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Abstrakt

Tato prace se zabyva zpracovan m a zobrazen m radio-interferometrickych dat
z dalekohledu Atacama Large Millimeter/submillimeter Array (ALMA). Pozorovali
Jjsme dve galaxie, znacene D100 a GMP2374 (NGC4911), nachazej ¢ se v galak-
ticke kupe v souhvezd Vlasy Bereniky. U obou bylo jiz dr ve pozorovano, ve
viditelnem oboru a ve spektraln care H , ze jejich hmota byla narusena dy-
namickym pusoben m husteho prostred kupy. ALMA pozorovala na spektraln

care CO rotacn ho prechodu J 2 {> 1, ktera se pouz va jako nepr my indikator
molekularn vod ku. Nase pozorovan naslo shodu v distribuci molekularn ho
plynu s predchoz m pozorovan m; galaxie D100 se nachaz v pokrocilem stadiu
strhavan hmoty, zat mco u galaxie GMP2374 je tento efekt mnohem mene vyrazny.
Porovnali jsme dusledky interakce s okoln latkou u pozorovanych galaxi a uvedli
mozne pr ciny odlisnost . Na zaver jsme z meren odhadli hmotnost molekularn

komponenty galaxi a spocetli odhady soucasneho dynamickeho tlaku okoln ho
prostred a jeho maximaln hodnotu, kterou kdy galaxie v minulosti zakusily.

Abstract

This work focuses on the processing and imaging of radio-interferometric data
from the Atacama Large Millimeter/submillimeter Array (ALMA). We observed
two galaxies, the D100 and the GMP2374 (NGC4911), both located in the Coma
cluster. Both were previously observed, in the visible light and the H spectral line,
to have their matter perturbed by the rich environment of the cluster. We observed
them at the CO(2-1) rotational spectral line, which is used as an indirect tracer
of molecular hydrogen. Our observations found the distribution of the molecular
component agrees with the previous observations; the D100 is in an advanced
stage of the stripping, while in the GMP2374 the e ect is far less pronounced.
We compared the impact of the ram pressure stripping process between the two
galaxies and presented probable reasons causing the di erence. Lastly, estimates of
the molecular mass were calculated from our measurements, as well as estimates
of the pressure the galaxies are enduring now, and of the maximum pressure they
have experienced in the past.
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Introduction

In this work we process interferometric data from the Atacama Large Millime-
ter/submillimeter Array, the state-of-the-art instrument in modern radio astronomy.
Our goal was to map the distribution of the molecular gas component in two galaxies
in the Coma cluster. The stellar disk, dust extinction, and warm ionized component
of the galaxies D100 and GMP2374 (NGC4911) were previously observed in the
visible light, by the Hubble Space Telescope and the Subaru telescope, to be a ected
by the interaction with the surrounding intra-cluster matter. We aim to bring
insight on how the molecular gas component is impacted by the ram pressure
stripping, which reduces the formation of new stars in the galaxy and plays a major
role in the galaxy evolution in the rich environment of galaxy clusters. We also
try to estimate which stage of the RPS process the galaxies nd themselves in,
supported by calculations made from the physical properties of the galaxies and
the surrounding matter.

First we look at the basics of radio astronomy and how radio interferometry
allows us to delve into the depths of the distant space. The second section describes
what are galaxies and what kind of matter they contain. We continue with the
classi cation of galaxies and their basic morphology. After that we describe the
structure of galaxy clusters and how galaxies respond to the rich environment,
focusing on the process of ram pressure stripping. The third section introduces
the targets of our observations, the galaxies D100 and GMP2374 located in the
Coma cluster, and the method used for observing the molecular gas. The fourth
section describes the structure and parameters of the dataset, calibration methods,
the calibration pipeline and the process of cleaning the interferometric data to
produce an image. This section ends with the products of further processing of the
cleaned image, moment maps and position-velocity diagrams. In the last section we
summarize the results and compare them to estimates calculated from the physical
properties of the galaxies and the cluster.



Section 1:

Radio Astronomy

Written with the information from Marr, Snell, and Kurtz (2015), Cortes et al. (2023).

In comparison to optical astronomy and astrometry, radio astronomy is a much
younger discipline. While some experiments detecting extra-terrestrial radio signal
had been attempted as early as 1880s, the rst successful one is widely accepted to
be by Karl Jansky in 1932.

1.1 Electromagnetic Radiation

By developing his electromagnetic equations in the 19th century, J. C. Maxwell
managed to describe light as a wave in the electromagnetic eld. Furthermore, his
theory indicated that visible light occupies only a fraction of the electromagnetic
spectrum, as foretold by the discovery of infrared radiation at the dawn of the
century.

Electromagnetic waves come in a continuous spectrum of wavelengths. Based
on their wavelength, they exhibit di erent properties. While not showing any
exact boundaries, the spectrum has been split into several parts. However, they all
propagate through vacuum at the speed of light =3 10°m<s !, regardless of
their wavelength. EM waves can also be described by their frequency. For a simple
wave with a single frequency, the wavelength, frequency and speedc are tied
through the formula = c.

Figure 1: Classi cation of the EM spectrum based on the wavelength. Also shown
is the corresponding frequency and energy. From Marr, Snell, and Kurtz (2015).
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1.2 Radio Waves

At the long-wavelengh part of the spectrum lie the microwaves and the radio waves.
Gases and particles in Earth's atmosphere interact with EM waves coming from
space. While helpful at keeping us alive by blocking dangerous radiation, this limits
our ability to study the outside universe. Thankfully, besides visible light it allows
certain wavelengths of microwaves and radiowaves to pass through. This is known
as the "radio window", spanning from 30 meters (10 MHz) to 1 mm (300 GHz).

Longer waves get absorbed or re ected by free electrons in the ionosphere, while
shorter waves are absorbed by # and O, molecules. Unfortunately, this makes
ground-based observations of such molecules di cult. Either we have to observe
at high altitudes and dry places such as mountain tops or completely avoid the
atmosphere by using space-based radio telescopes.

Radio waves possess the ability to interfere. When two waves meet they interact.
When their amplitudes align, they are in phase, they add up and create a stronger
wave. We call this constructive interference. When they do not align, they are
out of phase, they subtract and create a weaker wave. We call that destructive
interference.

Multiple waves of di erent orientation and frequencies can interact in such a
manner. Coherence expresses the similarity of these properties. Waves coming from
the same direction are spatially coherent. When coming from di erent directions
the wave fronts are not parallel and the resulting wave changes with position.
Waves of various frequencies shift phase with each other in time and thus the
interference changes with time, reducing temporal coherence.

Figure 2: lllustration of the interference of waves with the same wavelength, left:
constructive interference, right: destructive interference
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1.3 Radio Telescopes

Similar to light, radio waves are re ected o surfaces. A re ector, commonly called

a dish, is used to focus incoming waves into the antenna that transforms them into
electrical signal. The bigger the area of the dish, the more radiation it collects
and enables us to detect fainter objects. The re ector also provides directivity, the
ability to di erentiate between emission from two close sources. Directivity of a

radio telescope is described by the beam pattern.

The beam pattern describes the sensitivity of a telescope as a function of the
angle from the axis of the re ector. Imagine a distant point source located at the
axis and consider only signal re ected on two points on the re ector the same
distance from the axis. Since the wave is perpendicular to the re ector plane, the
path lengths of the signal coming from the two points are equal. This means the
waves are in phase and we get constructive interference.

If we move the point source away from the axis of the dish, the path lengths
from the two symmetric points start to di er. The waves get out of phase and
the resulting wave gets weaker. The sensitivity falls until the waves are exactly
out of phase and we get no signal. Increasing the angle further shifts the phase
and increases the sensitivity again. Though, when we take into account the whole
surface of the dish, the secondary peaks are much weaker than the main on-axis
peak. These secondary peaks are commonly called sidelobes and are inconvenient
as they distort the measurements.

The central peak of the beam pattern is called the main beam. Its width de nes
the angular resolution of the telescope. The width is determined as the width
between the two points where the value equals half the maximum, thus the name
full width at half maximum { FWHM. When two sources are spaced closely than
the FWHM of the telescope, they are detected as one. It can be calculated from
the wavelength and diameter of the dishD, giving us the angular resolution of
the telescope

=1 :025: (1)

If we wanted to observe at 1mm wavelength and achieve an angular resolution of
1% according to this formula we would need a dish with a diameter of 210 meters.
Constructing such a telescope would be complicated. Luckily, it is not required for
the telescope to have a single dish. The solution to this problem is presented in
the next subsection.

Because the response to the signal is not uniform across the main beam we
have to correct the resulting image. The process compensating for the decreasing
antenna power response is called the primary beam correction. It allows us to
get accurate measurements of intensities and ux densities at the edges of the
image. For extended emission the telescope can not contain the whole object in
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one pointing of the antenna. For such emission we have to make a mosaic with a
series of pointings. In a mosaic neighbouring pointings typically overlap and make
a complex beam pattern. In this case primary beam correction is crucial for taking
accurate measurements.

Figure 3: lllustration of the beam pattern, marked FWHM of 1 arcsec

1.4 Aperture synthesis

Aperture synthesis is the process of combining measurements from multiple antennas.
Just as waves interfere with each other, signals from two antennas can be combined
and produce a better picture of the observed object. Such a pair of antennas is
then called an interferometer. We use the term baseline to describe the distance
between the two antennas.

By laying out a number of antennas and using each pair as an interferometer we
can simulate a large telescope. It provides the resolution of a single dish telescope
with the diameter roughly equal to the largest baseline in the array. However, the
total collected signal is proportional to the total collecting area and since the sum
of the areas of the individual antennas is smaller than that of a singular dish with
the corresponding diameter, the total sensitivity is also much weaker.

An important e ect of using interferometry is that the sensitivity to extended
sources decreases with increasing baseline. Choosing the baseline is thus a trade-o
between angular resolution and the ability to detect di use emission. Because of
this, arrays have con gurable antenna positioning to allow di erent baselines. For
point sources the antennas are spaced out to o er the best resolution. On the other
hand, measuring extended sources requires the antennas close together.

Because a source is not always positioned in the axis of the interferometer,
referred to as the phase center, there exists a phase di erence between each pair of
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antennas. Due to Earth's rotation the phase di erence also changes over time. This
e ect is predictable and easily corrected. The rotation of the Earth is also helpful
during observations as it changes the e ective baseline of the interferometer, which
improves the sampling in the complex visibility plane, explained in Section 4.2.

1.5 The Atacama Large Millimeter/submillimeter Array

An example of such a telescope is the Atacama Large Millimeter/submillimeter
Array (ALMA). It is located on the Chajnantor plain in Chile. An elevation of
5000 m ensures a stable dry atmosphere, that is essential for observing at short
radio wavelengths. It covers a range of wavelengths from3@ mm to 85 mm.

To provide a versatile observing tool the array has two sets of antennas. The
12-m Array has fty 12m diameter antennas. They can be positioned in various
con gurations with baselines stretching up to 16 km. This array is used for precise,
high-resolution measurements. The other set, the Atacama Compact Array (ACA),
is composed of four 12m antennas and twelve 7m antennas. These antennas are
closely spaced and are used for the imaging of extended sources.

Figure 4: Picture of the antennas of the Atacama Large Millimeter/submillimeter
Array. Credit: ESO/C. Malin (christophmalin.com)



Section 2:

Galaxies

Written with the information from Hubble (1937), Cortese, Catinella, and Smith (2021),
Boselli, Fossati, and Sun (2022).

Galaxies are the oases of the vast space, hosting millions of stars. They store an
enormous amount of gas and dust, called the interstellar medium (ISM), from
which new stars arise and bring light to the dark sky. One of the main components
of the ISM is molecular hydrogen H, concentrated in cold dense molecular clouds.
Neutral Hi and ionized Hi are found in thinner nebulae. The overall density of
matter is highest in the center and falls with the distance.

The rst classi cation of galaxies was presented by Edwin Hubble in 1926 and
is commonly used to this day, illustrated in Figure 5. It emerges from the visual
shape of the galaxy, referred to as visual morphology. First, he split them into
groups based on their symmetry with respect to the galaxy center, as regular or
irregular galaxies. Regular galaxies are further divided into ellipticals, lenticulars
and spirals.

Elliptical galaxies look round and featureless. They are marked with the letter E
and a number referring to their eccentricity from 0 (spherical) to 9 (most eccentric).
Spirals have distinct disk-like structure. Most of their matter is concentrated in
the galactic disk. There we observe galactic arms, areas of higher ISM density. The
increased matter density causes the formation of new stars. The galaxy center is
surrounded by the galactic bulge, a dense cloud of matter. Some spirals have a bar
in the center connecting the galactic arms, leading to their name barred spirals.
We mark them with the letter S, with B added in the case of barred spirals, and a
range of letters from a to ¢ representing the shape of the arms. Lenticular galaxies
are a middle-link between ellipticals and spirals, marked as SO. Their matter is
shaped into a disk, but does not form any arms.

The SO-type galaxies are highly relevant for this work since ram pressure
stripping of the ISM from cluster galaxies, followed by the quenching of star
formation is believed to be one of the main agents for galaxy evolution from the
blue star-forming types to the red quiescent types, through the so-called green
valley (see Figure 6).



Figure 5: Classi cation of galaxies, known as the Hubble sequence. The term
elliptical nebulae comes from the historical fact that at the time of its creation,
galaxies were thought to be nebulae. Taken from Hubble (1937).

Figure 6: The galaxy color-mass diagram. Blue, star-forming galaxies are in
the bottom blue cloud, red, quiescent galaxies are at top red sequence, with the
transition zone of the green valley region in between. From Schawinski et al. (2014).
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2.1 Galaxy clusters

Approximately 10 % of galaxies are located in galaxy clusters. A cluster contains
hundreds to thousands of galaxies. The space between galaxies is lled with hot,
X-ray emitting gas, known as the intracluster medium (ICM). It accounts for a
signi cant fraction of the visible mass, often exceeding the galactic mass. But
most of the mass comes from dark matter, that holds the cluster together by its
gravitational pull. Clusters are found at the clumps of the web-like structure of
dark matter.

The morphological composition of galaxies in clusters di ers from galaxies in the
free eld. They tend to be dominated by elliptical (E) and lenticular (S0) galaxies.
Galaxies in clusters often exhibit Hand H, gas de ciency, that is tied to a decline
in the formation of stars in the galaxy. They also show signs of asymmetry of
their gas content, sometimes evidently visible in the form of a so called tail. These
irregularities are explained by several mechanisms contributed to the in uence of
the surrounding matter.

The rst are gravitational mechanisms. They are tied by their origin in the
gravitational force. The tremendous mass of the cluster disturbs the gravitational
potential of the galaxy and allows the gas to escape into the surrounding space.
We talk of galaxy-cluster interaction. However, if two galaxies come close enough,
they can also cause a mutual gravitational disturbance. In this case we talk of
galaxy-galaxy interaction. A galaxy can experience multiple g-g interactions during
its lifetime, a phenomenon referred to as galaxy harassment.

Second we recognize hydro-dynamical mechanisms. They originate from direct
contact between the ICM and the ISM and are tied to the motion of the galaxy
through the cluster. In a process called ram pressure stripping, the ICM in the way
of the galaxy exerts pressure on the galaxy that strips it of its gas. Gas can also
get removed by viscous momentum transfer at the outer layers, then we talk of
viscous stripping. Thermal evaporation occurs due to the temperature di erence
of the gas regions. The cold ISM warms up at the interface with the hot ICM,
evaporates and expands out of the galaxy.

These mechanisms rarely act alone. A galaxy experiences di erent combinations
of them during its orbit in the cluster. This makes measuring their ratio and
studying their e ects somewhat complicated. However, while the gravitational
mechanisms a ect all forms of matter, the direct-contact mechanisms a ect only
the di use gas component. Another di erence is that the e ects of gravitational
in uence are oriented in the direction of the cluster center, in the case of g-c
interactions, or the foreign galaxy in g-g interactions. On the other side, hydro-
dynamical e ects are directed opposite to the galaxy movement.
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2.2 Ram Pressure Stripping (RPS)

A galaxy orbiting through the cluster pushes against the hot dense gas in front.
This applies a drag force on the diuse ISM of the galaxy. According to Gunn
and Gott (1972), when the drag force overcomes the restoring force caused by the
gravitational in uence of the galaxy

@ r;z)

ICM V§a| @ 7 gas; (2)

max

the di use gas is shoved out of the galaxy. icu is the density of the ICM, vgq
the velocity of the galaxy relative to the cluster, (r;z) the total gravitational
potential of the galaxy as a function of the galactocentric cylindrical coordinates
and g, the surface density of the gas component.The inequality 2 can be also
expressed using observable quantities:

ICM V§a| 2G star gas; (3)

where G is the gravitational constant and 5, the surface density of the stellar
component.

Thinner gas such as Hand Hi is more susceptible to stripping than H gas,
which is denser and commonly hidden in molecular clouds. The process acts
outside-in meaning it starts at the outer layers of the disk and makes its way to the
galaxy center. The stripping slows down upon reaching the galactic bulge because
the denser gas is better bound by gravity and the greater amount of gas naturally
takes longer to get stripped. Some of the stripped gas can fall back into the galaxy,
some of it continues its journey leaving the galaxy for good and forming a tail
behind it.

The e ect of RPS depends on multiple parameters. The pressure created
depends on the density of the ICM and the velocity of the galaxy relative to the
cluster. The bigger the density or velocity the bigger the force. More massive
clusters have denser ICM. The density in a cluster is not uniform, the ICM gets
denser closer to the cluster center. We specify the distribution of the ICM using a

-pro le in section 5.3. Also, the velocity increases the closer the galaxy orbits the
center. This means the force produced is strongly dependent on the trajectory of
the galaxy.

Di erent galaxies react di erently to the same pressure. More massive galaxies
have stronger gravitational hold onto the di use gas and do not let it escape.
Moreover, a galaxy can be oriented in many ways in respect to its movement.
When the velocity vector points near the galactic equator we speak of edge-on
stripping. On opposite side, face-on stripping happens when the velocity vector
points near the galactic pole.
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The disturbance in icted onto the hydrogen component can induce a collapse
of the molecular clouds in the disk leading to an increase in star formation, known
as starburst. The stripped gas in the tail can also bunch up and create molecular
clouds capable of star formation. The star forming tail is then visible in the optical
band and bears resemblance to the tentacles of a jelly sh, the disk playing the role
of the jelly sh head. Such galaxies got nicknamed jelly sh galaxies.

Figure 7: An optical image of the jelly sh galaxy JO204 in the constellation Sextans.
Credit: ESA/Hubble & NASA, M. Gullieuszik and the GASP team
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Section 3:

Observations

Written with the information from Yagi et al. (2010), Jachym et al. (2017), Cortese,
Catinella, and Smith (2021).

We aimed to observe the molecular component and study the e ects of the RPS
process in two galaxies in the Coma cluster, the galaxies D100 and GMP2374. The
Coma cluster is a rich galaxy cluster with the total mass of 1{2 10*M , more
than 2000 galaxies, a high galaxy velocity dispersion of about 1100 s™, which
means the hydrodynamical in uence of the intra-cluster medium is expected to
have a strong impact. At nearly 10Mpc, it is also the nearest rich galaxy cluster,
providing good conditions for high-resolution observations. Previous observations,
shown in Figure 9, uncovered signs of an RPS event taking place in both of the
galaxies.

3.1 D100

This galaxy shows a clearly visible sign of an ongoing RPS event, with a strongly
asymmetric dust component being stripped from the center, forming a brownish veil
of extinction that covers a fraction of the galactic disk visible in Figure 9. Observing
in the optical H Iter allows us to map the warm ionized gas component. It
revealed a long tail of stripped material and a galactic disk devoid of any emission,
except of the nuclear disk region. It is worth noting that the tail is much narrower
than the optical disk of the galaxy. This indicates the galaxy is in an advanced stage
of the RPS process, where the galactic disk has been nearly completely stripped
of the gas component, leaving mostly only the stellar component. The tail also
shows only very little aring, suggesting that the stripping radius has not changed
much over a longer period of time. This supports the idea that the shrinkage of
the stripping radius slows down at disk radii close to the galactic bulge.

With the strongly gas-truncated disk, the galaxy D100 is likely at the late stage
of its transformation towards passive SO-type. Previous observations using the
IRAM 30m millimeter single-dish telescope have revealed the RPS tail of D100
contains large amounts of molecular gas.

3.2 GMP2374 (NGC4911)

Looking at the images in Figure 9, we nd the e ects of an RPS event are much
less obvious than in D100. The stellar disk is rather symmetric (besides the giant
hole at the left side of the disk), with a lot of young star formation, and dust
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extinction features (brown colour) that mostly follow the stellar disk. The H
image reveals some stripping of warm ionized gas component, though not as drastic
as in D100. The galactic disk still holds most of the gas component, but we also see
some emission leaving the disk in the south-east direction. The GMP2374 galaxy
is likely at a much earlier stage of RPS compared to D100.

3.3 Tracing H » gas with the CO(2-1) line

Our goal is to trace the molecular hydrogen component in the two galaxies and
study the e ects of RPS. Unfortunately, direct observations of molecular gas are
dicult. The H , being a symmetric low-mass molecule with no dipole moment, it
has trouble emitting radiation at the low temperature in molecular clouds typically
below 50K. Observations of Carbon Monoxide (CO) rotational lines are usually
used as an indirect indicator of the occurrence of the,;Hyas. Carbon Monoxide is
the next most abundant molecule after H.

In our observations we observed the CO(2-1) line, emitted due to the J = 2>{1
rotational transition at 230:5GHz (1:3mm). We have to account for the Doppler
shift caused by the radial velocity of the objects relative to the Earth and match
the spectral setup of our observations to the shifted line. For D100 with a radial
velocity of 5306km s~ ! the line is shifted to about 226GHz, the GMP2374 has a
radial velocity 8004kmsS?! and the line lies at about 224 GHz.

Table 1: Basic parameters of the galaxies D100 and GMP2374

D100 GMP2374
RA (J2000) 13'00"09.14 | 13'00"56.06
Dec (J2000) +27°51%59:34%0( +27°4727:15%
Redshift 0.0177 0.0267
Radial velocity [km s 1] 5306 8004
Stellar mass [10°M ] 21 1500
Projected distance from 233 532
Coma center [kpc]
Optical diameter [kpc] 3.3 19.6
Inclination 45 34.7°

IMEDIAN stellar mass in the MPA-JHU SDSS catalog (Yagi et al. 2010)
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