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Abstrakt

V této práci se zabýváme základy radioastronomie a interferometrie,
p°edstavujeme ²pi£kový radioteleskop ALMA a vysv¥tlujeme tzv. ram
pressure stripping: hydrodynamický ru²ivý mechanismus, který £asto
p·sobí na galaxie v kupách a m¥ní jejich vývoj. P°edstavíme dv¥ me-
dúzovité galaxie z kupy Norma, u nichº se tento jev projevuje s r·znou
geometrií. Poté p°ejdeme ke zpracování dat, zobrazování a vizualizaci.
V posledních kapitolách analyzujeme získané informace, abychom se
pokusili vnést trochu více sv¥tla do na²eho chápání evoluce galaxií
prost°ednictvím ram pressure strippingu pro r·zné geometrie pomocí
pozorování chladného molekulárního plynu.

Abstract

In this thesis, we go over the basics of radio astronomy and interferom-
etry, present state-of-the-art radio telescope ALMA and explain ram
pressure stripping: a hydrodynamic perturbation mechanism often
acting on galaxies in clusters, altering their evolution. We introduce
two jelly�sh galaxies from the Norma cluster that are experiencing
this e�ect with di�erent geometries. We then proceed to data process-
ing, imaging, and visualization. In the last chapters, we analyze the
obtained information to hopefully shed a little bit more light on our
understanding of galaxy evolution through ram pressure stripping
for di�erent geometries by observation of cold molecular gas.
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Introduction

Since its birth in the 1930s when Karl Jansky made his fortunate detec-
tion of an extraterrestrial signal, radio astronomy has grown to be one
of the most important �elds studying the universe. It has signi�cantly
enriched our astronomical knowledge.

Even today radio astronomy presents many challenges but allows
us to study a wide range of fascinating objects from Sun to black holes
and phenomena from star formation to cosmic microwave background
radiation.

One such �eld is the study of cold molecular gas in galaxies per-
turbed by the outer environment. This process not only leaves galaxies
stripped of their precious interstellar medium making them unable to
form new stars, but it also leaves another mark: prominent one-sided
tails resembling tentacles. Thus the name jelly�sh galaxies.

Ram pressure stripping as this process is called is by far not fully
understood although it has a great e�ect on galaxy evolution.

Chapter 1 of this thesis describes the electromagnetic spectrum,
gives a brief introduction to radio astronomy and interferometry, and
introduces a radio interferometer called ALMA. In chapter 2 we ex-
plain a hydrodynamic perturbation mechanism called ram pressure
stripping and its expected e�ects on galaxies with respect to di�erent
geometries. Chapter 3 introduces two jelly�sh galaxies in the Norma
cluster experiencing ram pressure stripping. In chapter 4 we describe
the radio data processing and visualization techniques. Chapter 5 is
focused on data analysis and o�ers possible explanations of our obser-
vations. In chapter 6 we estimate the ram pressures that our galaxies
currently experience and also the history. Chapter 7 is a conclusion.
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1 Radio Astronomy

This chapter describes the electromagnetic spectrum, gives a brief in-
troduction to radio astronomy, explains the concept of interferometry,
and introduces a radio interferometer called ALMA.

1.1 The electromagnetic spectrum

The electromagnetic spectrum describes types of electromagnetic ra-
diation in relation to wavelength l . From short to long wavelengths
it includes gamma rays, x-rays, ultraviolet radiation, visible light, in-
frared radiation, and radio waves. Wavelengths on the shorter end of
the radio region are called microwaves and range from 0.001 to 1.0 m.
In this text, we will not di�erentiate between microwaves and radio
waves. Borders between those bands are not sharply de�ned and are
shown in �gure 1.1. The �gure also illustrates how are di�erent parts
of the spectrum absorbed by Earth's atmosphere. We can see that only
visible light and radio waves can be detected on the surface.

With our eyes, we can see only a very narrow part of existing wave-
lengths approximately from 400 to 700 nm. Besides visible light, radio
waves are the only type of electromagnetic radiation that penetrates
Earth's atmosphere. They are between 0.001 and 1 000 m long and
were discovered in 1887 by German physicist Heinrich Hertz after
whom the unit of frequency is named. In the 1930s American radio
engineer Karl Jansky discovered radio noise of extraterrestrial origin.
Cosmic radio waves that are longer than approximately 10 m are re-
�ected by Earth's ionosphere so they don't reach the ground and must
be observed from space (Lang, 2013).

1.2 Radio astronomy and interferometry

The radio signal is detected by radio telescopes which are also called
antennas. The main re�ector (a dish) is usually a parabolic metal
surface that gathers the incoming radio waves, which are then re�ected
and focused to a receiver where the signal is passed to a computer as
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1. Radio Astronomy

intensity information. This data must be processed to create an actual
image.

Figure 1.1: Transparency of the atmosphere as a function of wavelength.
In this representation, the solid line indicates how high a telescope
has to be located above the surface of the Earth to receive half of the
incoming radiation (Longair, 1992).

Because radio waves are much longer than for example visible light,
we would need proportionally larger apertures to gain similar resolu-
tion. This is achieved by using multiple smaller telescopes separated
even by large distances (called baselines) which act as one piece to
get results as sharp as optical images. This technique is called interfer-
ometry because it analyzes how the waves detected at the telescopes
interfere when they are added together.

The sensitivity of an interferometric array is given by the total area
of the individual elements, not by their separations. Imagine we have
a simple two-dish interferometer. It would be able to resolve much

18



1. Radio Astronomy

�ner details than its components alone. But the sensitivity would be
only twice as good because the collecting area is doubled (Lang, 2013).

Figure 1.2: The principle of an interferometer. Cases 1 and 3 show
ampli�ed signal because the wave arrived with the same phase. In
case 2, signals canceled each other because of the opposite phase
(Karttunen et al., 2003).

The principle of an interferometer assuming that the baseline D
is perpendicular to the line of sight is shown in �gure 1.2. The signal
received by individual antennas is summed to get the �nal result
which is a sinusoidal interference pattern.

When the source is not point-like then the signal emitted from
di�erent parts will have di�erent phases as they reach the detector
so the minima of the interference pattern won't be zero. To obtain
more details about the source one can change the baselines of the
antennas. To get a similar amount of details as with one piece telescope,
a technique called aperture synthesis is used (Karttunen et al., 2003).

1.2.1 Aperture synthesis

A basic principle of aperture synthesis can be seen in �gure 1.3. It
shows telescopes oriented on an east-to-west track forming an interfer-
ometer. As Earth rotates those antennas will circumscribe an ellipse
on the plane of the sky as seen in 1.3a. Adding a third antenna (image
1.3b) provides two more baselines and results in better coverage.

By adding more units to the interferometer, we can �ll the missing
parts within the primary beam, i.e. the beam of one single dish, and get
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1. Radio Astronomy

full coverage of the beam. The resolution of the system is given by the
maximum distance between two antennas in the aperture (Karttunen
et al., 2003).

Angular resolution q of a telescope is

q = k
l
D

, (1.1)

where l is the wavelength of the light, D is the diameter of the
telescope or longest baseline of an interferometer, and k is constant
dependent on the de�nition of two distinct sources. For idealized radio
telescopes,k = 1.15is FWHM (Full Width at Half Maximum) of the
central peak of the sensitivity pattern (main beam) (Marr et al., 2015).

(a) Two antennas: one baseline. (b) Three antennas: three baselines.

Figure 1.3: Aperture synthesis (Karttunen et al., 2003).

1.3 ALMA

This section describes the main characteristics of the Atacama Large
Millimeter/Submillimeter Array (ALMA).

It is located in the Chilean Andes in altitudes about 5 000 meters
above sea level on a plateau at Chajnantor. This location was chosen
because of its low humidity and high elevation. Both these factors are
crucial in mitigating the negative e�ects of Earth's atmosphere on the
observations. The site is fully operational since March 2013.

20



1. Radio Astronomy

Figure 1.4: Two of the 66 ALMA antennas with Orion constellation in
the background (�ESO � The European Southern Observatory�).

ALMA is an aperture synthesis telescope consisting of 66 anten-
nas (two of them are shown in �gure 1.4) that can be positioned in
a number of di�erent con�gurations and can spread over distances of
up to 16 kilometers. This interferometer operates over a wide range
of millimeter and submillimeter frequencies of the electromagnetic
spectrum. It is one of the largest multinational science projects in the
world.

Fifty antennas from the total of 66 are 12-meter diameter anten-
nas. This 12-m array is used for high-resolution imaging. The next 12
closely-spaced 7-meter diameter antennas are called Atacama Com-
pact Array (ACA). Total Power Array is the remaining 4 antennas
that have a 12-meter diameter. ALMA currently operates at frequen-
cies of 84 to 950 GHz which corresponds to wavelengths of 3.6 mm
to 0.320mm. To cover so large range of frequencies, each antenna is
equipped with highly sensitive radio receivers. Each receiver is sensi-
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1. Radio Astronomy

tive to a smaller wavelength interval, called "band" as shown in table
1.1 (Cortes et al., 2022).

"The extensive capabilities of ALMA have inspired a very wide range of
scienti�c studies ranging from Solar System objects to star formation in the
Milky Way to interstellar gas and dust in galaxies at high redshifts. . .ALMA
observations have been stored in the ALMA Science Archive (ASA). The
ASA is publicly accessible and can be queried using many di�erent criteria."
(Rygl & Bendo, 2022)

Table 1.1: ALMA Receiver Bands (�ESO � The European Southern
Observatory� )

Band Frequency [GHz] Wavelength [mm]
1 35�50 6�8.6
2 67�116 2.6�4.5
3 84�116 2.6�3.6
4 125�163 1.8�2.4
5 163�211 1.4�1.8
6 211�275 1.1�1.4
7 275�373 0.8�1.1
8 385�500 0.6�0.8
9 602�720 0.4�0.5
10 787�950 0.3�0.4
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2 Ram pressure stripping

Galaxies that live in rich environments su�er from perturbations of
di�erent origins that signi�cantly alter their evolution. They can be
divided into two categories. First are gravitational perturbations with
for example other cluster members. Second is the hydrodynamic in-
teraction of galaxies, for example, moving at high velocity ( v ' 500�
1000 km/s ) through hot ( TICM ' 107 � 108 K) and dense ( r ICM '
10� 4 � 10� 2 cm� 3) intracluster medium (ICM) (Boselli et al., 2022).

Figure 2.1: Idealized examples of ram pressure stripping. The line of
sight is perpendicular to the paper. The arrow marks the ICM wind
direction (Waldron et al., 2023).

Gravitational perturbations a�ect all components of the galaxy like
stars, gas, dust, and dark matter. Hydrodynamic interactions a�ect
only interstellar medium because they don't have enough force to
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2. Ram pressure stripping

a�ect stars for example. That is the main di�erence between these two
types of mechanisms.

This interaction of ICM with the cold interstellar medium (ISM)
can cause the ISM to thermally evaporate or to simply be removed by
external pressure. This e�ect is called ram pressure stripping (RPS)
and besides the loss of interstellar medium, it causes a reduction of
star formation activity as a consequence. It is considered to be the
main perturbing mechanism in nearby rich galaxy clusters (Boselli
et al., 2022).

Four ideal scenarios of galaxies undergoing ram pressure stripping
with expected dust distribution are shown in �gure 2.1. Stripped
material may either fall back or form long cometary tails. Galaxies
with these tails are often referred to as jelly�sh galaxies.

Suppose we have a galaxy moving through an ICM at velocity v
relative to the medium. The remaining gas in this galaxy experiences
a drag force exerted by ions of the ICM. The force creates ram pressure
P on the gas and can be written as:

P = r ICM v2. (2.1)

When it overcomes attractive gravitational forces holding the gas
in the disk, the gas will be stripped. ICM density r ICM and galaxy
velocity v relative to the ICM are two main parameters that determine
the external pressure.

Molecular gas stripping has usually been traced through the de-
tection of the 12CO(1-0) (2.6 mm, 115 GHz) and 12CO(2-1) (1.3 mm,
230 GHz). CO observations reveal molecular gas presence (Boselli
et al., 2022).

CO(2-1) corresponds to ALMA band 6 as can be seen in table 1.1
and observation of this line is used in this thesis.
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3 Galaxies ESO 137-001 and ESO 137-002

This chapter introduces the Norma cluster and two of the galaxies lo-
cated in it. Namely ESO 137-001 and ESO 137-002 that are undergoing
ram pressure stripping at di�erent angles and also distances from the
cluster center.

3.1 Norma Cluster

Abell 3627 also called Norma cluster is a rich galaxy cluster that is
comparable in mass and number of galaxies with Coma or Perseus
clusters but is closer at z = 0.0163which is about 220� 106 ly. It is
located close to the center of the Great Attractor. Its center is assumed
to be at a position of galaxy ESO 137-006, which is shown in �gure 3.1
(Jáchym et al., 2014). Galaxies ESO 137-001 and ESO 137-002 are also
both highlighted in �gure 3.1. Table 3.1 o�ers a comparison of these
galaxies.

Figure 3.1: Central part of the A3627 cluster with ESO 137-001 and
ESO 137-002 (Jáchym et al., 2014).
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3. Galaxies ESO 137-001 and ESO 137-002

3.2 ESO 137-001

The galaxy is located at a projected distance of � 280 kpc from the
cluster center to the NW direction. Its main velocity component lies
in the plane of the sky which is suggested by its line of sight veloc-
ity which is � 224km/s in relation to the cluster and 4647 km/s in
total. ESO 137-001 is experiencing removal of its ISM by ram pressure
stripping thus being transformed from a blue, gas-rich to a red, gas-
poor galaxy. A photo of the galaxy from Hubble space telescope is in
�gure 3.2.

Figure 3.2: HST image of the ESO 137-001. �New Hubble image of
spiral galaxy ESO 137-001�

Chandra and XMM-Newton observations revealed a long, narrow
X-ray tail extending to about 80 kpc projected distance from the disk
pointing away from the cluster center and also a fainter secondary tail.
Those X-rays are presumably emitted as a result of the mixing of cold,
stripped ISM with the surrounding hot ICM (Sun et al., 2006).
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3. Galaxies ESO 137-001 and ESO 137-002

Approximately 40 kpc long H a tail is visible in optical observations
as well as more than 30 discrete H II regions with a large amount of
star formation, forming a wider tail (Jáchym et al., 2014).

ESO 137-001 has an inclination of� 66° so it is viewed closer to
edge-on than face-on. The estimated ICM wind angle is � 47°, which
makes stripping about the midway between edge-on and face-on,
a little closer to edge-on. RPS has now progressed from outside of
the galaxy into the central part where star formation is still ongoing
(Waldron et al., 2023).

3.3 ESO 137-002

The galaxy ESO 137-002 lies in a projected distance of� 110 kpc from
the cluster center. It has a radial velocity of � +820 km/s with respect
to that of the cluster and 5691 km/s in total. Photo of the galaxy from
Hubble space telescope is in �gure 3.3.

Figure 3.3: HST image of the ESO 137-002. �A busy patch of the Great
Attractor�

It is a large spiral undergoing edge-on ram pressure stripping with
little star formation in the tail which extends 40 kpc in X-rays. There is
also a double 20 kpc long tail visible in H a and no H II regions.
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3. Galaxies ESO 137-001 and ESO 137-002

It is roughly 5 times more massive than its neighbor RPS galaxy
ESO 137-001 but its stripping is almost exactly edge-on.

Its inclination angle is � 83° so we are looking at it nearly edge-on.
ESO 137-002 is close toCase ivin RPS diagram 2.1 (Laudari et al.,
2021).

Table 3.1: Comparison of the galaxies ESO 137-001 and ESO 137-002.
Data from (Waldron et al., 2023) and (Jáchym et al., 2014).

ESO 137-001 ESO 137-002
O�set [kpc] a 180 110
Heliocentric velocity b 4647 (-224) km/s 5691 (+820) km/s
M? (109M � )c 5�8 32�39
Mmol (109M � ) d � 1.1 � 5.5
Tail length [kpc] 80�87 (X-ray/H a) 40 (X-ray), > 20 (Ha)
Half light s-major axis 4.91 kpc 3.30 kpc
Inclination 66° 83°
Viewing geometry between edge-on edge-on

and face-on
RPS geometry between edge-on edge-on

and face-on

Note:
(a) The projected o�set of the galaxy from the X-ray center of A3627
(b) The velocity value in parentheses is the radial velocity relative to
that of Abell 3627.
(c) The total stellar mass estimated.
(d) The total amount of molecular gas detected.
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4 Data processing

4.1 The data

For this thesis, we had data from observations of galaxies ESO 137-001
and ESO 137-002 from ALMA in band 6. Both were projects of Pavel
Jáchym from the Astronomical Institute of the Czech Academy of
Sciences.

Observation of ESO137-001 took place in 2016 and was divided
into multiple execution blocks. The number of antennas ranged from
38 to 49 antennas for the 12-meter array and from 9 to 11 for the 7-
meter array. The total execution duration was almost 22 hours. The
minimum baseline was 8.9 m, and the maximum was 460.0 m. The syn-
thesized beam which determines the resolution is approximately 1.3�
1.1 arcsec. There were four spectral windows. The spectral window
centered at 227.955 GHz observed the CO(2-1) line. Other three spec-
tral windows observed the continuum at 229.746 GHz, 240.268 GHz,
and 241.942 GHz. For this dataset, we used an already prepared dat-
acube by the project called the Additional Representative Images for
Legacy (ARI-L). Details are described in (Massardi et al., 2021). The
data cube is a 3D structure containing information about RA, DEC,
and frequency channels. The structure of a data cube is shown in
image 4.1.

Figure 4.1: Structure of a data cube (Liuzzo, 2018).
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4. Data processing

ESO 137-002 was observed in April 2022 with the 12-meter array
and at the end of 2021 and beginning of 2022 with the 7-meter array.
Both observations were divided into multiple execution blocks. The
total execution duration was over 35 hours. The number of antennas
ranged from 47 to 48 antennas for the 12-meter array and from 8
to 9 for the 7-meter array. The minimum baseline was 8.9 m, and
the maximum was 500.2 m. The synthesized beam is approximately
0.9� 0.8 arcsec. There were four spectral windows. The only spectral
window with visible emission was centered at the CO(2-1) line at a
frequency 226.215 GHz. The second window was centered at CS(5-
4) line at frequency 240.341 GHz. The last two windows were set
to observe the continuum at 227.945 GHz and 242.074 GHz. For this
dataset, we performed the data processing ourselves.

The observation aimed at the CO(2-1) line (Carbon Monoxide)
which is a tracer of molecular gas as explained in chapter 2.

4.2 Software

For data processing, we used Common Astronomy Software Applica-
tions (CASA) which is a tool for ALMA data. The version of CASA
for ESO 137-002 was 6.2.1.7 (Pipeline Version 2021.2.0.128).

Cube Analysis and Rendering Tool for Astronomy (CARTA) ver-
sion 3.0.0 was used for data visualization: moment maps and position
velocity diagrams.

4.3 Processing

Before visualization, the radio data must be processed. The �rst step
is weblog inspection where we can �nd basic information about the
dataset like the used version of CASA, the band, observation length,
etc. More importantly, there is information about the quality of the
observations so we can potentially �ag erroneous data because of
equipment malfunction or bad weather. It also contains previews of
the images and information in which channels should we look for the
emission.

After the weblog inspection, we can produce calibrated data by run-
ning "scriptForPI.py" in the appropriate CASA pipeline environment.
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4. Data processing

Then we remove all calibration parts of the data by using "mstrans-
form" or "split" command in CASA. Because our data consisted of
more execution blocks this was a good time to merge them with "con-
cat" function and we could proceed to continuum subtraction. That
means removing the broadband emission that is in all spectral chan-
nels. The main trick with continuum subtraction is to �t only channels
that don't contain line emission.

We do all these steps for both 12 and 7-meter data, then we merge
the calibrated, continuum-subtracted data to get a set that we can
�nally image with "tclean".

4.4 Cleaning

As explained in (Cortes et al., 2022) and (Primer, 2022) clean is a com-
monly used approach for reconstructing images from radio interfer-
ometers like ALMA.

Data collected by an interferometer are called visibilities which
are the Fourier transform of the sky brightness distribution measured
for each pair of antennas. These visibilities are �lling the so-called uv
plane. Converting these visibilities into an image is not as simple as
doing an inverse Fourier transform because the measured visibilities
only sample a discrete portion of the uv plane.

There are di�erent ways to approach deconvolution (cleaning
algorithm) to compensate for incomplete uv sampling. One of the most
robust is the clean algorithm �rst published in 1974 by Jan Högbom
(Högbom, 1974). It uses an iterative approach to derive a model of
true sky brightness. It �rst makes a dirty image (a �rst representation
of a sky brightness distribution distorted by the incompletely sampled
uv plane) from which the algorithm identi�es the brightest position in
the map and adds a single point source (also called a clean component)
to the model at that location.

The next step is to convolve this component with our dirty beam
(a Fourier transform of the sampling pattern, called the point spread
function: psf) and subtract it from the image.

During data imaging, we have to grid the incompletely sampled
uv data. Meaning that any image we make is not perfectly accurate to
the data. To remove the component we should do Fourier transform
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4. Data processing

of our model, subtract it from our uv data, and generate the so-called
residual image. Then the process should be repeated until all signal
above the speci�ed threshold is removed. This threshold should be
chosen to avoid assigning components to noise. The result is a clean,
noise-free representation of sky emission, and in residual is only noise.

The problem is that these transformations between the uv plane
and the image plane to do the subtraction are extremely computa-
tionally expensive. But deconvolution in the image plane is relatively
computationally cheap at the expense of reduced accuracy.

So what is done is that after adding the �rst clean component to
the model we subtract its components convolved with a dirty beam
from the residual but in the image plane instead of performing the
transformation into the uv plane �rst. We then iterate on this new
residual and add more components to the model, working only in the
image plane. This is called a minor cycle. But it is not ideal from the
accuracy perspective. To compensate, after adding a certain amount
of components to the model we make the transformation back to the
uv plane and do a proper subtraction to get a more accurate residual.
We call this a major cycle. The whole process is then repeated.

When we are happy with the clean model, it's time to generate
a clean image. That is done by convolving a clean components model
with the clean beam (usually Gaussian �t to the central part of the
dirty beam). This convolution is then added to the remaining residual
map and we get a clean image.

The clean algorithm iteratively builds a model of the true sky
brightness distribution by assigning clean components to the brightest
emission, subtracting each component convolved by the psf from the
image, and repeating.

When creating the clean model it is important to generate only
components that correspond to real emission and not to artifacts or
noise. The clean mask restricts the area where clean components will
be �t.
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4. Data processing

4.5 Imaging the spectral line

Before running "tclean" we need to calculate the image size, cell size,
and center of the mosaic. This is most easily achieved using Analysis
Utilities that can be imported to CASA.

The �rst step in line imaging which is done using the "tclean"
command in CASA is creating the so-called "dirty image". This is
done by setting the number of "tclean" iterations to 0, which results in
running the task without any cleaning. We can use this image either
for comparison with the �nal image or to get better information about
the line emission location. Another usage is to determine Root Mean
Square (RMS) noise. With this, we can set the noise threshold for
cleaning (usually around 3 � RMS). We should measure RMS noise in
line-free channels of the cube near its center.

A relatively new functionality added in CASA 5.1 is an algorithm
for automatic region masking during cleaning that is called "auto-
multithresh". This is a great tool especially when combined with man-
ual/interactive mode to create the best mask possible. This way we
can extract most of the signal and avoid false positives detected by
the automatic algorithm. This is what we did in this thesis. We used
recommended parameters for "auto-multithresh", then performed
manual checks and tuned the mask.

For �nal cleaning, we used this improved mask and tried several
values of the "threshold" parameter, which is the stopping criterion
for cleaning, where everything below this value is considered noise.
Best results were obtained with the threshold equal to 2 � RMS noise
for ESO 137-002 as the residuum image was almost empty. This means
the emission was successfully cleaned as can be seen in moment 8 of
the residuum in �gure 4.2d where the emission in the disk and tail
has the same values as surrounding noise.
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4. Data processing

(a) Moment 0 of psf. (b) Moment 8 of mask.

(c) Moment 8 of model. (d) Moment 8 of residuum.

Figure 4.2: ESO 137-002 clean output images.

One of the products of "tclean" is a cleaned data cube where the
third dimension are channels (which can also be speci�ed in units of
velocity or frequency). Other outputs are for example residuum cube,
the psf (�gure 4.2a), the mask (moment 8 is in image 4.2b) and model
(moment 8 is in �gure 4.2c).
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4. Data processing

4.6 Visualization

4.6.1 Moment maps

A challenging task when working with radio observations and data
cubes is visualization. One technique is to view information combined
over multiple channels. For that, we can use so-called moment maps.
The term "moment" does not have the same meaning as in mechanics
but is used rather �guratively. It means to collapse the data cube along
one axis to one pixel. For a cube consisting of RA, DEC, and velocity
axes, we can collapse the velocity axes and compute for example total
intensity at each coordinate pixel.

Moment maps can be generated and viewed in CARTA and CASA
as well.

In moment de�nitions Ii is the value of ith pixel and vi is its coor-
dinate. There are a total of n pixels in the spectrum.

Moment 0 is the integrated value of the spectrum (total intensity):

M0 = Dv å Ii , (4.1)

where Dv is the width of a pixel along the moment axis. From M0
we can see where the emission is concentrated.

Moment 8 is the maximum value of the spectrum.
Moments 1 and 2 contain information about the velocity of the

spectral line. Moment 1 is the intensity-weighted coordinate. It is
traditionally used to get �velocity �elds�:

M1 = å Iivi

M0
. (4.2)

Moment 2 is the intensity-weighted dispersion of the coordinate
and it is traditionally used to get �velocity dispersion �elds�:

M2 =

s
å Ii (vi � M1)2

M0
, (4.3)

as de�ned in (NRAO, 2016).
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4. Data processing

(a) Channel maps. (b) Mean velocity
�elds.

Figure 4.3: Illustration of channel collapsing and creation of a moment
map (Goddi, 2018).

4.6.2 Position velocity diagram

With position velocity diagram (PVD) we can study velocity structure
along a direction. In other words, they show the velocity of the line
emission as a function of radius along a speci�ed line. Colors depict
the intensity of the emission.
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5 Data analysis

5.1 ESO 137-002

In �gure 5.1a is moment 8 of ESO 137-002. It gives us a good overview
of the emission. The whole mosaic is cut to show only the detected
signal. A very faint but real part of the emission is in the bottom left
corner of the image around coordinates RA = 16:13:40.41, DEC =
-60:53:04.9. The same part of the very end of the tail can be seen on
5.2a.

(a) Whole emission. (b) Disk with main part of the tail.

Figure 5.1: ESO 137-002 Moment 8
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