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Abstrakt

Tato prace se zabyva zpracovanim a zobrazenim radio-interferometrickych dat
z dalekohledu Atacama Large Millimeter /submillimeter Array (ALMA). Pozorovali
jsme dveé galaxie, znacené D100 a GMP2374 (NGC4911), nachézejici se v galak-
tické kupé v souhvézdi Vlasy Bereniky. U obou bylo jiz diive pozorovano, ve
viditelném oboru a ve spektralni ¢are Ha, Ze jejich hmota byla narusena dy-
namickym pusobenim hustého prostiedi kupy. ALMA pozorovala na spektralni
care CO rotaéniho prechodu J 2 —> 1, kterd se pouziva jako neptimy indikator
molekularni vodiku. Nage pozorovani naglo shodu v distribuci molekularniho
plynu s predchozim pozorovanim; galaxie D100 se nachézi v pokroc¢ilém stadiu
strhavani hmoty, zatimco u galaxie GMP2374 je tento efekt mnohem méné vyrazny.
Porovnali jsme dusledky interakce s okolni latkou u pozorovanych galaxii a uvedli
mozné priciny odlisnosti. Na zavér jsme z méreni odhadli hmotnost molekularni
komponenty galaxii a spocetli odhady soucasného dynamického tlaku okolniho
prostiedi a jeho maximalni 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 Ha 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 effect is far less pronounced.
We compared the impact of the ram pressure stripping process between the two
galaxies and presented probable reasons causing the difference. 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 affected
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 find 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
classification 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 first 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 field. 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 different 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 x 103 ms !, regardless of
their wavelength. EM waves can also be described by their frequency. For a simple
wave with a single frequency, the wavelength A, frequency v and speed c are tied
through the formula A\v = c.

Wavelength (m)
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Figure 1: Classification 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 reflected by free electrons in the ionosphere, while
shorter waves are absorbed by HoO and O, molecules. Unfortunately, this makes
ground-based observations of such molecules difficult. 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 different 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 different 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.

/ANEYVA VAN /ANEYA YA YA
NV VY N4 N\
/AN [\

NV VA NV VNV

D

/A NEYVA VAN

AWANA
VAAVARVARV/

Figure 2: Illustration 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 reflected off surfaces. A reflector, 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 reflector also provides directivity, the
ability to differentiate 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 reflector. Imagine a distant point source located at the
axis and consider only signal reflected on two points on the reflector the same
distance from the axis. Since the wave is perpendicular to the reflector 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 differ. 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 defines
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 A and diameter of the dish D, giving us the angular resolution of

the telescope
A

60 =1.02 ok (1)
If we wanted to observe at 1mm wavelength and achieve an angular resolution of
1”7, 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 flux 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.

1.00 A

0.75 A

0.50

SENSITIVITY

0.25 A

0-00 T T T T T T
-3 -2 -1 0 1 2 3
ANGLE FROM AXIS [arcsec]

Figure 3: Illustration 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 effect of using interferometry is that the sensitivity to extended
sources decreases with increasing baseline. Choosing the baseline is thus a trade-off
between angular resolution and the ability to detect diffuse emission. Because of
this, arrays have configurable antenna positioning to allow different baselines. For
point sources the antennas are spaced out to offer 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 difference between each pair of
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antennas. Due to Earth’s rotation the phase difference also changes over time. This
effect is predictable and easily corrected. The rotation of the Earth is also helpful
during observations as it changes the effective 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 from 0.32 mm to 8.5 mm.

To provide a versatile observing tool the array has two sets of antennas. The
12-m Array has fifty 12m diameter antennas. They can be positioned in various
configurations 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 Hs, concentrated in cold dense molecular clouds.
Neutral Hr and ionized Hir are found in thinner nebulae. The overall density of
matter is highest in the center and falls with the distance.

The first classification 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 c¢ 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).



ELLIPTICAL NEBULAE

Eo E3 E7

Figure 5: Classification 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).
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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 filled with hot,
X-ray emitting gas, known as the intracluster medium (ICM). It accounts for a
significant 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 differs from galaxies in the
free field. They tend to be dominated by elliptical (E) and lenticular (S0) galaxies.
Galaxies in clusters often exhibit Hi and Hy gas deficiency, 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 influence of
the surrounding matter.

The first 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 difference
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 different combinations
of them during its orbit in the cluster. This makes measuring their ratio and
studying their effects somewhat complicated. However, while the gravitational
mechanisms affect all forms of matter, the direct-contact mechanisms affect only
the diffuse gas component. Another difference is that the effects of gravitational
influence 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 effects 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 diffuse ISM of the galaxy. According to Gunn
and Gott (1972), when the drag force overcomes the restoring force caused by the
gravitational influence of the galaxy

pPIcMm Ugal > % . Ygas, (2)
the diffuse gas is shoved out of the galaxy. picm is the density of the ICM, vga
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 X,,s the surface density of the gas component.The inequality 2 can be also
expressed using observable quantities:

PICM Ugal 2 2rG Es‘car Zgasa (3)

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

Thinner gas such as Hr and Hi is more susceptible to stripping than Hy 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 effect 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
B-profile 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.

Different galaxies react differently to the same pressure. More massive galaxies
have stronger gravitational hold onto the diffuse 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 inflicted 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 jellyfish, the disk playing the role
of the jellyfish head. Such galaxies got nicknamed jellyfish galaxies.

Figure 7: An optical image of the jellyfish 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 effects 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 x 104 M, more
than 2000 galaxies, a high galaxy velocity dispersion of about 1100 kms ™!, which
means the hydrodynamical influence of the intra-cluster medium is expected to
have a strong impact. At nearly 100 Mpc, 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 Ha filter 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 flaring, 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 find the effects 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 Ha
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 effects of RPS. Unfortunately, direct observations of molecular gas are
difficult. The Hy being a symmetric low-mass molecule with no dipole moment, it
has trouble emitting radiation at the low temperature in molecular clouds typically
below 50 K. Observations of Carbon Monoxide (CO) rotational lines are usually
used as an indirect indicator of the occurrence of the Hy gas. 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 230.5 GHz (1.3 mm). 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 5306 kms ! the line is shifted to about 226 GHz, the GMP2374 has a
radial velocity 8004km s ! and the line lies at about 224 GHz.

Table 1: Basic parameters of the galaxies D100 and GMP2374

D100 GMP2374
RA (J2000) 13%00m09.14% | 13"00™56.06°
Dec (J2000) +27°51'59.34" | 4-27°47'27.15"
Redshift 0.0177 0.0267
Radial velocity [kms ] 5306 8004
Stellar mass' [10% M) 21 1500
Projected distance from 933 539
Coma center [kpc]
Optical diameter [kpc] 3.3 19.6
Inclination 45° 34.7°

'MEDIAN stellar mass in the MPA-JHU SDSS catalog (Yagi et al. 2010)
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* GMP2374

Figure 8: Location of the two galaxies in the central parts of the Coma galaxy
cluster displayed in X-ray and optical light, as seen by XMM-Newton and the
Sloan Digital Sky Survey (SDSS). Credit ESA/XMM-Newton/SDSS/Sanders et al.
(2020).

Figure 9: Images of the observed galaxies taken by the Hubble Space Telescope
(HST), top left: D100 on the right side of the image, top right: GMP2374 at the
top of the image, bottom: Ha observations from the Subaru telescope (Yagi et al.
2010) overlaid over the Hubble images showing the distribution of warm ionized gas
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Section 4:

Data Processing

Written with the information from Hogbom (1974), Cortes et al. (2023), CASA Team
and Associated Universities (2021).

We used ALMA telescope data from the project ALMA JELLY - Survey of Nearby
Jellyfish and Ram Pressure Stripped Galazies (PT' Jachym), which are accessible
in the ALMA Science Archive at almascience.eso.org/aq under the project 1D
2021.1.01616.L. The observations were set up in the following way: two spectral
windows aiming at capturing line emission, one for the CO(2-1) line, the other for
the CS(5-4) line, in the Frequency Division Mode (FDM) with a high frequency
resolution and two spectral windows for measuring the continuum in the Time
Division Mode (TDM). Table 2 summarizes the parameters of the spectral windows.
In this work we focus only on the CO(2-1) observations. Both the main array of
12m antennas distributed in a compact configuration with minimum and maximum
baselines of 15 m and 500 m, respectively, and the ACA 7m compact array were
used for the observations.

The wide band width of 2 GHz allowed us to securely cover the radial velocity
of all components of the galaxy — the stripped gas is slowed down relative to the
galaxy cluster by the ICM and its emission is shifted in frequency accordingly.

Notable is the difference in the number of channels and their velocity width
between line and continuum measurements. The line spectral windows (in the
FDM mode) contain more channels to provide a better resolution in frequency and
velocity. Channel velocity width of 1.292 kms ! means we could differentiate two
parts of the galaxy, whose velocities differ only by that amount.

4.1 Calibration pipeline

The interferometric method needs very precise measurement and every little varia-
tion in the observing conditions can significantly affect the result. Some conditions
change in the timeframe of a single measurement block and the resulting data
needs to be calibrated to produce a correct image.

This process can be simplified as the changes are not tied to each baseline, but to
individual antennas. Storing information about each antenna and not each baseline
significantly reduces the amount of data needed for calibration. Phase calibration
can be further simplified by choosing one of the antenna to be a reference antenna,
whose phase is defined to be always zero in all spectral channels.

'PI = Principal Investigator
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Table 2: Parameters of the spectral windows used in our observations.
D100

Bandwidth | # of channels | Channel
12m Tm 12m Tm vel. width
CO(2-1) 226.512 GHz 1.875 | 2GHz | 1920 | 2048 1.292kms !

Transition | Center frequency

cont. 228.253 GHz 2 2GHz | 128 128 | 20.522kms !

CS(5-4) 240.648 GHz 1.875 | 2GHz | 1920 | 2048 1.217kms !

cont. 242.392 GHz 2 2GHz | 128 128 19.325kms !
GMP2374

Bandwidth | # of channels | Channel
12m 7m 12m 7m vel. width
CO(2-1) 224.556 GHz 1.875 | 2GHz | 1920 | 2048 | 1.304kms™!

Transition | Center frequency

cont. 226.264 GHz 2 2GHz | 128 128 20.703 km st
CS(5-4) 238.577 GHz 1.875 | 2GHz | 1920 | 2048 1.227kms™ !
cont. 240.306 GHz 2 2GHz | 128 128 19.493kms !

There are many influences that cannot be predicted and require calibration
measurements. One of these is water vapour in the atmosphere, that can affect each
antenna differently and can change drastically in a short time. It can introduce
an unexpected phase shift or absorb some of the radiation causing an error in
amplitude. Each antenna is equipped with a Water Vapour Radiometer that
measures the water vapour every 1.1 seconds to correct the phase fluctuations.

An important step is the system temperature (Tgys) measurement, that checks
the antenna sensitivity and the background radiation of the sky. It consists of a
short 15-second procedure, that places a hot plate (80°C) or a plate of ambient
temperature in front of the receiver or lets a free view of the sky and measures the
response.

During observations some of the observing time is reserved for measuring
calibration sources. These are stable point sources with very accurate position
measurements, known flux densities and spectra. The antenna switches between
the science target and the calibration source several times over the measurement
to correct for the effects caused by the unstable atmosphere.

Nowadays, over 95% of data acquired by ALMA is processed by the automatic
pipeline (the remaining fraction of the data are processed manually). Pipeline
processing that is done through the SW package Common Astronomy Software
Application (CASA, McMullin et al. 2007) includes calibration and imaging of the
data. All data that achieve the project-requested sensitivity and angular resolution
are delivered to the authors of the observing projects (PI). The pipeline checks
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for faulty data or antennas, removing them from the dataset, and calibrates the
data using calibration measurements to correct for effects of the instrument itself
(mainly bandpass and system noise), effects of the atmosphere (gain calibration),
and to scale to the correct flux.

In the imaging part, the pipeline is reconstructing the image from the calibrated
visibilities. It first identifies channels where no source line emission was found and
makes a continuum model. This continuum is then subtracted from the calibrated
datacube. Lastly the pipeline is able to produce images from the data by using
deconvolution by CLEAN method. We skipped this last step because we aimed
to perform the imaging of the interferometric data manually. This was one of
the main goals of this work. Re-imaging of the pipeline-calibrated data is often
necessary since the delivered images are not of suitable quality or parameter setting
for intended science analysis.

The pipeline process is summarized in a Weblog that is available in the ALMA
Science Archive together with the data. It describes individual steps and displays
warnings if something is out of the ordinary (like a high fraction of flagged antennas).
An example graph from the weblog is shown in Figure 10. We used the weblog to
survey the calibration steps, as well as to check whether the continuum channels
were determined correctly and no line emission was present in the continuum model.

uid _ A002 Xf7fc66 X21bl.ms.h tsyscal.s6 1l.tsyscal.tbl
UT 04:03:5204710:2904729:5104:49713

Ant41: DV19, spwl7, fields 0,2: J1256-0547,GMP2910

" XX solid PWV 0.81mm, airmass 1.07 (field 0)
© YY dashed :
T80 L e 95%
160 | : "‘,
g : I
A : . / \
0 T T e
"\ et hid r“‘
\ - FERENRES
Ay aa” , “ . e
12075‘\ =TT sl e T

Tsys (K)
~
3
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4

: : ) i
100 7/==v&=§‘ A e
8ol d \
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60 ; ‘ ‘ ‘

wf ; ‘ ‘ o

2255 226.0 226.5 227.0 227.5
TOPQ LSB Frequency (GHz)

uid___A002_Xf7fc66_X21bl.ms ObsDate=2022-04-24 plotbandpass v1.102 = 2018/01/21 14:45:41

Figure 10: An example of the amplitude calibration measurement of a flagged
antenna. The system temperature in the yy polarization (dashed lines) is about
40 K above the rest of the antennas.
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4.2 Cleaning

The resulting image is cut into the velocity channels. That means it has three axes
— two regular x, y axes and a third, velocity axis. Because of this we call it an image
cube.

Only the CO(2-1) line spectral window contained source emission, the CS(5-4)
line remained undetected. We extracted it from the whole dataset to reduce the
size and simplify work. The dataset was also divided into two sets, one measured
by the 12m antennas and the other by the 7m antennas. We created three subsets
for further cleaning. One for D100 with combined data from both 12m and 7m
antennas, one for GMP2374 with combined data and one for GMP2374 with only
the 7m data, to better capture diffuse emission.

An interferometer measures a quantity known as the complex visibility, which
is the Fourier transform of the intensity distribution on the sky. Thus, the sky
brightness distribution is the inverse Fourier transform of the complex visibility
distribution in the visibility plane. Since the visibility plane is not fully sampled,
in principle an infinite number of images are consistent with the data.

The first step is to make a ”dirty image”, i.e., a convolution of the sky brightness
distribution with the dirty beam, where no actual cleaning is done. It allows us to
take a detailed look at the channels and again pick only those where emission is found
to reduce the runtime of the process. We can also determine the signal strength
and RMS noise of the image, which are crucial parameters for the cleaning process.
The dirty image will be improved by deconvolution techniques which minimize the
effect of the incomplete spatial sampling, such as the CLEAN algorithm.

With the narrowed set of channels and correct parameters we proceed to an
iterative cleaning process. It is done through the CASA command tclean. The
process consists of two cycles, the major and the minor cycle, their relation is
shown in Figure 11. The major cycle first transforms the complex visibility into
the sky brightness distribution and inputs it into the minor cycle. Here the image
is deconvolved to make a model of the emission, which is convolved with the dirty
beam and subtracted from the residual image. When the peak residual reaches
the first sidelobe level the minor cycle stops and gives the model image back to
the major cycle. The model image is transformed back into the complex visibility
domain and subtracted from the data to produce the residual, which is used in
the next run of the cycle. The major cycle stops when the peak residual reaches a
specified threshold.

Our role in this process is to differentiate between actual emission and artificial
features such as high noise or sidelobes. We could mark these regions manually,
but given the number of channels and iterations it was sensible to use tools that
automate this process. We used the auto-multithresh masking method implemented
directly in CASA. It looks for regions by comparing the signal to the RMS noise
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of the image. When it exceeds a given threshold it adds the region into the clean

mask and treats it as real emission.

DATA MODEL RESIDUAL

DE-GRIDDING

GRIDDING Y
Use Flags 8 il
= — and Weights
Major Cycle
( Imager )

iIFET

RESIDUAL IMAGE

lT Minor Cycle

( Deconvolver )
MODEL IMAGE

Figure 11: The cleaning process: the major and minor cycle of the tclean command
Taken from: https://casadocs.readthedocs.io/en/stable/api/tt/casatasks.imaging.

tclean.html#description
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Figure 12: Top: an example of one channel of the "dirty image” of the galaxy
D100, bottom: residual image produced during the cleaning process of the galaxy
D100 showing no leftover line emission
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Here is an example of the most important parameters used in the

command used for cleaning in CASA.

Data parameters
vis

spw

imagename

Image parameters

’combined.ms/’
)

’GMP2374_line’

imsize = [800, 800]
cell =0.17
phasecenter = 14
Spectral parameters

specmode = ’cube’
nchan = 90

start = ’7550km/s’
width = ’Bkm/s’
restfreq = ’230.536GHz’
Deconvolution parameters

gridder = ’mosaic’
weighting = ’briggs’
robust = 0.5
threshold = ’4mJy’

Masking parameters
usemask
sidelobethreshold
noisethreshold
lownoisethreshold
negativethreshold
minbeamfrac

’auto-multithresh’
2
5

w O 0N

4.
1.
0.
0.

tclean

The term wvis refers to the visibility file. The line spw determines which spectral
windows to use in the cleaning, since we already extracted the right ones earlier we
left it empty to use all present in the datafile. Imagename sets the name of the
resulting image and all of the products of the cleaning process, such as the residual,

the PSF etc.

Imsize is the size of the image in pixels. The size of a pixel in arcseconds must
be input in the cell parameter. The correct value can be calculated by a simple
equation: 206265 /byax /1, where by, is the longest baseline in wavelengths and n
the number pixels across the beam (usually 5-8 pixels). Phasecenter is the id of
the pointing in the phase center of the image, usually placed into the middle of the

mosaic.
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Specmode sets the spectral definition mode, *mfs’ is used for continuum imaging
with only one output spectral channel, we used ’cube’ to obtain a imagecube with
multiple channels. We have to specify the spectral settings of the cleaning. Start
marks the first spectral channel to include in the imaging (can be input either
as the channel number or its frequency or its velocity) and then includes nchan
following width-wide channels. The restfreq is the rest frequency of the line.

The gridder parameter sets the projection method used for gridding the mea-
sured visibilities onto a regular uv-grid. We can define the weighting of the
visibilities in the uv-plane with the weighting parameter, which can have a strong
impact on the resulting image. ’Natural’ weighting takes data weights from the
dataset, offers high sensitivity but can generate a wide PSF with high sidelobes.
>Uniform’ weighting treats all datapoints equally, produces a narrow PSF with
weak sidelobes but offers lower sensitivity. We used the *briggs’ method that
combines the two algorithms according to the robust parameter, where robust = 2
corresponds to ’uniform’ and robust = —2 results in the ’natural’ weighting.
We set robust = 0.5 which is a good trade-off between resolution and sensitivity.
The deconvolution process stops when the peak value in the residual image falls
under the value set by threshold.

The masking method used in the cleaning process was set to auto-multithresh’.
The automatic algorithm uses multiple thresholds. The sidelobe level is multiplied
by the sidelobethreshold and compared to the signal-to-noise level multiplied by
the noisethreshold. Whichever is higher is used for creating the initial mask. We
can filter out spikes of noise reaching above the threshold by removing any re-
gions smaller than a fraction of the beam size, set by the minbeamfrac parameter.
The initial mask is then expanded into regions that rise above the signal-to-noise
level multiplied by the lownoisethreshold. Negativethreshold is used for imaging
absorption features. We did not expect any, so we left this parameter at 0.

With the above setup of tclean, we were able to produce a clean datacube with
the synthesized beam of 1.33 arcsec x 0.83 arcsec (i.e., 0.6 kpc x 0.4kpc) and an
RMS sensitivity of 1.7mJy / beam.
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4.3 Moment maps

In order to analyze the spectral line in the resulting three-dimensional clean
datacube, one may ”collapse” the velocity axis, i.e., generate moments of the
spectral axis.

My=Av) T, (4)

E :IiVi
! M, (5)

_ 22 Li(vi = My)?
My = \/ M, (6)

When creating the moment maps, we prefer not to include the whole image and
the full range of channels. Instead, we identify only source emission and exclude
any surrounding noise as it corrupts the result. For this we used the maskmoment?
python package. Similar to the cleaning algorithm, it detects real emission by
comparing it to the RMS noise of the image and checking whether it rises above a
given threshold.

In the Oth moment (the integrated intensity) map, we are integrating pixels
through each of the velocity channels. Shown in Figure 13 are the integrated
moment maps. They provide a view of the distribution of the CO emission tracing
the molecular gas in the galaxies.

We see the molecular gas in the tail of D100 is clearly detected and follows
the distribution of the warm ionized gas as traced by the Ha measurements in
Figure 9, but forms clumps. The most distant detected clump at the very end
of the tail is at about 60 kpc from the galaxy. The individual clumps are mostly
not connected by areas of lower density as is the case in the Ha emission. This
might be an intrinsic property of the CO emission distribution in the tail, or due
to insufficient sensitivity of the image. Imaging with more natural weighting, or
future deeper observations could reveal the more diffuse component. The detailed
look at the disk of D100 reveals a strongly truncated and asymmetric disk and the
stripped gas escaping into the innermost parts of the tail. The connection between
the disk and the inner tail is formed by a narrower ‘bridge’ at the northern edge of
the structure, and is consistent with the morphology of the dust extinction feature
visible in Figure 9. The radius of the truncated CO disk is similar to that of the
Hao emission.

The combined data of GMP2374 shows a high-resolution image of the galactic
disk. In the leading edge of the disk we see a strongly stripped region (a "hole”)
between the galactic arms. We can also see material getting stripped at the opposite
edge, in the form of unwinding spiral arms, and a clump of gas beneath the galaxy,

https://github.com/tonywong94 /maskmoment
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which might be a leftover of a more extended spiral arm originally located at the
bottom-left (south-west) side of the disk. The 7m data uncover the weak emission
of more diffuse gas forming a short tail behind the galaxy.

We also produced 1st moment (the intensity weighted coordinate) maps. They
show the velocity distribution of the emission. We made velocity maps of galaxy
disks of both galaxies and of the stripped matter in the tail of D100. The produced
velocity maps are shown in Figure 14. In the top image we see how the stripped gas
is slowed down in the ICM, with a velocity difference of about 200kms* over the
length of the tail of about 60 kpc. The detail of the D100 disk shows a remnant of
the galactic rotation in the recently stripped gas and a clear imprint of the galaxy
rotation in the inner tail. The 7m data velocity map of GMP2374 shows us from
which part of the galaxy has the gas been stripped.

The velocity dispersion of the galaxies is represented by the 2nd moment
(intensity weighted dispersion of the coordinate) maps. They highlight areas with a
wide range of velocities. Looking at the Figure 15, we can see that in most clumps
in the tail of D100 the velocity dispersion does not differ much and is of the order of
10-20kms*. However, one spot in the tail exhibits high velocity dispersion. This
might correspond to overlapping clumps with different velocities, or to a point in
the tail where the hydrodynamic character of the interaction causes a local increase
in turbulence. It is easy to recognise the galactic centers in the images, because the
range of velocities is wider than in the galactic disk. In the bottom right image,
the high velocity dispersion at the bottom edge of the disk signals that two regions
of differing velocities overlap there.
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Figure 13: Oth moment maps, top: the galaxy D100 and its tail, combined data;
middle: detail of the galactic disk of D100, combined data; bottom left: GMP2374
combined data (emission in the top left is a noise artifact); bottom right: GMP2374
7m data
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Figure 14: 1st moment maps, top: the galaxy D100 and its tail, combined data;
middle: detail of the galactic disk of D100, combined data; bottom left: GMP2374
combined data (emission in the top left is a noise artifact); bottom right: GMP2374
7m data



4 DATA PROCESSING 27

1 1 1 1 80
OEYIAEN s 70
27°52'45" 4 -
60
c [ L
5 30 L,l 50
= - D
) ")
= ¢ 40 £
()] ]
a " e
15" 4 "ﬂf- =
-t 30
20
00" lﬁ: |
10
T T T T
13"00™16° 145 12° 10°
Right ascension
. . . .
27°52'04" A F 50
40
02" 4 3
c
S -
i 30
3 g
[
o 00" A
20
51'58" 4 L 10
" : : T 0
13"00M09.6° 09.4% 09.2¢ 09.0%
Right ascension
27°48'00" : ' ' ' ' T 120
27°47'45" o0
47'40" 4 100
- 30" 60 80
2 a 20" 5
2 2 i
S i £ 60 g
& 15" 4 40
00"
40
00" 4 ’ F 20
46'40" 4 20
13"00ms8° 575 s6°  55° 540 13"00m58°575  s56°  55°  54° 53
Right ascension Right ascension

Figure 15: 2nd moment maps, top: the galaxy D100 and its tail, combined data;
middle: detail of the galactic disk of D100, combined data; bottom left: GMP2374
combined data (emission in the top left is a noise artifact); bottom right: GMP2374
7m data
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4.4 PV diagrams

An interesting way to further analyze the data is through position-velocity diagrams.
One defines a line in the x-y (RA-Dec) plane and makes a slice of the image cube
along that line in the velocity axis. On the x-axis of the diagram the position
along the line is plotted and on the y-axis the corresponding velocity channels, the
pixel values then depict the signal strength. One can make an average of pixels
perpendicular to the line, the number of pixels averaged is given by the width
parameter. For D100 we set width = 3 pixels, for GMP2374 width = 10. The PV
diagrams were made in Carta, along the major and minor axes of both galaxies and
for the tail of D100, shown in figs 16, 17. In the case of the galaxy axes, the lines
are centered on the galaxy center, meaning OFFSET = 0 equals galaxy center.

For the major axis of D100 there is a very weak trend in the radial velocity due
to the galactic rotation, but due to the strongly truncated gas disk, the PV diagram
is significantly dissimilar to typical rotating disks. The PV diagram of the minor
axis indicates a slight offset of the molecular component from the center of the
galaxy. The interesting part is the tail (Figure 17), where we see the distribution
of velocity of the various clumps. It mostly follows a linear trend, meaning that
the farther it is from the center the more it is slowed by the ICM. However, we
also see some exceptions around the offset of around 5 and 15 arcsec, that have
higher radial velocity compared to the neighbouring clumps. The two clumps at
the 15 arcsec offset explain the high velocity dispersion seen in the Figure 15.

The PV diagrams of the GMP2374 have a typical shape for galactic disks.
Along the major axis we see a roughly S-shaped profile corresponding to the two
sides of the disk that have different radial velocities due to the rotation of the
disk. The outer wings of the profile are disturbed and asymmetric due to the RPS
interaction. In the minor axis we recognise some asymmetry, where the emission
at the leading edge looks a bit squished, while the following edge is stretched out.
There also is a clump of slower matter in the galactic center.
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Figure 16: P-V diagrams, top left: major axis of D100, offset axis points north
image-wise, bottom left: minor axis of D100, offset axis points east, top right:
major axis of GMP2374, offset axis points north-east, bottom right: minor axis of
GMP2374, offset axis points south-east
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Figure 17: P-V diagram of the stripped tail of D100, galaxy disk on the right of
the figure
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Section 5:

Results

In this section, we will further analyze the molecular gas content of the two galaxies
and suggest what are the main reasons for the observed differences. The intensity
maps presented in the previous section clearly indicated that the galaxies are in
very different evolutionary states of the ram pressure stripping interaction and
also in different states of their evolution. GMP2374 shows an extended molecular
disk with only mild asymmetric features, and rather normal velocity field and PV
diagrams. D100, on the contrary, has a very disturbed morphology with strongly
restricted distribution of the molecular gas in the disk, a long one-sided molecular
tail, and strongly perturbed PV diagrams.

There are several parameters that determine the effects of the interaction:
those of the galaxies, especially the galaxy mass that determines the gravitational
restoring force that anchors the interstellar matter in the galaxies, and those of
the cluster, especially the distribution of the ICM and orbital velocities of galaxies
(velocity dispersion) that determine the strength of the ram pressure. Since both
our galaxies are in the same cluster, the main difference is given by their orbits in
the cluster and thus their current clustercentric radius and orbital velocity. In the
following table we summarize the important parameters, as well as measures of the
ram pressure interaction. Especially, the stripping radius which is the radius of
the gas disk at the side facing the ICM wind, and the tail length which we define
as the difference of the distance of the tip of the tail and the stripping radius.
The estimates of the current and the maximum ram pressure are calculated in a
following subsection.

There is an important difference in the mass of the two galaxies, with GMP2374
being almost two orders of magnitude more massive. The interstellar matter
strengthens the gravitational bonds, rendering the ram pressure ineffective.

Moreover, GMP2374 is projected to more than two-times larger distance from
the cluster center, where the ICM density is three-times smaller. The radial
velocity of D100 relative to the cluster mean is larger (cca 1600 km/s) than that
of GMP2374 (cca 1100 km/s). It is interesting that both galaxies have the tails
oriented so that the angle between the tail and the direction to the cluster center
is close to perpendicular. In the case of D100 it has been suggested that it is near
its pericenter (Jachym et al. 2017).

All this indicates that D100 is in a much more advanced state of ram pressure
stripping of its gas content.
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Table 3: Physical properties of the galaxies D100 and GMP2374 and the ICM*

D100 | GMP2374
Radial velocity in Coma cluster [kms™'] | -1689 1009
Rotation velocity [kms '] 131 246
Projected distance from Coma center [kpc| | 233 532
Local ICM density [107*"gcm 7] 3.4 1.1
Local ram pressure [10~'" dyne cm ™| 29 3.4
Maximum ram pressure [1071! dyne cm 2] 69 3.5
Stripping radius [kpc] 0.6 7.1
Tail length [kpc] 59 21
Stellar mass [10° M| 21 1500
Molecular mass in disk [10° M| 1.9 117
Molecular mass in tail [10° M) 4.4 1.1

!Notes: Local ICM density = the ICM density at the projected distance of the galaxy from the
cluster center, assuming an ICM beta profile (see 5.3); Local ICM pressure = ram pressure that
corresponds to the local ICM density and the observed radial component of the galaxy’s orbital
velocity (corrected for its 3D shape); Maximum ram pressure = ram pressure that would be
needed for stripping of gas at the observed stripping radius of the galaxy, assuming ram pressure
matched the centrifugal force acting at a column density element; Tail length = most distant
emission in Ha measurements (Yagi et al. 2010) Stellar mass = MEDIAN stellar mass in the
MPA-JHU SDSS catalog (Yagi et al. 2010); Molecular mass in disk/tail = mass of the molecular
component calculated from the CO line flux density (see 5.2).

5.1 Multi-phase gas stripping

It is important to study the molecular gas component in the context of other galaxy
properties and the observations that are available from other wavelengths. Figure
18 shows for D100 and GMP2374 the Composite DECalS optical image using g-, -
and z-band data, the narrow-band Ha data (Yagi et al. 2010), together with our
ALMA CO observations. It is interesting that in D100 the extent of the molecular
tail is the same as the extent of the Ha tail. In GMP2374, the molecular gas is
mostly in the disk, while the Ha tails is longer. This might be consistent with
the difference in their evolutionary states: In GMP2374, the ram pressure is not
efficient enough to strongly push denser components of the gas, in contrast with
D100 where the interaction has been very efficient. The optical images also reveal
that the two galaxies are of different types: while GMP2374 is clearly a late-type
galaxy with active star formation in the disk, D100 is on its way towards passive,
lenticular type. This is a direct consequence of the longer and stronger operation
of ram pressure stripping of the D100 galaxy.
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Figure 18: Images of the galaxies from comparison, left: the Composite DECalS
optical image using g-, r- and z-band data; middle: Ha measurements from Yagi
et al. (2010); right: our ALMA CO observations

5.2 Molecular mass in the galaxies and tails

Following Jachym et al. (2017) we calculate the mass of the molecular gas corre-
sponding to our CO observations. We want to measure the mass separately in
the galaxy disk and in the tail. We therefore first measure the CO integrated flux
within the radius corresponding to the stripping radius. Then, we measure the
integrated flux outside of the stripping radius. The values of the stripping radii are
given in Table 5.

From the standard relation of Solomon and Vanden Bout (2005), we calculate
the CO luminosity following;:

Sco AU D%

Lo =325 x 107 = — "L
o V(%bs (]‘ +Z)3’

(7)

where L is the CO line luminosity in Kkms™ pc?, Soo Av is the CO velocity
integrated line flux in Jykms™!, v, is the observed CO line frequency in GHz,
and Dy, is the distance in Mpc.
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We calculate the corresponding molecular gas mass following
My, [M ] = 5.5 Lo [Kkms™" pe?, (8)

where we assume a CO-to-Hy conversion factor of 2 x 1022 cm ?(Kkms ') ~! that
is standard under Milky Way disk conditions, the typical values for the CO(2-1)-
to-CO(1-0) ratio of 0.8, and include a factor of 1.36 to account for helium.

We determined the velocity integrated line flux inside and outside the stripping
radius from our Primary-beam-corrected images. We calculated the distances using
the cosmological distance modulus from the HYPERLEDA database (Makarov
et al. 2014). The calculated CO luminosities and molecular gas masses are shown in
Table 4. The results are consistent with our previous observations. We see that the

Table 4: Calculated CO luminosities and molecular gas mass in the disk or the tail
of the galaxies

Lo [10" Kkms™ pe?| | My, [10° M|
Disk 3.5 1.9
DI0 i 5 137
Disk 210 177
GMP2374 Tail 2 1.1

mass in the tail of D100 is more than two times higher than in the heavily stripped
disk. On the other hand, the majority of the molecular gas of the GMP2374 is
inside the stripping radius and only a fraction of the mass has been stripped into
the tail. Also, the total mass of the molecular gas in the D100 is about 20 times
lower than in the GMP2374, which was expected since the stellar mass of the
GMP2374 is around two orders of magnitude higher. We can compare the total
mass of the molecular gas to the stellar mass. The molecular mass in the D100
(around 7 x 10% M) makes up about half of the stellar mass (21 x 10® M), but
the molecular mass in the GMP2374 (around 180 x 108 M) accounts only for an
eighth of the stellar mass (1500 x 108 M). This difference could be explained
by the formation of molecular hydrogen in the tail due to the disturbance of the
atomic hydrogen by the ram pressure, which would result in an elevated mass ratio
of molecular gas component to the stellar component.
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5.3 ICM pressure estimate

The ICM pressure depends on its density and the speed at which the galaxy is
moving through the ICM.

bicm = picm v? (9)

We approximated the ICM density distribution with a spherically symmetric,
centrally-peaked [-profile (Cavaliere and Fusco-Femiano 1978):

1+<£)2] % , (10)

where 7 is the distance from the cluster center, the central density pg = 6.3 X
1072"gem 3, scale-length 7. = 260 kpc and parameter 5 = 0.7 taken from Fossati
et al. (2012).

The distance from the cluster center can be approximated as the projected
distance. Using positional angles of the galaxies (Yagi et al. 2010) and the cluster
center (Bilton and Pimbblet 2018) we calculated the angular distance using spherical
trigonometry

p(r) = po

cos(A) = sin(dg) sin(d¢) + cos(dg) cos(d¢) cos(ag — ac). (11)

Based on the distance from Earth to the cluster, Yagi et al. (2010) give the relation
between the angle and the distance on the sky, where 1 arcsec corresponds to
473 pc. With angular distances Apjgp = 812" and Agmpasa = 18'44” we get
the projected distance of the galaxies to the cluster center rpigg = 233 kpc and
ramMp2sra = 932 kpe.

This gives us ICM density at the location of D100 ppioo = 3.4 x 107*" gcm 3
and at GMP2374 PGMP2374 = 1.1 x 10’27gcm’3.

We calculated the radial velocities of the galaxies from their redshift by v,.q = ¢ 2.
We took values of redshift zpigo = 0.0177, zgmpasra = 0.0267 from Yagi et al. (2010)
and got velocities vyaqp100 = 5306 kms ! and v,aq.cMpesra = 8004kms !, From
these we subtracted the cluster radial velocity vrad,coma = 6995 km s ! taken from
Bilton and Pimbblet (2018) to obtain radial velocities relative to the cluster. To
take into account the angular motion of the galaxies, we multiplied these values
by a factor of V3. We obtained velocities vpigo = —2925kms ! and vaypagra =
1748kms .

With the calculated values of ICM density and approximate velocity of galaxies
relative to the cluster we determined the galaxies experience ICM pressure of
PICM,D100 = 2.9 x 10710 dyne/cm2 and PICM,GMP2374 = 3.4x 1071 dyne/ch, where

1 dyne represents 1 gcms 2.
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5.4 Maximum ICM pressure estimate

According to Koppen et al. (2018), it is possible to approximate the maximum
ICM pressure a galaxy has experienced during its orbit in the cluster. We can then
compare this maximum pressure and the current pressure calculated in the previous
subsection. When they are equal the galaxy is either before or near the pericenter
of its orbit. If the maximum pressure is higher than the present pressure then the
galaxy has probably already passed the peak of the pressure in the pericenter.

However, the model was defined with Hr gas in mind. We assume the approxi-
mation is also suitable for molecular Hs. It is estimated from

by 2 stri
Pmax = 0 Urot 1+ a €Xp _r P ) (12)
213/2 g rgen Ry
[1 + (Tstrip/R) ] strip

where Xy denotes central gas surface density, 7uip is the radius at which matter is
stripped from the galaxy, R is the radial scale for Hi density, v, is the rotational
velocity of the galaxy, g is the ratio of centrifugal force and maximum restoring
force, a = 15 is a scaling factor and Ry is the radial scale for the molecular gas
fraction.

Carta is capable of reading astrometric data from the data cube, thus allowing
us to measure distances in our images. Using first moment maps of our ALMA
image cubes we determined the radii of the measured emission 7gip p100 = 0.6 kpc
and 7grip amp2sra = 7-1kpe.

According to the paper, the radial scales are related to the optical radius of
the galaxy as R = Ry and Ry = %Ropt. We took values of optical radii from
Makarov et al. (2014) Roptpioo = 5.6 kpe and Ropt avp2sra = 16.3 kpe.

To determine v, we opened the image cube in Carta and found the boundary
channels (in units of kms™!) in which we still see emission of the disk. Halving
the difference of the two channels and correcting for inclination (ipijgo = 45°,
igmp2ara = 34.7° from Makarov et al. (2014)) we get v,or,p100 = 131kms ! and
Urot,GMP2374 = 246kms ™.

Using the value g = 2 as in the paper and an estimate of ¥y = 10 M pc 2 we
get the peak pressure the galaxy has experienced ppaypioo = 6.9 x 107 dyne/cm?
and Puax.cumpasra = 3.5 X 1071 dyne/cm?. Comparing these values and those from
the previous subsection we can estimate the stage of the stripping process. For
D100 the maximum pressure ppax pioo is roughly 2.5 times bigger than the current
prem,pioo- This could mean the galaxy is past the peak of the stripping force. Given
the approximations we used this conclusion is uncertain. In the case of GMP2374,
the stripping pressures have similar values meaning the galaxy is either yet to arrive
into the peak or is currently at the peak of the stripping force. This is consistent
with our previous conclusions based on the morphology of the galaxies, their gas
content, as well as star formation activity.
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Section 6:

Conclusions

We processed the interferometric data from the ALMA telescope and obtained
images of the CO(2-1) emission, which is a tracer of the molecular gas component, in
two jellyfish galaxies, D100 and GMP2374, that experience ram pressure stripping
of their interstellar matter due to the interaction with the surrounding intra-cluster
medium in the Coma cluster. We created moment maps of the image cube, which
reveal the distribution of the emission, the velocity of the emitting matter and its
velocity dispersion. We also produced position-velocity diagrams, which allow us
to further analyze the distribution of velocity.

We found the galactic disk of the D100 galaxy has been heavily stripped of
its gas component, that formed a long tail with a length of about 60kpc. The
distribution of the molecular gas in the tail is similar to the Ha measurements done
by Yagi et al. (2010), but is concentrated in denser clumps. The radial velocity of
the molecular gas in the tail increases with the distance from the galaxy center,
which means it is being slowed relative to the cluster due to the interaction with
the ICM. The velocity of the recently stripped gas, in the region just outside the
galactic disk, exhibits an imprint of the rotation of the galactic disk, in the form
of a velocity gradient perpendicular to the tail. We calculated the mass of the
molecular gas component in the galactic disk and in the tail and found that the
tail contains more than two times more molecular hydrogen than the disk.

The GMP2374 galaxy is far less disturbed by the interaction with the hot
intra-cluster medium, although we still see some signs of asymmetry. There is
a strongly stripped region between the galactic arms in the leading edge of the
disk, and material is being stripped at the opposite side of the disk, in the form of
unwinding spiral arms and a clump of gas south of the galaxy. A short tail behind
the galaxy was revealed by weak emission of diffuse gas. The position-velocity
diagram shows that the rotation of the disk also exhibits some deformation from
the ram pressure. GMP2374 is clearly in an earlier, less effective stage of the
stripping process than D100.

The difference in the stage of gas stripping in the two galaxies in the coherent
environment of the Coma cluster is caused by different galactic properties, as well as
different orbital parameters. These are key parameters that determine the efficiency
of RPS, which consequently causes quenching of star formation and ultimately
changes the morphological type of the galaxies, from blue, actively star-forming
late types to red and passive early types.
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