 pixels and an angle of 130 degrees. The slit is
centered at the dynamic center of the galaxy and the slitwidth is angle dependent (As described
under Slit Rotation Curves).
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Chapter 6

Synthetic Velocity Fields

Another way to reduce the velocity data is to match the velocity field to a synthetic velocity field.
This drastically reduces the amount of data describing the galaxy. A typical velocity field consists
of around 100 000 data points, while a synthetic velocity field can be described with 10 parameters.
This process is similar to the previously described gauss fitting of spectra to reduce all the data
points in a spectrum down to a small set of parameters.

In a synthetic velocity field information about both spatial dimensions are kept, in contrast to the
rotation curves, which are limited to only one spatial dimension. The idea of creating synthetic
velocity fields is to combine different models for e.g. rotation and expansion to create a model of a
galaxy. A necessary condition for this type of data reduction to be useful is that a synthetic velocity
field that describes the true velocity field good enough can be found. The latter will depend a lot
on how well the models used fits the galaxy.

6.1 Method

A synthetic velocity field is composed of a combination of three types of motions. First there is the
systemic velocity. This is the bulk velocity of the galaxy due to the expansion of the universe. The
second component is the rotation of the galaxy. This will add or subtract to the systemic velocity
depending on the position in the galaxy. The last type of motion is an expansion or contraction of
the galaxy. This is the velocity component due to infall or outfall of matter in the disk.

To begin with, there are a few limitations set to make the process of creating synthetic velocity
fields possible:

• A velocity field can only model one galaxy.

• A velocity field can only contain one model of each kind (systemic velocity, rotation and
expansion).

• Only motions in the disk are modelled.

Since all information about velocities comes from studies of redshift of the Hα-line, it’s only the line
of sight (LOS) velocities that are visible. Therefore, only these velocity components are modelled.
It is also assumed that all the light along the LOS-direction comes from one point on the disk of
one galaxy. This is not necessarily true, especially if the galaxy is a pertubated or merged system.

Under the above limitations and assumptions, the total line of sight velocity field is (see for instance
[4])

vLOS = vsys + vrot(R,φ) cos φ sin i + vexp(R, φ) sin φ sin i (6.1)

where vsys is the LOS systemic velocity of the galaxy, vrot is the rotational velocity in the φ-
direction, vexp is the radial expansion/contraction velocity, i is the inclination of the galaxy and φ
is the angle measured from the position angle.

23



vrot and vexp are computed from chosen models for rotation curves and radially dependent expan-
sion/contraction curves. Since all these are radially dependant and eq. 6.1 also has a dependence
on φ, a mapping from detector coordinates (x, y) to a coordinate system centered on the galaxy
disk (xg, yg) is needed. These are related by (see [4])

(
x
y

)
=

(
cosα sinα
− sinα cos α

)(
1 0
0 cos i

) (
xg

yg

)
(6.2)

where i is the inclination of the galaxy and α is the position angle.

Once xg and yg are known, the radius r and the angle φ can be computed for every point with eq.
6.3 and 6.4 (using an arctan-function that returns correct angles in all quadrants).

r =
√

xg
2 + yg

2 (6.3)

φ = arctan
yg

xg
(6.4)

Eq. 6.1 shows that the total velocity field is a superposition of three different velocity fields, vsys,
vrot(R, φ) cos φ sin i and vexp(R,φ) sin φ sin i. These velocity fields are generated separately and
then added together to form the total velocity field.

6.2 Models

As mentioned, different models for the systemic velocity, the rotation and the expansion are used
for the modelling. These are the ones implemented so far.

6.2.1 Systemic Velocity Models

Only one model is needed for the systemic velocity since it’s only a constant value for all pixels.
This model generates a velocity field with a constant value.

6.2.2 Rotation Velocity Models

Four models for generating the rotation component of a velocity field was implemented. More
models can easily be added later.

6.2.2.1 Linear

A model for linear rotation curves. The model creates a velocity field with zero velocity at the
dynamic center and then linearly increasing velocity up to the given maximum velocity at the given
maximum radius, according to eq. 6.5. Outside the maximum radius the velocity is uniformly set
to the maximum velocity.

vrot =
vmaxr

rmax
(6.5)

Four arguments describes the rotation field. The dynamic center, given by two arguments, the
maximum velocity and the maximum radius. See fig. 6.1 for an example of a linear field.

6.2.2.2 Pure Keplerian

A model for pure Keplerian decreasing velocity. The model creates a velocity field with the max-
imum velocity at the center and radially decreasing velocity so that it reaches 10 percent of the
maximum at the maximum radius. The formula used is eq. 6.6.
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Figure 6.1: Linear synthetic velocity field with system velocity = 1000 km/s, inclination = 45
degrees, position angle = 60 degrees, vmax = 30 km/s and rmax = 13 kpc.

vrot = vmax

√
rmax

r
(6.6)

Four arguments describes the rotation field. The dynamic center, given by two arguments, the
maximum velocity and the maximum radius. See fig. 6.2 for an example of a pure keplerian field.

6.2.2.3 Keplerian

A model for Keplerian rotation curves. The model creates a velocity field with linearly increasing
velocity from 0 to the maximum velocity at maximum radius (eq. 6.5). The velocity then decreases
as a pure keplerian curve (eq. 6.6).

Even this model is described by four arguments. The dynamic center, the maximum velocity and
the maximum radius. See fig. 6.3 for an example of a keplerian field.

6.2.2.4 Disk

A model for the radial velocity dependence generated by a dark matter halo [7].

vrot = vmax

√∣∣∣1− a

r
arctan

r

a

∣∣∣ (6.7)

The model is described by two arguments, a maximum velocity and a parameter, a, that decreases
the velocity due to the dark matter halo at small radii. See fig. 6.4 for an example field.

6.2.3 Expansion Velocity Models

Two different models for the expansion component was created.
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Figure 6.2: Pure keplerian synthetic velocity field with system velocity = 1000 km/s, inclination
= 45 degrees, position angle = 90 degrees, vmax = 50 km/s and rmax = 8.5 kpc.

Figure 6.3: Keplerian synthetic velocity field with system velocity = 1000 km/s, inclination = 45
degrees, position angle = 75 degrees, vmax = 50 km/s and rmax = 4.3 kpc.
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Figure 6.4: Disk synthetic velocity field with system velocity = 1000 km/s, inclination = 45 degrees,
position angle = 90 degrees, vmax = 30 km/s, rmax = 13 kpc and a = 25.

6.2.3.1 Linearly Decreasing

This model creates a velocity field based on expansion or contraction, which is the same as negative
expansion. Given to the function is a maximum expansion velocity that is positive for expansion
and negative for contraction and a maximum radius.

The expansion is set to the maximum velocity in the dynamic center of the galaxy and then linearly
decreased to 10 percent of its value at a radius equal to the given maximum radius. The radial
dependence is given by eq. 6.8.

vexp = vepx.−max

(
1− 0.9

r

rexp.−max

)
(6.8)

A total of 4 parameters describe the expansion field. Two values for the dynamic centrum, one
maximum velocity and one maximum radius. See fig. 6.5 for an example of a linear rotation field
with linearly decreasing contraction.

6.2.3.2 r−1/2 Decreasing

As in the previously described expansion model, a negative expansion will create a contraction.

The expansion velocity is set to the given maximum at the dynamic centrum of the galaxy and is
then decreased as r−1/2 such that at the given maximum radius the velocity is 10 percent of the
maximum. The radial dependence thus look like eq. 6.9.

vexp =
vexp.−max( √
10−1

rexp.−max
r + 1

)2 (6.9)

This model is also described by 4 parameters. The centrum, the maximum velocity and the
maximum radius.
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Figure 6.5: Linear synthetic velocity field with expansion. The parameters are: system velocity =
1000 km/s, inclination = 45 degrees, position angle = 90 degrees, vmax = 30 km/s, rmax = 13 kpc,
vexp.−max = 20 km/s and rexp.−max = 2.7 kpc.

6.3 Implementation

A synthetic velocity field is created in four major steps. If no model is given for a certain type of
velocity contribution, the corresponding step in the following list is skipped.

1. Create a synthetic velocity field for the systemic velocity.

2. Create a synthetic velocity field for the rotation.

3. Create a synthetic velocity field for the expansion/contraction.

4. Add the three images together to create the total synthetic velocity field.

The parameters given to the program are the following:

• A model for the systemic velocity, if one is to be used.

• A model for the rotation, if one is to be used.

• A model for the expansion, if one is to be used.

• The dimension of the velocity field (it will always be a square velocity field).

• The position angle of the galaxy.

• The inclination of the galaxy.

• A systemic velocity (only needed if a systemic velocity is to be used).

• A maximum radius for the rotation model (only needed if a rotation model is to be used).

• A maximum velocity for the rotation model (only needed if a rotation model is to be used).
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• A maximum radius for the expansion model (only needed if an expansion model is to be
used).

• A maximum velocity for the expansion model (only needed if an expansion model is to be
used).

• An a-parameter (only used in a disk rotation model).

• The x-coordinate of the dynamic center.

• The y-coordinate of the dynamic center.

These parameters are stored in a quite complex list structure, referred to as a model list.To make
automation easier and to be able to store model parameters for future reference, a simple file format
that contains this list of parameters was created. This type of file is referred to as a model file.

A routine for writing a model list to a model file and a routine for reading a model file to a model
list was created. A simple model file can then be created and used to generate the not so simple
model list structure used by the modelling routine.

6.3.1 Step 1: Systemic Velocity

The creation of the systemic velocity is the easiest step. There is only one model for a system
velocity. This model uses two parameters, the dimension and the systemic velocity and creates a
velocity field with the systemic velocity in each pixel.

6.3.2 Step 2: Rotation Velocity

The creation of the rotation velocity field is a little more complex. All models for the velocity
is radially dependant and the projection of the velocity vector to the line of sight direction is
dependant on the angle φ, measured anti-clockwise from the position angle.

To create the rotation velocity field it is therefore needed to know to what radius and angle, φ,
each pixel in the velocity field corresponds to. Therefore two matrices, MR and Mφ, with the
dimensions of the velocity field is created.

For each element in the matrices, the following is done:

1. The elements x - and y-coordinate in the matrix is transformed to the galaxy coordinates xg,
yg using eq. 6.2.

2. The radius, r, for that element is calculated using xg, yg and eq. 6.3.

3. r is stored in the current element in MR.

4. The angle, φ, for that element is calculated using xg, yg and eq. 6.4.

5. φ is stored in the current element in Mφ.

The model for rotation defined in the parameter list are then used, together with MR and the
parameter list, to create a velocity field. The velocity in each pixel will however be the size of
the total velocity vector for that point in the galaxy, that is the vrot(R) for each point. These
velocities has to be projected to the LOS-direction to give the rotation contribution to the total
velocity field, as seen in eq. 6.1.

The inclination, i, for the galaxy is known from the parameter list and the angle, φ, for each pixel in
the image is stored in Mφ. Using this information all velocities are projected to the LOS-direction
by computing vrot(R, φ) cos φ sin i for all pixels.
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6.3.3 Step 3: Expansion Velocity

The velocity field for the expansion is created in the same way as the rotation velocity field. MR

and Mφ are created as described under Step 2: Rotation Velocity above. MR is then used, together
with the model for expansion and the parameters defined in the parameter list, to create the
expansion velocity field. As for the rotation field, this will be the total velocity vectors for all
points, that is vexp(R).

Using the known inclination, i and the computed angles for all points, φ these expansion velocity
vectors are projected to the line of sight-direction (LOS-direction) by computing vexp(R, φ) sin φ sin i
for all points.

6.3.4 Step 4: Total LOS Velocity

In accordance with eq. 6.1, the systemic velocity field and the LOS rotation- and expansion-velocity
fields are added together to create the total LOS velocity field vLOS . The generated velocity field
can then be written to a two-dimensional ADHOC-file.

6.4 Fitting a Synthetic Velocity Field

To test whether the velocity fields extracted from real galaxies could be reproduced with these
simple models, a fitting procedure was developed.

6.4.1 Parameters That are Fitted

The fitting procedure fits a systemic velocity, a rotation model and an expansion model to the data.
The models has to be chosen beforehand together with initial values for the parameters involved.

The chosen models and initial parameters are given to the procedure by using model lists, which
are read from model files (described briefly in section 6.3). This list/file contains the names of the
models to fit and all parameters used to describe the models.

There are 10 parameters that can be fitted, these are:

• The inclination.

• The position angle.

• The x-coordinate of the dynamic center.

• The y-coordinate of the dynamic center.

• The systemic velocity (only used if a systemic velocity is modeled).

• The maximum velocity for the rotation model (only used if a rotation is modeled).

• The maximum radius for the rotation model (only used if a rotation is modeled).

• The maximum velocity for the expansion model (only used if an expansion is modeled).

• The maximum radius for the expansion model (only used if an expansion is modeled).

• The a-parameter (only used in the disk rotation model).

All of these parameters are not necessarily used. As stated in the list, some parameters are specific
to certain models or types of models and are only used if that particular model or model type is
used.

Ten parameters are quite a lot to fit at the same time and in many cases some parameters are
already known. Therefore all parameters have a flag in the model file, that are set to 1 if that
parameter is to be held fixed during the fitting, or 0 if it is to be fitted.
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6.4.2 Parameter Limits

If the chosen models can’t be fitted to the data, the fitting routine has a tendency to increase or
decrease parameter values far beyond the limits for physical relevance. Therefore some limits are
set on the parameters. This will ensure that the fits are physically relevant and non-convergent
fits will be caught much sooner, speeding up the fitting.

• The inclination is limited between 0 and 90 degrees.

• The position angle is limited between 0 and 180 degrees.

• The coordinates for the dynamic center must lie within the image of the velocity field.

• The maximum radius for the rotation and the expansion can be at most half the image size.

The maximum velocities for the rotation and the expansion have a lower limit set to 0 km/s, that
is, no rotation or expansion. The upper limit has no real physical meaning, it is chosen to 1000
km/s, that is higher than it should ever be for this type of galaxy.

The systemic velocity is limited between 0 km/s and 2000 km/s. The lower limit means that the
galaxy does not move away from us, this is an absolute minimum since it would mean that the
galaxy has no spatial separation from us. The upper limit have no physical meaning, it is chosen
because none of the studied galaxies has a higher velocity away from us.

6.4.3 Data Used for the Fitting

It was decided not to use all available data to fit the models, instead, the model and the data are
fitted in a few areas, in the form of square boxes, chosen by the user at the beginning of a fit. The
size of the boxes is set by a parameter to the fitting procedure.

This reduces the amount of data to be handled and gives the user control over which areas that
are important. Highly fluctuating areas, where these simple models cannot be fitted can easily be
avoided and more weight can be given to certain areas simply by placing more boxes in that area.

The disadvantage of this is that it can be abused to bias the result by strategically choosing the
fitted areas so that the velocity field match a certain desired model.

The average value in each box is calculated and the difference between the averages in the data
and the generated model are minimized to find the optimal parameter set.

6.4.4 Implementation

The fitting procedure is called with the velocity field for the galaxy, the model list describing the
model to fit and the size of the boxes to use.

The velocity field is shown as an image and an arbitrarily number of boxes are placed by clicking
at points in the image. A point clicked represents a center of a box, which together with the given
boxsize (side length) defines a box. The average value in each box is computed and the averages
are stored for further use.

The model is fitted by using a square error minimization routine, mpfit. This is the same routine
earlier used to gauss fit the spectra. Mpfit needs a function that is called with the current parameter
set to evaluate and returns the errors to be minimized.

This function generates a velocity field from the models and the current parameter set. The
average values in the boxes chosen earlier is computed and the difference between these values and
the averages from the galaxy data is returned.

When the best fit is found the models used and the optimal parameters are stored in a model list
which is returned by the fitting routine.
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6.4.5 Problems

One problem has to do with the large number of free parameters. If no parameter is held fixed,
the total number of fitted parameters can be as much as 10. With this large number of parameters
to be fitted there is a large possibility that several different sets of parameter values can produce
equally good fits to the data.

Another problem, somewhat connected to the first one, has to do with the choice of initial values.
The fitting routine isn’t stable in the sense that a small variation in the initial values of the
parameters can lead to a totaly different result in the best fit parameters. In some cases, a slight
variation of initial values that makes the fit converges nicely, can cause the fit to not converge at
all.

A fit of a particular model to a galaxy can be tested for these two problems. The first problem
can be tested by performing the fit with different sets of initial values, where the values are varied
on a large scale. If they all converge to the same fit, or those sets that do not converge to that
particular fit doesn’t converge at all, then it is an indication that it is the only possible fit. The
second problem can be tested by using the initial values from a nicely convergent fit and perform
a few fits with only slightly different initial values. If that doesn’t affect the outcome, that fit is
probably not sensitive to the second problem.

6.4.6 Testing

6.4.6.1 Synthetic Fields

Fitting parameters to a synthetically generated velocity field worked very well. The parameters for
all tested velocity fields was found if the choice of initial values was reasonable. The limit seemed
to be when all initial values where around 50 percent off from the true parameters.

6.4.6.2 Real Data

Fitting models to the galaxy data available was not successful. Several galaxies was tested with
several different models, but none was successful. Since the fitting routines worked very well on
the synthetically generated velocity fields, the routine itself is not believed to be the problem. The
more likely scenario is that the simple models implemented does not represent the dynamics in the
tested galaxies.

It is possible that it could work if the number of parameters fitted could be reduced, maybe by
estimating them in some other way prior to the fit and keeping them fixed during the fitting of the
remaining parameters.
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Chapter 7

Tilted ring model

It was tested whether it was possible, and meaningful, to fit a tilted ring model to the data. A
tilted ring model is commonly used to derive rotation curves for spiral galaxies, [8] gives an example
of this and [9] and [10] gives detailed descriptions of the tilted ring model. BCGs are typically not
spiral galaxies, but it would still be interesting to see if a tilted ring model could be used to derive
some dynamics for the investigated galaxies.

7.1 Method

A tilted ring model is composed of several solid rings with the same width, but different radius.
Each ring is fitted separately from each other as a solid body to the data points it overlaps.

When modelling a velocity field, as described in section 6.1, three types of motions was considered:

• The bulk motion of the galaxy away from us, which is described by a systemic velocity.

• The rotation of the galaxy, described by a rotation velocity.

• Infall or outfall of matter in the disk.

When creating the tilted ring model it was chosen to only use the first two types of motions. This
will reduce the number of parameters to fit and will still give an estimate whether it is meaningful
to use a tilted ring model at all.

7.1.1 Finding the Systemic Velocity

The systemic velocity was found by fitting a constant synthetic velocity field to all data points in
the galaxy. This is done prior to fitting each ring, since the systemic velocity needs to be subtracted
from the field when fitting the rings.

7.1.2 Finding the Rotation Velocities in the Rings

Since only the LOS-velocities are known, as described in section 6.1, projection effects has to be
considered. Since no infall/outfall of matter in the disk are considered, a simplified form of eq. 6.1
is used to describe the LOS-velocity field

vLOS = vsys + vrot cosφ sin i (7.1)

where vsys is the LOS systemic velocity of the galaxy, vrot is the rotational velocity in the φ-
direction, i is the inclination of the galaxy and φ is the angle measured from the position angle.
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vrot is here considered constant within each ring, but varies from ring to ring. The rings are created
in the galaxy coordinate system (xg, yg) and needs to be transformed to detector coordinates (x,
y). This is done in eq. 6.2.

The ring, transformed to detector coordinates, which corresponds to LOS-velocities is then fitted
to the data points it overlaps in the galaxy image (as viewed from the telescope).

7.1.3 Creating a Ring Velocity Field

A ring is defined by its dynamic center, its inclination, its position angle, the velocity in the ring,
the inner radius of the ring and the width of the ring.

The equation for the LOS-velocity (eq. 7.1) is dependant on the angle φ, measured anti-clockwise
from the position angle and the selection of pixels that are included in the ring are dependant of the
radius from the dynamic center. Two matrices, MR and Mφ, are created in the galaxy coordinates
(xg, yg) with the same dimensions as the measured velocity field.

For each element in the matrices, the following is done:

1. The radius, r, from the dynamic center is computed using xg, yg and eq. 6.3.

2. r is stored in the current element in MR.

3. The angle, φ, is computed using xg, yg and eq. 6.4.

4. φ is stored in the current element in Mφ.

These two matrices are then used to create a velocity field for a ring in the galaxy-coordinates.
All points in the velocity fields whose radius from the dynamic center are less then the rings inner
radius or larger than the outer radius (simply computed by adding the inner radius and the width
of the ring) are marked with a velocity of 0. For the remaining points the rotation velocity is
computed as vsys + vrot cos φ sin i, where vsys is the fitted systemic velocity of the galaxy, vrot is
the velocity in the ring, φ is the angle stored in Mφ and i is the inclination.

The ring is then transformed (coordinate-wise) to the telescope-coordinates. This creates a velocity
field with the correct LOS-velocity in each point in the ring as seen from the telescope.

7.2 Fitting

The fitting procedure fits a systemic velocity and a user chosen number of rings to the data. The
only parameter given to the fitting procedure except for the data is the width of the rings. The
width will decide the number of rings used. Since the dynamic center almost always will be centered
in the data-matrix, the number of rings is chosen as half the side length of the matrix divided by
the width of a ring. The rings won’t cover the whole image (the corners are not covered), but that
is no problem since the corners usually doesn’t contain any useful data and even if they do, they
will only cover a small fraction of a ring and that is to little to make a fit anyway.

7.2.1 The Systemic Velocity

Since the galaxy only has one systemic velocity, this parameter is fitted first. It will be needed when
fitting the rings to make sure all rings are fitted using the same systemic velocity. The systemic
velocity is fitted using the procedure described in section 6.4 and choosing only a systemic velocity
as the model.

7.2.2 The Rings

7.2.2.1 Parameters That are Fitted

Each ring is fitted with five parameters:
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• The position angle φ.

• The inclination i.

• The rotation velocity vrot.

• The x-coordinate of the dynamic center.

• The y-coordinate of the dynamic center.

There are no limits on these parameters set and no parameter is held fixed. Parameter limits
can easily be added, but since this was a test to see whether it was possible or not to fit a tilted
ring model to the data it was desired to see exactly what would happen when all parameters were
allowed to vary freely.

7.2.2.2 Initial Values

Initial values are chosen as:

• The position angle is set to the value stored for each galaxy in the ADHOC-format.

• The inclination is set to 45 degrees.

• The rotation velocity is set to 50 km/s.

• The x-coordinate of the dynamic center is set to the value stored for the galaxy in the
ADHOC-format.

• The y-coordinate of the dynamic center is set to the value stored for the galaxy in the
ADHOC-format.

The values for the position angle and the dynamic center stored in the galaxy’s ADHOC-file are
guesses made earlier in the data processing. The values for the inclination and the rotation velocity
are typical values for the investigated galaxies.

7.2.2.3 Data Used for the Fitting

The ring is compared with the data points from the measured velocity field it covers. This is true
for each iteration. That is, the first iteration, when the ring velocity field is created using the
initial values, is compared to the data points the ring covers. The next iteration, when the values
used to create the ring velocity field is slightly different, the set of data points from the measured
velocity field used will be slightly different since the ring now overlaps a slightly different area.

7.2.3 Implementation

The rings are fitted one by one, starting with the most inner ring and working outwards. The first
ring will then have an inner radius of 0. The width of all rings are the same and is given as a
parameter to the program. The next ring will then have an inner radius equal to the ring width,
the next will have two times the ring width and so on.

Each ring is fitted by using the same square error minimization routine used previously, mpfit.
Mpfit needs a function that is called with the current data set (parameters) to be evaluated and
that returns the errors which is to be minimized.

This function creates a ring velocity field using the current parameters and the systemic velocity
fitted prior to the rings. This procedure is described in section 7.1.3. The difference between the
values of the data points in the ring and the data points in the measured velocity field is stored in
a matrix which is returned.

All the parameters for all the rings are stored in a list which is returned by the fitting routine when
all rings have been fitted.
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7.2.4 Rotation Curves

A simple routine to extract rotation curves from the list returned by the fitting routine was im-
plemented. This routine can both plot the rotation curves and save them to a file for further
reference.

7.2.5 Testing

When this model was applied to the available data, it didn’t converge for any of the tested galaxies.
Changing initial values didn’t improve the fits.

The conclusion is that the tilted ring model might not be applicable to the galaxies investigated.
There is some room for improving the model though.

It could be possible to reduce the number of parameters fitted simultaneously by first fitting
the systemic velocity, then fitting the dynamic center of the whole galaxy, keeping the systemic
velocity fixed. The position angle, inclination and the velocity for each ring could then be fitted
simultaneously, keeping both the systemic velocity and the dynamic center fixed.

Another problem that could be given some consideration is the fact that data points in the measured
velocity field can end up (and almost certainly will) being used to fit more than one ring. This
is because the inclination and position angle for each ring can be different, which leads to rings
overlapping each other and by that, also overlapping partly the same set of data points in the
measured velocity field. This is not a desired feature, since the same data point will then give
weight to neighboring points in the final rotation curve. This could be avoided by introducing a
memory, containing a list of points that has already been used to fit a ring. The algorithm could
then avoid using those points again.

None of these was tested due to time limits, but it is suggested for future work to improve the
tilted ring model.

36



Chapter 8

Conclusions and Outlook

In this chapter a summary of the tools developed in this thesis, together with the results from
the testing of the tools, is given. There is also a small section with suggestions for future work to
improve the tools.

8.1 Summary

A set of tools for data reduction and investigation of the dynamics of blue compact galaxies (or HII-
galaxies) was developed. The tools are developed to be used with Fabry-Perot observations using
the CIGALE-instrument. This instrument have been used for high-resolution 3D spectroscopy (two
spatial dimensions and one spectral dimension) of the Hα-line in blue compact galaxies (BCGs).

To estimate the velocity of a measured point in a galaxy the position (in wavelength) of the Hα-line
is computed. This wavelength is affected by a certain amount of redshift, which can be computed
since the non-redshifted wavelength of the Hα-line is known. The redshift corresponds to the
recession velocity, from us, of that point in the galaxy.

A simple way to estimate the position of the peak of the Hα-line is to compute the first moment
(statistical mean) of the line profile (spectrum). This method works well for galaxies containing
a single component, but since BCGs are belived to be recently merged galaxies, they often have
two distinctly different components (the two merged galaxies have different motions). Therefore a
better method was developed. This method assumes one or two components and fits one or two
gaussian functions to the spectra, giving information about the continuum-level of the spectra and
the positions, standard deviations and amplitudes of the peaks.

The algorithm sorts the peaks so that the first peak for every line profile from a galaxy always
is from the same component. By selecting one of the components it is then possible to create a
velocity field (map of velocities at every point in the galaxy) for that component. This means
that it is possible to create separate velocity maps for the components in a galaxy. Thus giving
information about the progenitors of the BCG.

To further try to reduce the amount of data and attempting to find the underlying structure for
the dynamics, a method to create synthetic velocity fields and a method for fitting these to a
measured velocity field was developed. The synthetic velocity fields are created from mathematical
models and is a combination of a systemic velocity (the recession velocity of the galaxy as a
whole), a rotational velocity and in-/outfall of matter in the disk of the galaxy. A maximum of 10
parameters are used to describe a synthetic velocity field. These synthetic velocity fields can be
used to illustrate different kinds of galaxies, but are mainly used for the fitting procedure.

The fitting procedure fits a model, selected by the user, to a velocity field. It fits the synthetic
velocity field (created from the model) to the measured velocity field by minimizing the squared
errors in a few user-selected areas. When testing to fit models to real velocity fields it was discovered
that in order for a fit to be successful, the model must be able match the real velocity field well.
This is belived be due to the large amounts of parameters fitted simultaneously (up to 10).
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Two methods for extracting rotation curves was developed. The first method uses the computed
velocity field to find the velocity at a point and uses that points position in the velocity field to
compute its distance from the center, projected onto the major axis of the galaxy. This can be done
for all points in the velocity field, creating a position-velocity diagram (PV-diagram) or for points
along a slit, creating a slit rotation curve that can be compared to other measured slit rotation
curves.

The second method uses a tilted ring model to find the average rotation curve for the whole galaxy.
The tilted ring model is frequently used to extract rotation curves from spiral galaxies. Here the
goal was to test whether this method could be used on BCGs, even though these typically are not
spiral galaxies. The tests showed no success in using the tilted ring model on BCGs. There is
however lots of room for improvements of the implementation of the tilted ring model.

8.2 Suggestions for Future Work

There are several things that could be developed further to improve the existing tools and a few
new tools that could easily be developed using the results from the existing ones. A few of the
major points is listed here.

• Create a few template scripts to perform a series of tasks; for instance to automate the
gauss fitting of spectra for a set of galaxies and automatically create velocity fields for all
components found.

• A tool that uses the fitted gaussians to extract the full width at half maximum (fwhm). This
gives information about the dispersion velocities in the galaxy.

• In some of the spectral data it looks like there could be three velocity components (not
only two as assumed in this thesis). Extend the fitting algorithm to handle fitting of three
gaussians to a spectrum. This is probably a lot of work, since it is difficult enough to have
two gaussians fitted correctly to the data.

• Develop a method for estimating the initial values from the velocity field when fitting a
synthetic velocity field to a measured velocity field.

• Implement proper estimation of initial parameters for the tilted ring model.

• Implement a memory for the fitting routine used in the tilted ring model to avoid the same
data points being used to fit more than one ring.
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Appendix A

ADHOC Data Format

The data is stored in the ADHOC-file format. This is the format used in the ADHOC software
specifically developed for data reduction of CIGALE data. The file is read into an object consisting
of a 3D-array containing the actual data points and a list of properties for that galaxy.

The 3D-array, or data cube, has two spatial dimensions and one spectral dimension. That is, the
spectrum is stored for each point in the 2D-image of the galaxy. The spatial resolutions vary from
about 256x256 pixels up to 512x512 pixels and the spectral resolution (the number of channels)
vary from 24 to 64.

When a velocity field is computed, the spectral dimension will be reduced to 1, and the velocity for
each data point will be stored instead of the spectrum. This reduces the 3D-array to a 2D-array,
but the file format is otherwise the same.

The attached list contains properties such as spatial resolution, spectral resolution, the correspond-
ing velocity of the first channel and the pixel to parsec conversion factor.

39



Appendix B

Development Environment

B.1 Python

All the tools described in this thesis are developed using Python, http://www.python.org. Python
is an object oriented, interpreted and if you want, interactive programming language. All tools
(functions) are developed to be used interactively, that is, from the Python command line. They
can also be scripted for repeated tasks that is suited for automation.

A few packages in addition to Python was used, these are:

• Numarray [11]

• Matplotlib [12]

• Mpfit [5]

B.2 Numarray

Numarray is a package for manipulating large arrays of data with a lot of useful functionality. This
is used to handle all the data, which consists of large two- or three-dimensional arrays, processed
by the tools throughout the program.

B.3 Matplotlib

Matplotlib is a plotting library very similar to the plotting capabilities in Matlab. It is used for all
the plotting of figures, spectra, velocity fields and rotation curves to name a few.

B.4 Mpfit

Mpfit is a square error minimization routine ported to Python from Fortran. A good square
error minimization routine, flexible enough for the needs in this program, was the hardest piece of
software to find. Mpfit proved to be very flexible and useful.
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