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Abstract

Galaxy interactions and mergers are natural recurring events in the current cosmological
paradigm, events that often coincide with starbursts and enhanced star formation activity. To
understand why that is, one can use idealised (non-cosmological) merger simulations, which
provide freedom to recreate specific tidally distorted galaxies, and analysis of the time evolution
and underlying physics of the star formation activity at a high spatial resolution.

One particular class of tidally distorted galaxies are shell galaxies. These galaxies are
characterised by wide concentric shell(s), that extends out to large galactocentric distances with
sharp outer edges. Shells, together with other unique morphological tidal features, have shown
to be remnants of previous merger events, and can therefore serve as a powerful tool to help
reconstruct assembly histories of galaxies. An example of where this have been put in action,
is the shell galaxy NGC 474 and its outer shell. However, besides constraints on its formation
history, observations have also found evidence of young massive star clusters in its outer shell,
which asks questions about where and when star formation takes place in shell-forming mergers
and shell galaxies.

The purpose of this project is to study the merger-driven star formation activity in a shell
galaxy, how it evolves with time and within the system, and the physical conditions for it. To
fulfil this, we perform idealised merger simulations. We begin with a short parameter survey,
in which we explore different sets of initial conditions, to find the most favourable orbital
configuration for shell formation. The conclusion is a near-radial intermediate to major merger
(1:10 to 1:2 mass ratio) between two disk galaxies. From this, we perform an idealised high-
resolution N-body + hydrodynamical simulation of two merging galaxies and their formation
into a shell galaxy, and analyse its star formation activity.

In our analysis, we find that as the system approaches the first pericentre passage, it goes into
a starburst phase with enhanced star formation activity, due to an excess of dense gas generated.
For spatially resolved star formation, the Kennicutt-Schmidt relation varies during the merger,
but with no general trend over time. A break is consistently shown in the relation at low gas
surface densities, due to mixing of atomic HI and molecular H; gas. By analysing HI and H;
individually, we find that the surface density of H, shows a better correlation to the surface
density of SFR than that for all the gas, while for HI, we see the opposite with no correlation
at all. Star formation therefore mainly takes place in regions with large amounts of H, gas,
including the nucleus, spiral arms, and occasionally in the outskirts of the system early in the
merger.

Tidal interactions during the merger scatters stars into a stellar spheroid around the sys-
tem, and as the system approaches coalescence, morphological quenching stops star formation
(without the need of AGN feedback). Only the innermost ~1.5 kpc is left with star-forming H;
gas. The first stellar shell does not appear until after coalescence, and due to its position at a
large galactocentric distance and lack of gas, it shows an absence of in situ star formation, and
so does forthcoming stellar shells as well. Our results suggest that shell-forming mergers can
be part of the process in turning blue-late types galaxies into red and dead early-types ones in



galaxy evolution, including blue nuggets into red ones at high redshift, due to similarities with
the compaction model. However, further investigation of this calls for more simulations, both
idealised and cosmological, which would provide valuable statistics on e.g what the effects the
orbital properties, mass ratio and continues accretion of gas would have on the quenching phase.



Popular Science Summary

How galaxies interact with each other, and what effect(s) this has on star formation, is a key
ingredient for understanding how galaxies form and evolve. Interactions between galaxies can
often times lead to so-called merger events, where two galaxies collide and merge into one. In
these merger events, unique morphological tidal features can be produced, and be left behind
to remain visible long after the merger event itself. Tidal features are therefore a powerful tool
to help reconstruct assembly histories of galaxies. An example of where this has been put in
action, is the galaxy NGC 474 and its outer shell, which is a tidal feature that can be described
as a wide concentric arc of stars. Besides constraints on its formation history, observations
have also shown that NGC 474’s outer shell contains several massive star clusters, two of which
that are much younger than the overall population of stars in the shell itself. Instead, they
match a population of stars close to the nucleus of NGC 474. This shows evidence of a rather
complex star formation history, and raises questions about where star formation takes place, the
conditions for it, and how it evolves in these types of mergers and galaxies with shells: shell
galaxies.

In this project, we perform two sets of numerical simulations. The first involves a parameter
survey, where we explore different sets of parameters between two colliding galaxies, to see
what configuration is the most favourable for shell formation. In order to get a shell galaxy with
distinct shells, the results suggest a merger between two disk galaxies on a head-on trajectory
towards each other, with a mass ratio between 1:10 to 1:2. With this information, we perform
our second set of simulations, which is a single high-resolution simulation of a merger and its
formation into a shell galaxy.

The results from our high-resolution simulation show evidence of three epochs of star
formation. Pericentre passages are when the two galaxies are as closest to each other. Before
the first pericentre passage, the rate at which stars form is relatively stable, however, as the
two galaxies approach the first passage, the star formation activity increases. This is due to
interactions between the galaxies’ gas reservoirs, which generates an excess of dense gas that
can form stars. During the merger event, gravitational interactions puffs up the disk of stars,
such that the gravitational force on the gas becomes weaker. Because of this, the gas can not
get dense enough to form stars, which causes the star formation activity to go into its third and
last epoch, where the rate at which stars form is close to zero.

On a local scale, our high-resolution simulation shows indications of different behaviours
between regions with high and low fraction of molecular H, gas. Regions with a high fraction
of H, correlates better to a classical star formation law, where the rate at which stars form is
proportional to the gas density, than regions with a low fraction of H. The central areas of the
two galaxies, and later the shell galaxy, show evidence of large fractions of H. This is also
where many of the star-forming regions are located, however, we also see star formation in spiral
arms and in the outskirts early in the merger. As the two galaxies evolve into a shell galaxy,
only the innermost area close to the nucleus of the galaxy contains star-forming molecular H,
gas. Since shells form at large distances from the nucleus, and contain very little star-forming



gas, our simulation suggests that there is no star formation in shells.

In conclusion, assuming that our high-resolution simulation forms a ‘typical’ shell galaxy,
and therefore is representative for shell galaxies as a whole, our results suggest that the two
young massive star clusters in NGC 474’s outer shell, have an external origin. Our simulation
instead advocates for a formation scenario where the star clusters were formed during a merger
event with enhanced star formation activity, when the material that later formed the shell was
close to the associated material of the nucleus.
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Chapter 1

Introduction

In the standard cosmological model (ACDM), galaxies form and build up their stellar mass via
continuous processes of accretion of gas, and successive mergers with other galaxies (White
& Rees, 1978). As two galaxies merge, so-called low surface brightness objects (LSB) can
often times be produced, and can be described as unique morphological tidal features, such as
stellar streams, tidal tails, plumes and shells, that have been left behind in the galaxies’ stellar
haloes long after the merger event itself (Mihos et al., 2005; Martinez-Delgado et al., 2010; Duc
et al., 2015; Mancillas et al., 2019a). In this project, our focus is on one particular type of tidal
feature: shells, which can be described as a wide concentric stellar arcs, extending out to large
galactocentric distances, with sharp outer edges.

Since shells (together with other tidal features) are a product of merger events, they can
serve as a powerful tool to help reconstruct assembly histories of galaxies (Arnaboldi et al.,
2012; Romanowsky et al., 2012; Foster et al., 2014; Longobardi et al., 2015; Amorisco, 2015).
By knowing the formation mechanisms and morphology of tidal features, we can use them to
constrain the orbital properties and mass ratios of satellite galaxies at accretion with a larger
galaxy (Johnston et al., 2008; Hendel & Johnston, 2015). Specific for shells, the number and
distribution of them can help constrain the mass distribution of their host galaxy, as well as the
time of the merger event itself (Quinn, 1984; Dupraz & Combes, 1986; Canalizo et al., 2007).
Tidal features are also useful for measurements of the gravitational potential in low-acceleration
regimes of galaxies (Merrifield & Kuijken, 1998; Ebrova et al., 2012).

So, by studying shells and other tidal features, we can constrain the merger history of
galaxies, and from that expand our knowledge about the role of mergers in galaxy formation
and evolution. We can also potentially learn more about our own Galaxy. There have been
indications that the Milky Way itself might posses multiple shells around it (Deason et al., 2013;
Donlon et al., 2020), shells that can be a new source of information regarding the formation
history of the Milky Way.

However, throughout the last few decades, research regarding shells has mostly been focused
on their formation mechanisms (e.g. Quinn, 1984; Hernquist & Spergel, 1992; Amorisco, 2015;
Hendel & Johnston, 2015; Pop et al., 2018; Karademir et al., 2019). The detection of young
massive star clusters in the prominent outer shell of NGC 474 (Fensch et al., 2020) (for more
details, see the introduction section in Chap. 3), highlights the need for a dedicated study of the
star formation activity in shell-forming mergers and the galaxies they produce: shell galaxies.

The purpose of this project is to study the star formation activity in two merging galaxies
and their formation into a shell galaxy. Examples of questions that we want to address are as
follows. How does the star formation activity evolve with time and within the system? What are
the physical conditions for star formation? Do shells host in situ star formation? If not, why?
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To answer these questions, we first need to find an set of initial conditions favourable for shell
formation. This is done via a short parameter survey in Chap. 2, where we explore different
sets of parameters and study their influence on shell formation. With an orbital configuration
favourable for shell formation, we perform an idealised high-resolution merger simulation, and
analyse its star formation activity. We present this in Chap. 3, in the form of a self-contained
paper. In Chap. 4, we give a project-oriented conclusion, and for the rest of Chap. 1, we give a
short background about observations of shell galaxies and formation mechanisms of shells.

1.1 Shell galaxies

In comparison to gas rich tidal tails (Duc et al., 2011), shells are relatively gas poor! (Fort
et al., 1986; Weil & Hernquist, 1993; Mancillas et al., 2019b). Shells’ relatively faint stellar
components are therefore usually only available for spectroscopic analysis, making them difficult
to detect. However, despite the challenges with detecting shells, the first tidally distorted
galaxies with stellar shells around them, i.e. shell galaxies, were already reported in in the
Atlas of Peculiar Galaxies in 1966 (Arp, 1966). With the introduction of post-processing to
help reveal shell structures, Malin & Carter (1983) were able to identity 137 shell galaxies, and
since then, several hundreds of shell galaxies have been identified (e.g. Thronson et al., 1989;
Tal et al., 2009; Atkinson et al., 2013; Duc et al., 2015; Bilek et al., 2020). Three examples
of shell galaxies can be seen in Fig. 1.1. NGC 474 (left panel) contains some of the most
brightest known stellar shells at around 25 mag arcsec™2 in the R-band (Turnbull et al., 1999).
Observations have shown that shells are more frequent around early type galaxies than in blue
type ones (Atkinson et al., 2013), and it has been estimated that around ~20% of elliptical and
lenticular galaxies exhibit one or more shells (Malin & Carter, 1983; Tal et al., 2009; Duc et al.,
2015; Pop et al., 2018; Bilek et al., 2020).

S3D

Figure 1.1: True colour images (using g, » and i bands) of three shell galaxies from the ATLA
project, obtained with the MegaCam camera at the Canada—France—Hawaii Telescope (Duc
et al., 2015). From left to right, NGC 474, NGC 502 and NGC 3619.

As mentioned earlier, shells and shell galaxies are a product of merger events. The most
widely accepted formation scenario of shells is the phase-space wrapping model, originally
suggested by Quinn (1984). Without going into much detail, the scenario suggests that shells
form via intermediate to major mergers (i.e. a mass ratio >1:10) (Pop et al., 2018), with satellite
galaxies on near-radial orbits. Less eccentric orbits tend to produce more tidal tails and stellar

1THowever, see Charmandaris et al. (2000).
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streams (Amorisco, 2015; Hendel & Johnston, 2015). During these mergers, stars are tidally
stripped from the satellite, and begin to oscillate in the gravitational potential of the system with
different orbital periods. With time, tidally stripped stars will start to wrap in phase-space and
accumulate at the apocentres of their orbits, forming shells with sharp outer edges, extending
out to large galactocentric distances. A sketch showing the formation processes of stellar shells
can be seen in Fig. 1.2. In Fig. 1.3, we show an example of a shell galaxy from one of our
simulations, and that stars from a tidally stripped satellite forms a distinct shell structure around
the galaxy. In Fig. 1.4, we illustrate the wrap in phase-space of the shell galaxy in Fig. 1.3.

ol

-
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Figure 1.2: Sketch showing the formation of stellar shells. A less massive satellite galaxy
(coloured orange) merges with a more massive main galaxy (coloured blue) on a near-radial
orbit. Tidally stripped stars from the satellite starts to oscillate in the gravitational potential of
the system, and begins to accumulate at the apocentres of their orbits to form sharp stellar shells
at large galacocentric distances.
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Figure 1.3: Stellar surface density maps of a shell galaxies from one of our merger simulations
(1040 Myr after the first pericentre passage). By only looking at stars from the tidally disrupted
satellite, a distinct shell structure, extending out to large galactocentric distances can be seen.
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Figure 1.4: Stellar mass-weighted phase-space (v, versus r) distributions for the stellar surface
density maps in Fig. 1.3. The stellar shells from the disrupted satellite corresponds to wraps in
phase-space, in agreement with the phase-space wrapping model by Quinn (1984).



Chapter 2

Parameter Survey

Our parameter survey begins with a so-called fiducial run, with initial conditions chosen to be
in line with what previous research tells us is the most favourable for shell formation, i.e. a
near-radial intermediate to major (> 1:10 mass ratio) merger (Quinn, 1984; Hernquist & Spergel,
1992; Karademir et al., 2019; Pop et al., 2018). We perform our fiducial run using the Adaptive
Mesh Refinement (AMR) code RAMSES (Teyssier, 2002), with a maximum physical resolution
of ~49 pc. The simulation includes a main galaxy, initially placed at (x, y,z) = (0,0, 0) with
zero net velocity, and a satellite a few tens of kpc away, with a trajectory towards the main one.
The full orbital properties of the satellite are given in Table 2.1. Both galaxies are modelled
using the MAGI code (Miki & Umemura, 2018), with a dark matter halo, central bulge, and
in the case of a disk galaxy, a stellar and a gaseous disk. The simulation is fully N-body +
hydrodynamical, however, to save computational power and time, we do not allow any star
formation to occur (by making the gas isothermal).

The method we use to detect shells, consists of analysing stellar surface density profiles,
one for each galaxy and one with both galaxies included, together with a visual inspection of
the stellar surface density map of the system. We illustrate this method for our fiducial run in
Fig. 2.1. In the top left panel, we plot the stellar surface density versus radius at ~367 Myr after
the first pericentre passage. Stellar shells are described as wide concentric arcs, extending out
to large galactocentric distances with sharp outer edges, i.e. overdensities with sharp cut offs
at large radii in the stellar surface density profile is an indication of a potential shell. We look
for these overdensities via exponential fits of the stellar surface density profiles (disk galaxies
typically have a close to exponential surface brightness/density profile Freeman, 1970)). It is
within the grey area (2 < r [kpc] < 10) that we do our exponential fits. The stellar surface
density profiles deviate too strongly from an exponential fit outside this range. This is due
the presence of a bulge at small radii, and tidal features from the merger at larger radii. We
then subtract each stellar surface density profile with its respective exponential fit, and plot the
residuals as a function of radius (bottom left panel). Overdensities with respect to an exponential
profile corresponds to a high sharp peak in the residuals plot, and is an indication of a potential
shell. For our fiducial run in Fig. 2.1, we can see an example of such a peak at r = 20 kpc.
However, this is not sufficient evidence of a stellar shell, since other tidal features at large radii
also can produce a similar signal. To complement our analysis, we do a visual inspection of the
stellar surface density map of the system, to see if we can visually identify a shell at this radius.
In Fig. 2.1 (right), we show the visual inspection for the peak at » = 20 kpc in our fiducial run,
and find that it corresponds to an ‘umbrella’-like shell in the top right part of the galaxy.

With this detection method, we now present our parameter survey. The survey includes 10
low-resolution simulations (with similar numerical set-ups as in the fiducial run), in which we
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Figure 2.1: Top left: Stellar surface density profiles for our fiducial run at ~367 Myr after the
first pericentre passage, one for each galaxy and one with both galaxies included. Dashed lines
are exponential fits, derived from the data within the grey area (2 < r [kpc] < 10). Bottom
left: Residuals plot showing how much each stellar surface density profile deviates from their
respective exponential fit. Right: Stellar surface density map of all stars, r ~367 Myr after the
first pericentre passage. The yellow circle corresponds to the yellow vertical line in the residuals
plot, and shows that the peak coincide with a ‘umbrella’-like shell in the top right part of the
galaxy.

explore different sets of parameters and investigate their influence on shell formation. However,
instead of analysing each individual simulation step by step, we summarise our findings with
respect to the parameters that we explore. This includes mass ratio, morphology of the satellite,
and orbital properties such as pericentre distance and inclination angle (with respect to the plane
of the main galaxy). For details on what parameters we use for the satellite in each of our 10
simulations, see Table 2.1. For results similar to what we present in Fig. 2.1, but for our suite
of simulations in Table 2.1, see Fig. A.1-A.5. Time indications in Fig. A.1-A.5 are all with
respect to the first pericentre passage in each respective simulation. These time indications are
however only rough estimates, since the time of the first pericentre passage of each simulation
are all obtained visually from movies due to storage limitations in number of outputs with raw
data.

2.1 Mass ratio

We perform three simulations with mass ratios 1:5, 1:10 and 1:20 (M1, M2 and M3 respectively
in Fig. A.1, A.2 and A.4). All other parameters remain the same as in the fiducial run. We
find that by decreasing the mass ratio, shell formation do not stop, but instead gets weaker
with fainter shells. Since the fraction of stars from the satellite is lower when the mass ratio
decreases, shells will naturally have a lower surface mass density, making them more difficult
to detect. Due to their low surface mass density, there is also a higher risk that shells from
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Table 2.1: Sets of orbital configurations for the satellite in each simulation in our parameter
survey.
Simulation Massratio (x,y,z) [kpc] (v, vy,v;) [km s1] Inc. [deg] Morph.

Fiducial 1:2 (60, 10, 0) (=30, 0,0) 0 Disk
M1 1:5 o — 7
M2 1:10 o o .
M3 1:20 o o T
P1 12 (60, 30, 0) (=30, 30,0) o
P2 o o (-30, 60, 0) L
P3 o L (=30, 120, 0) .
7] o (60,0,0) (=30, 0,0) 45 -
2 o o o 90 o
3 B L o 180 o
Tl S (60, 10, 0) S 0 Elliptical

the tidally disrupted satellite gets ‘hidden’ behind other tidal structures. All this agrees well
with Pop et al. (2018), who study the incidence and formation processes of shell galaxies in
the cosmological gravity+hydrodynamics Illustris simulation, and find that shell galaxies form
preferentially through relatively major mergers (> 1:10 stellar mass ratio).

2.2 Pericentre distance

In our parameter survey, we run three simulations with increasing pericentre distances (P1, P2
and P3 in Fig. A.2 and A.4). We increase the pericentre distance by giving the satellite a higher
initial position in y, and by adding a initial velocity in the y-direction. The results suggest that
when the pericentre distance increases, the merger is more likely to produce stellar streams and
tidal tails instead of shells. There are still shells, but weaker and more difficult to detect due
to overlaps with other tidal features. Once again, our results agrees with previous research, i.e.
that satellites on less eccentric orbits tend tend to produce more stellar streams and tidal tails
instead of shells (Amorisco, 2015; Hendel & Johnston, 2015)

2.3 Inclination angle

In our suite of simulations, we explore the influence of the inclination angle of the satellite
with respect to the plane of the main galaxy, for three different angles: 45, 90 and 180 deg (11,
12, and I3 respectively) (Fig. A.3 and A.5). Worth highlighting is that instead of changing the
position of the satellite, we change the direction of the spin axis of the main galaxy to obtain an
inclination angle. For the 45 and 90 deg simulations, the results show that besides the different
viewing angles (due to the change in direction of the spin vector) the inclination angle do not
seem to have substantial impact on shell formation.

One would expect that the difference in dynamical friction between a satellite travelling on
a trajectory with O deg inclination angle (practically through the disk of the main galaxy), to
the case with a 90 deg inclination angle, would result in a difference in how far away shells can
form. A 90 deg inclination angle would result in shells at larger galactocentric distances and
vice versa for a 0 deg inclination angle. However, from this relatively short parameter survey,
we can not draw any conclusions from this.
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The simulation with an 180 deg inclination angle is a special case, because we practically
flip the galaxy and change the main galaxy’s rotation to the opposite direction, i.e. the orbit
of the satellite is now retrograde. In general, this leads to a weaker gravitational pull, due to a
higher relative velocity between stars in the two galaxies. However, in this specific simulation,
where we have a near-radial orbit, this effect is less important. The result is therefore similar
to the simulations with a 45 and 90 deg inclination angle, i.e. the inclination angle does not
seem to have an important impact on shell formation. This is also one of the conclusion in
Karademir et al. (2019), that for short pericentre distances, shell structures are independent of
the inclination angle.

2.4 Morphology

The final parameter (or property) that we explore in our parameter survey is the the morphology
of the satellite. We only perform one simulation of this (T1, Fig. A.3 and A.5), in which we
change the satellite from a disk to an elliptical galaxy. One major difference between these two
morphologies, is that stars are more ‘grouped up’ in phase space in a disk galaxy with rotation,
organisation and structures (e.g. spiral arms), compared to in an elliptical galaxy, where stars are
more spread out in phase space with more random motions and less structures. This difference
can be seen in our simulation, where we still get shells, but they are wider and more spread
out radially, which makes them fainter and therefore more difficult to detect. Our results once
again correlates well with Pop et al. (2018), who find that shell forming progenitors typically
have a high mean .o, which is the fraction of kinetic energy invested in ordered rotation. This
means that shell forming progenitors are more rotation dominated, and therefore more likely
disk galaxies.

2.5 Summary

To summarise, stellar shells seems to form in a large variety of mergers. All parameters (that
we explore), except the inclination angle, have an influence on shell formation, typically in the
form of shells’ stellar surface density, or how easily distinguishable shells are in comparison
to other tidal features. However, none of the orbital configurations that we explore in our
parameter survey, give more distinct stellar shells than what we already get in our fiducial run.
We therefore conclude that from our parameter survey, the most favourable orbital configuration
for stellar shells, is a near-radial merger between two disk galaxies, with a mass ratio of ~1:2,
and with no dependence on the inclination angle with respect to the plane of main galaxy.

10



Chapter 3

High-resolution simulation

From our parameter survey in Chap. 2, we now know how to perform a merger simulation
favourable for distinct shell formation. With this information, we perform a high-resolution
merger simulation of two colliding galaxies and their formation into a shell galaxy. We present
this in the form of a self-contained paper.

11
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ABSTRACT

Recent observations of young massive star clusters in the prominent outer shell of NGC 474, raise questions about the star
formation activity in shell-forming mergers and the shell galaxies that they leave behind. In this study, we perform an idealised
(non-cosmological) simulation of two merging galaxies and their formation into a shell galaxy. The merger generates an excess
of dense gas, and makes the star formation activity go into a starburst phase. For spatially resolved star formation, the Kennicutt-
Schmidt relation varies with the merger, but with no general trend over time. Mixing between HI and H, produces a break in
the relation at low gas surface densities, where Hj has a better correlation to the surface density of SFR than that of all the gas,
while HI has no correlation at all. Regions of star formation therefore coincide with regions of large amounts of H», such as the
nucleus, spiral arms, and occasionally in the outskirts early in the merger. Tidal interactions during the merger scatter stars into
a stellar spheroid. At coalescence, this leads to morphological quenching, and star formation stops without the need of AGN
feedback. Only the innermost ~1.5 kpc is left with star-forming H, gas. Since the first shells do not appear until after coalescence,
shells do not host any in situ star formation. Our results suggest that shell-forming mergers can be part of the process in turning
blue late-type galaxies into a red and dead early-type ones. Similarly, shell-forming mergers can also be part of the compaction

model, which explains the existence of red nuggets at high redshift.

Key words: methods: numerical — galaxies: interactions — galaxies: star formation

1 INTRODUCTION

In the current cosmological paradigm, galaxy interactions and merg-
ers are natural recurring events (White & Rees 1978), often in asso-
ciation with starbursts and enhanced star formation activity (Sanders
& Mirabel 1996; Canalizo & Stockton 2001; Knapen et al. 2015).
With the development of more powerful computers throughout the
last few decades, numerical simulations have provided a theoretical
framework to understand the evolution and underlying physics of
the star formation activity in a wide diversity of interacting galaxies
and mergers (Hernquist 1989; Barnes & Hernquist 1991; Mihos &
Hernquist 1996). Idealised (non-cosmological) merger simulations
have proven to be especially useful for this, because they allow to
recreate specific tidally distorted galaxies (Toomre & Toomre 1972),
and enable analysis of the star formation activity at a high spatial
resolution (Karl et al. 2010; Teyssier et al. 2010; Renaud et al. 2014;
Moreno et al. 2015; Renaud et al. 2018).

One particular class of tidally distorted galaxies are shell galaxies
(Arp 1966), which are characterised by their wide concentric stellar
arc(s), extending out to large galactocentric distances with sharp
outer edges. Observations have shown that shells are more frequent
around red early-type galaxies than blue late-type ones (Atkinson
et al. 2013), and it has been estimated that ~20% of elliptical and
lenticular galaxies exhibit one or more shells (Malin & Carter 1983;
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Tal et al. 2009; Duc et al. 2015; Pop et al. 2018; Bilek et al. 2020)
(however, see also Krajnovic et al. 2011).

Several formation mechanisms have been proposed for shells over
the recent decades (for a review, see e.g. Ebrova 2013). The most
widely accepted one is the merger scenario. Numerical simulations
have inferred that shells form via near-radial intermediate to major
mergers (i.e. a mass ratio >1:10), where shells correspond to tidally
stripped stars from accreted satellite galaxies, accumulating at the
apocentres of their orbits (Quinn 1984; Hernquist & Spergel 1992;
Karademir et al. 2019; Pop et al. 2018). Shells therefore share a
similar origin as other tidal features, such as stellar streams and tidal
tails, which tend to be produced in more circular mergers (Amorisco
2015; Hendel & Johnston 2015).

Since shells (together with other tidal features) often remain visible
in the galaxies’ stellar haloes long after the merger event itself (Mihos
et al. 2005; Martinez-Delgado et al. 2010; Duc et al. 2015; Mancillas
et al. 2019b), they can serve as a powerful tool to help reconstruct
assembly histories of galaxies (Romanowsky et al. 2012; Foster et al.
2014; Longobardi et al. 2015). An example of where this has been put
in action, is the shell galaxy NGC 474. Two independent teams, Alabi
etal. (2020) and Fensch et al. (2020), constrain NGC 474’s formation
history via spectral analysis of its prominent outer shell, and show
evidence that are consistent with the merger scenario (further analysis
of NGC 474’s formation history is done in Bilek et al. 2022). Due
to the low surface brightness and poor gas content of NGC 474’s
outer shell (Mancillas et al. 2019a), Fensch et al. (2020) complement
their spectral analysis with bright point sources that are kinematically
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associated with the outer shell, such as globular clusters and planetary
nebulae (including three massive clusters from Lim et al. 2017). Full
spectral fitting of four massive clusters, show that at least two massive
clusters have ages < 1.5 Gyr and a relatively high metallicity, while
the stellar population of the shell itself have a luminosity-weighted
age of ~3.6 Gyr. Instead, the two massive clusters match a relatively
young stellar population (in both age and metallicity) in the nucleus
of NGC 474, i.e. far away from the tidal debris. This shows evidence
of a rather complex star formation activity, and asks questions about
where and when star formation takes place in shell-forming mergers
and shell galaxies.

To understand how the merger-driven star formation activity in
a shell galaxy evolves with time and within the system, and what
the physical conditions are for it, we perform an idealised merger
simulation with a orbital configuration favourable for shell formation.
The paper is organised as follows. In Section 2, we present the set-
up and sub-grid models of our simulation. Section 3 includes our
analysis of the global and spatially resolved star formation activity,
and how it relates to the shells of the system. In Section 4, we discuss
the implications of our results on the formation history of NGC 474,
and on shell galaxies as a whole. Section 5 presents the conclusions
of our study.

2 METHOD

We run a N-body + hydrodynamical simulation of two colliding disk
galaxies and their formation into a shell galaxy, using the Adaptive
Mesh Refinement (AMR) code RAMSES (Teyssier 2002). In the fol-
lowing two sections, we will briefly go through our simulation set-up
and some of the sub-grid models that we use for heating and cooling
of gas, star formation and feedback processes.

2.1 Simulation set-up

In RAMSES, dark matter and stars are treated as collisionless parti-
cles, whereas the fluid dynamics of the gas are computed on a grid
with AMR, assuming ideal mono-atomic gas with an adiabatic index
v = 5/3. The grid follows a quasi-Lagrangian refinement strategy
where a cell is adaptably refined (or de-refined) to higher (or lower)
resolution, depending on the amount of baryonic mass (gas + stars)
in each individual cell. In our simulation, a cell is refined if it exceeds
eight times the initial gas mass resolution. A cell is also allowed to
refine if it contains more than eight dark matter particles. The max-
imum allowed refinement level corresponds to a maximum physical
resolution of ~12 pc.

The galaxy models that we use are generated in isolation using the
MAGI code (Miki & Umemura 2018), both with a dark matter halo,
a central bulge, a stellar and a gaseous disc. The initial parameters
are provided in Table Al. These models are rendered with a total of
2 million particles (excluding the gas which is rendered on the AMR
grid). The initial total mass ratio between the two galaxies is 1:2,
where the more massive galaxy is henceforth referred to as our ‘main
galaxy’ and the less massive galaxy as a ‘satellite galaxy’.

In our simulation, the main galaxy is placed at the centre of a
200 kpc cube (filled with an ambient gaseous medium with a number
density of 1075 cm™3) and the orbital parameters of the satellite are
set to give it a near radial infall trajectory towards the main galaxy
(with an initial inclination angle of 10° with respect to the plane of
the main galaxy). The initial separation between the two galaxies
is picked large enough to allow the two galaxies to relax from the
artificial initial conditions and reach a steady star formation activity
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before the collision, yet sufficiently short to limit the computational
cost, and the premature consumption of the gas reservoirs. The full
orbital parameters of the main galaxy and the satellite are given in
Table A2.

2.2 Sub-grid models

Cooling of gas is metallicity-dependent and determined using tabu-
lated values from cooling functions by Sutherland & Dopita (1993)
for gas temperatures of 10%8-5 K, and from Rosen & Bregman
(1995) at lower temperatures. Heating from ultraviolet background
radiation is modelled according to Haardt & Madau (1996). The ini-
tial metallicity of the gas of the main galaxy and satellite is 1 Z and
0.3 Zo respectively.

Star formation and feedback physics follows what is presented in
Agertz et al. (2013). In short, star formation occurs on individual cell
level and follows the star formation law:

PSFR = fﬂ"lof: when  pg > psF, (1
where pgpR is the star formation rate density, pg is the gas density,
eg = 0.1 is the star formation efficiency per free-fall time, t5 =
\J(37)/(32Gp) is the free-fall time and pgp = 100 cm™! is the
star formation threshold. Star particles are generated via a Poisson
sampling process (using 10* M star particles), where each particle
is treated as a single-age stellar population with a Chabrier (2003)
initial mass function (IMF). Star formation is regulated via injection
of energy, momentum, mass and heavy metals into surrounding gas
through stellar feedback processes, which includes core-collapse SN
and SNIa, stellar winds and radiation pressure. To avoid numerical
overcooling in cases where the Sedov-Taylor phase of individual SNe
is unresolved, we implement the model by Kim & Ostriker (2015).
The number of SNe occurring at each time step is regulated via the
IMF (Chabrier 2003) and the energy injected into surrounding cells
is 107! erg.

3 RESULTS

Figure 1 shows the evolution of the face-on stellar surface density
in our merger simulation. The first distinct stellar shell appears at
t ~ 340 Myr, and can be seen in the top right part of the galaxy.
Stellar shells continues to appear (and dissipate) for at least 1 Gyr.
Another pair of distinct stellar shells can be seen at t ~ 700 Myr and
t ~ 1040 Myr. In Section 3.3, we investigate whether these stellar
shells have an equivalent part in the gas distribution. Besides the
formation of shells, the merger also changes the overall morphology
of the main galaxy, from a disk to a spheroid.

3.1 Global star formation history

In Fig. 2, we show the evolution of the SFR in our simulation, from
230 Myr before to 600 Myr after the first pericentre passage (which
is sufficient to cover all epochs of star formation). Before the first
pericentre passage (t < 0), there is a pre-interaction phase with
a relatively stable SFR at around 4 Mg yr~!. This is followed by
an interaction phase, where the SFR increases due to the first and
second pericentre passages, with several short-lived (~30 Myr) peaks
in between. Two peaks almost coincide with the pericentre passages
themselves, but with the SFR peaking a few Myr after each respective
passage. After t = 250 Myr, the SFR rapidly decreases and goes well
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Figure 1. Face-on stellar surface density maps at six different snapshots in our simulation. We define ¢ = 0 to be at the first pericentre passage. The first distinct
stellar shell appears at # = 340 Myr and is visible in the top right part of the galaxy (see the white arrow for guidance). Another set of distinct stellar shells can
be seen at # = 700 Myr and ¢ = 1040 Myr in the bottom right and middle left part of the galaxy respectively.
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Figure 2. Evolution of the SFR in a time period sufficient to cover all epochs
of star formation. The coloured symbols mark the snapshots considered in
the rest of the analysis. As expected in wet mergers, the pericentre passages
are associated with significant enhancements of the star formation activity.

below the initial value in the pre-interaction phase. The SFR never
recovers, and this quenching phase continues throughout the rest of
the simulation (i.e. for ~4 Gyr).

To understand what physical processes are causing these distinct
epochs of star formation in Fig. 2, we explore the time evolution
of the SFR with respect to the gas density in a Kennicutt-Schmidt
(KS) diagram. Figure 3 shows the time evolution of the surface
density of gas and SFR within two times the half-mass stellar radius,
initially every ~50 Myr (as indicated in Fig. 2), and every ~500 Myr
after + = 600 Myr. In the pre-interaction phase, the two galaxies
share similar behaviours in the KS-plane, and do not experience any
drastic changes in either surface densities. For the interaction phase,
the system starts with a high surface density of gas, but decreases
relatively quickly while the surface density of SFR increases. This
reduces the depletion time of the system (to a minimum of the order
of 100 Myr), such that it goes into the starburst regime above the
observed relation for (U)LIRGs (Daddi et al. 2010). The quenching
phase starts with a violent decrease of the surface density of SFR,
while that of the gas remains close to constant. This leads to an
increase in depletion time, with a maximum reaching ~100 Gyr.

The fact that the surface density of gas remains close to constant
throughout both the starburst and quenching phase in Fig. 3, suggests
that an internal redistribution of the gas density is responsible for the
different phases. In Fig. 4, we show the mass-weighted probability
density functions of the gas density at three different snapshots,
representing the three different epochs of star formation identified
in Fig. 2 and 3. For the starburst phase ( = 200 Myr), we see that
it correlates to an excess of high density gas. Previous research has
shown that several physical mechanisms can lead to an increase in
mass of dense gas and/or a decrease in the depletion time, and by
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Figure 3. Time evolution of surface density of gas and SFR within two times
the half-mass radius, initially every ~50 Myr, and every ~500 Myr after
t = 600 Myr. The upper dotted line is a fit to observations of local (U)LIRGs
and SMGs and the lower dash-dotted line is a fit to local spirals and z = 1.5
BzK galaxies (Daddi et al. 2010).
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Figure 4. Mass-weighted probability distribution functions of the gas den-
sity at three snapshots, representing different epochs of star formation. This
includes the pre-interaction phase (t = —80 Myr), the interaction/starburst
phase (¢t = 200 Myr) and the quenching phase (r = 600 Myr). The dashed

line marks the star formation threshold at psg = 100 cm™!.

that trigger a starburst. This includes nuclear inflows induced by tidal
torques (Barnes & Hernquist 1991), shocks between gas reservoirs
when dense regions of the ISM overlap (Jog & Solomon 1992), and
tidal and turbulent compression of gas (Renaud et al. 2014). This is
further discussed in Section 4.2.

Conversely, for the quenching phase (r = 600 Myr), Fig. 4 shows a
deficit of high density gas. An example of a physical process that can
lead to less amounts of high density gas is the merger event itself,
which can empty the gas reservoir by consuming all the gas during
the starburst phase, and/or remove large amounts of the gas through
tidal ejections, feedback processes and/or ram pressure stripping.
However, neither Fig. 3 or 4 indicates that the gas reservoir empties.
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Figure 5. Edge-on surface density of gas together with contours of the stellar
surface density for the same three snapshots as in Fig. 4, representing different
epochs of star formation. The tidal interaction puffs up the stellar component
into a spheroid, which weakens the gravitational force on the gas, and stabilises
it against collapse.

During the time period —80 Myr < ¢t < 600 Myr, the mass of gas
within two times the half-mass stellar radius decreases by 2.49 x
10° M. Over the same time period, the stellar mass increases by
2.55%10° Mg due to star formation. This suggests that star formation
is the main contributor to the change of gas content, and that the
quenching phase is not caused by a (hydro)dynamical removal of the
gas reservoir.

Another example of a physical process that can lead to less amounts
of high density gas is morphological quenching (Martig et al. 2009).
This happens when the stellar component of a galaxy goes from a
disk to a spheroid. Because of this, the gravitational potential gets
shallower, and the gas disk can become stable against fragmentation
and gravitational collapse, i.e. not dense enough to form stars. In
Fig. 5, we illustrate the growth of a stellar spheroid in our simulation
by showing the edge-on surface density of gas together with contours
of the stellar surface density for the same three snapshots as in Fig. 4.
The gas component also gets a more spheroidal-shape, but not to
the same extent as the stellar component, probably because of its
dissipative nature (see e.g. Athanassoula et al. 2016). Morphological
quenching is therefore very likely the main cause for the drop in the
SFR after the interaction phase.
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Figure 6. Spatially resolved KS-diagrams of the system at nine snapshots (chosen to include all epochs of star formation from Section 3.1) in our simulation,
accounting for all the gas (i.e. molecular, atomic and ionised). Each point is a star-forming region (considering only stars younger than 10 Myr) on a 1 kpc scale,
colour-coded and scaled in size according their molecular gas fraction and distance from the stellar centre of mass respectively. At # = —80, only star-forming
regions from the main galaxy are included. For each diagram a median value of the surface densities is calculated (grey dot), and a power-law is fitted (grey

dashed line), according to the star formation law XggR o ZGM

3.2 Resolved star formation activity

To study the star formation activity in more detail, how it evolves
within the system, and what the conditions are for it, we now focus
our analysis on spatially resolved star formation. Figure 6 shows a
series of KS-diagrams at nine snapshots in our simulation, where
each point is a star-forming region on an 1 kpc scale, colour-coded
and scaled in size according to their molecular gas fraction! and
distance from the stellar centre of mass respectively.

For each diagram in Fig. 6, we calculate a median value of the

! The molecular gas fraction is defined as f = My, /(My, + Myi), where
HI and H; are represented by cool (T < 8000 K, n < 10 cm™) and cold-
dense (T' < 300 K, n > 10 cm‘3) gas of the ISM, similarly as in Moreno
etal. (2019)

(Schmidt 1959; Kennicutt 1998).

surface densities (grey dot). The value does to seem to evolve, instead
it remains within one standard deviation throughout all snapshots and
show no indications of different epochs of star formation, which is a
distinct different to the global case in Fig. 3.

In Fig. 6, we also fit a power-law (grey dashed line) of the form
YSFR Z ¢ (Schmidt 1959; Kennicutt 1998) in each diagram. The
value of the power-law index N varies strongly between snapshots,
but with no general trend over time or the epoch of star formation. The
uncertainty of N on the other hand, increases at late snapshots due
to the quenching phase, which reduces the number of star-forming
regions, making more difficult to get reliable fits. Despite the strong
variation of values, N is consistently higher than the classical value of
1.4 (Schmidt 1959; Kennicutt 1998). In Fig. 6, we can also distinguish
a molecular gas fraction gradient towards higher surface densities,
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Figure 7. Similar set of KS-diagrams as in Fig. 6, but now separated into surface densities of Hy (top) and HI (bottom), at snapshots representative for each
epoch of star formation. No power-law is fitted for HI because no correlation between the surface density of SFR and HI can be distinguished.

where star-forming regions with a high molecular gas fraction have
a less steep slope, better in line with that reported by observations
of molecular gas only, e.g. Bigiel et al. (2008). However, contrary
to Bigiel et al. (2008), there is no visible dependence of N with
the galactocentric distance. We suspect that the break in the KS-
distribution relates to the mixing of HI and H,, and is responsible
for the high values of N when considering all the gas.

The existence of a break in the KS-distribution at low surface
densities of gas, is well known from previous research. Bigiel et al.
(2008), who study the star formation law in nearby galaxies on sub-
kpc scales, relates the break to the transition from an HI to an Hj-
dominated ISM. However, the physical origin of the break is still
debated. It has been suggested that it is not directly related to the
transition from HI to Hj, but instead related to other physics that
sets the ratio between the two. Krumholz et al. (2009) proposes a
theoretical model in which the break and the transition from HI to
H; is related to self-shielding of hydrogen. However, Renaud et al.
(2012) with an analytical model and Kraljic et al. (2014) with the
help of numerical simulations, suggest that the break is independent
of self-shielding effects, and instead is linked to the transition from
subsonic to supersonic turbulence in the ISM. Without going into a
deeper analysis of the origin(s) of the break, which is out of scope
of this paper, we point out that the break exists in all stages of the
merger considered here. It is however less pronounced during the
peaks of SFR, when the turbulence is expected to rise.

To explore in more detail how star-forming regions with high and
low molecular gas fraction behaves differently in the KS-plane and
how this produces a break in the KS-relation, we separate the total gas
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surface density into surface densities of HI and Hj, and examine how
each relates to the surface density of SFR. In Fig. 7, three snapshots
are selected for this, one for each epoch of star formation. For the
surface density of Hy, we see a much better correlation with the
surface density of SFR, but also a KS-relation with N close to 1,
similar to the molecular KS-law found empirically in Bigiel et al.
(2008). For the surface density of HI, we see the opposite effect, i.e.
no correlation with the surface density of SFR, instead, HI seems
to saturate at a certain surface density. In terms of depletion time,
Fig. 7 shows that it is close to constant for Hy-dominated star-forming
regions, while for HI, it can instead vary by several dex.

In contrast to isolated disk galaxies (Bigiel et al. 2008), no corre-
lation between the molecular gas fraction or the depletion time with
the galactocentric radius can be seen in Fig. 6 or 7. This is most likely
due to the mixing induced by tidal interactions and the merger, as
well as the trigger of off-centre starbursts. To investigate where star
formation actually occurs (and how these regions evolve with time),
we in Fig. 8 map HI and H, for each snapshot in Fig. 6, colour-code
it according to the molecular gas fraction, and indicate star-forming
regions with black contours. We can see a high molecular gas fraction
in the central kiloparsecs of the two galaxies and later the merger.
This is where many of the star-forming regions are located. However,
we can also see star formation occurring in the spiral arms before
the merger, and occasionally in the outskirts of the merger at large
galactocentric distances, which very likely corresponds to areas of
tidal compression (Renaud et al. 2014). As star formation slows down
(t > 250 Myr), the off-centre star formation activity fades, and at the
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Figure 8. Face-on surface density maps of HI and H, for the same snapshots as in Fig. 6. The maps are colour-coded according to the molecular gas fraction
at each pixel (1 kpc scale), and mass-weighted in transparency, where more opaque pixels have a higher total mass of HI and Hj gas. The area within black

contours is considered to be star-forming (contains stars younger than 10 Myr).

beginning of the quenching phase, only the innermost ~1.5 kpc is
left with star-forming molecular gas.

3.3 Shells and their gas component

In Section 3.1 and 3.2, we show that when ¢ > 250 Myr, the SFR
drops due to morphological quenching, and that the off-centre star
formation activity fades. Combined with that the first distinct stellar
shells does not appear until + > 340 Myr, at large galactocentric
distances (see Fig. 1), suggests an absence of in situ star formation in
shells. In Fig. 9, we examine this in more detail by comparing the face-
on surface density of gas, with contours of the stellar surface density
and the location of star-forming regions (indicated with yellow stars),
for the same snapshots as in Fig. 1. As expected, none of the three
examples of stellar shells (bottom three panels) show evidence of in
situ star formation. They all lack an equivalent shell structure in the
distribution of gas as well, making them relatively gas poor, which
agrees with observations of shells, e.g. the outer shell of NGC 474
(Mancillas et al. 2019a). Tidal tails on the other hand, host both in

situ star formation and a gas component, e.g. in the upper part of
the merger at r = 200 Myr. However, there are exceptions, e.g. again
at ¢+ = 200 Myr, but now the tidal arm in the bottom right part of
the merger. This difference in gas content separates shells from tidal
tails, and suggests that shells can not take part in the formation of
tidal dwarf galaxies (Duc & Renaud 2013).

A preliminary survey of the parameter space (not shown here),
reveals that shells mainly consists of material from the disrupted
satellite (Pop et al. 2018; Karademir et al. 2019). Given that the
initial metallicity of the two progenitors’ gas reservoirs are distinctly
different, it is therefore natural to assume that the same should hold
true for the gas content associated with shells, and other parts of the
merger (and later the shell galaxy). In Fig. 10, we illustrate the mixing
of the ISM of the two progenitors by showing gas density-weighted
maps of [Fe/H] for the same snapshots as in Fig. 9, with contours
of the stellar surface density and yellow stars indicating star-forming
regions, similarly as in Fig. 9.

For the gas content associated with the first stellar shell at ¢t = 340
Myr (top right part of the galaxy), we indeed see that it has a dis-
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Figure 9. Face-on surface density of gas together with contours of the stellar surface density for the same six snapshots as in Fig. 1. Star-forming regions (on a
1 kpc scale) are indicated with yellow stars. Examples of stellar shells are indicated with black arrows.

tinct metallicity, yet with a non-negligible enrichment of ~0.2 dex,
in comparison to the satellite’s gas reservoir before first pericentre
passage (t = —80 Myr). Within the same time period, the starburst
phase enriches the ISM of the central kiloparsecs, and the maximum
value of [Fe/H] increases by ~0.5 dex. However, as the ISM con-
tinues to mix, the discrepancy in metallicity between the gas content
in shells and other parts of the galaxy, becomes less distinguishable,
e.g. at t = 700 Myr in the bottom right part, and at = 1040 Myr in
the centre left part of the galaxy.

4 DISCUSSION
4.1 Comparison with NGC 474

Our analysis shows that a lack of molecular gas prevents in situ star
formation in shells. No star formation implies no formation of star
clusters, which suggests that the two young massive star clusters in
the outer shell of NGC 474, identified by Fensch et al. (2020), most
likely have an ex situ origin. Fensch et al. (2020) propose a formation
scenario where the merger event responsible for the formation of
the shells, also triggered the formation of massive star clusters via a
nuclear starburst. Similarities in age and metallicity with a relatively
young stellar population in the nucleus of NGC 474, indicates that
this is the birth place of the young massive star clusters in the outer
shell, possibly during a close passage between associated materials
of the nucleus and the disrupted satellite. Despite that the limited
resolution of our simulation does not allow for a detailed study on
the formation of massive star clusters here, the fact that we observe a
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starburst phase, supports the formation scenario suggested by Fensch
et al. (2020).

The argument against a formation scenario involving a nuclear
starburst in NGC 474, is that its nucleus does not host any de-
tectable remaining molecular gas (Combes et al. 2007; Mancillas
et al. 2019a). The nuclear starburst must therefore have been very
efficient at either consuming and/or ejecting all gas. However, this
is close to the opposite of what we see in our simulation, where we
still find Hj in the central kiloparsecs after the starburst phase, and
only have small amounts of (hydro)dynamical removal of gas. This
difference could be due to the lack of an AGN in our simulation. An
AGN fuelled by gravitational torques can efficiently remove dense
molecular gas from the centre of a merger remnant, and even quench
star formation (Hopkins et al. 2013). In our simulation however,
quenching is reached without AGN feedback, and therefore leaves
(small) amounts of molecular gas in the nucleus. We note that the
two scenarios with or without an AGN could have different signa-
tures in the molecular gas content, and can therefore serve as a tool
to observationally identify the cause of quenching in these types of
mergers. For NGC 474, there have been no reports (that we are aware
of) showing evidence of an AGN in its nucleus. To further explore
the nuclear starburst scenario, it calls complementary observations of
the nucleus of NGC 474, both of its molecular gas and the presence
of a AGN, or more advanced numerical simulations accounting for
the possibility of igniting an AGN.
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4.2 Tidal compression in mergers

In Section 3.1, our analysis shows a correlation between an excess of
dense gas, and the system going into the starburst regime, above the
observed relation for (U)LIRGs (Daddi et al. 2010) in the KS-plane.
Renaud et al. (2014, 2019) sees a similar correlation in their simula-
tion of an Antennae-like major merger. They find that gravitational
interactions between two galaxies, trigger starbursts via enhanced
tidal compression over large volumes, which increases and modi-
fies the turbulence of the ISM, such that an excess of dense gas is
generated. This can explain why we see star formation at large galac-
tocentric distances in some snapshots in Fig. 8, where tidal torques
and shocks between gas reservoirs and clouds are not as effective as
in the nucleus. They also find that the timescale of tidal compression
to the ignition of starbursts is ~10-30 Myr, which can be the reason
why the SFR peaks a few Myr after each pericentre passage in Fig. 2,
and is not unique for our simulation (e.g. Moreno et al. 2019; Li et al.
2021). However, the role of tidal compression and how it relates to
the excess of dense gas in our simulation, is out of scope for this
paper. We note that the correlation between excess of dense gas and
starbursts are the same, and therefore opens up for further analysis
of compressive tides in shell-forming mergers, and its ubiquity in
mergers in general (Renaud et al. 2009).

4.3 Shells and the formation of red elliptical galaxies

Tidal interactions during the merger event scatter stars into a stellar
spheroid. Besides the formation of shells, what is left after the merger
event is an elliptical galaxy with a diffuse gas disk and very little to

none star formation due to morphological quenching (Martig et al.
2009). We know from observations that shells are more frequent
around red early-type galaxies (Atkinson et al. 2013). One can there-
fore suspect that shell-forming mergers might be associated with the
process of turning blue late-type galaxies into red and dead early-type
ones in galaxy evolution. If this is a generic feature of shell galaxies,
the detection of shells around a galaxy could be used to determine
the cause of quenching, and possibly date it. Further investigation
of this calls for more numerical simulations, which would provide
valuable statistics on e.g what effects the orbital properties and mass
ratio have on the quenching of the star formation activity. Numer-
ical simulations in a cosmological context would provide valuable
information on the importance of shell-forming mergers at different
redshift, and how continuous accretion of gas affects the quenching
phase, possibly by rejuvenating the remnant.

We note that our simulation have similarities with the compaction
model by Dekel & Burkert (2014), which explains the origin of
compact, quenched spheroids ‘red nuggets’ at high redshift. Similar
to the model, our simulation also starts with a blue disk galaxy. A
wet merger leads to gas contraction and forms a system with high
SFR, i.e. a blue nugget. This corresponds to the starburst phase in
our merger. The compactness of the blue nugget triggers an internal
quenching, and turns the system into a so-called red nugget with low
SFR (that can later decompactify into a spheroid). In our case, we
see a drop in the SFR due to morphological quenching due to the
presence of a stellar spheroid. All this together suggests that shell-
forming mergers can be part of the process in turning blue nuggets
into red ones at high redshift.

MNRAS 000, 1-11 (2022)



10  Petersson et al.

5 CONCLUSIONS

We perform a N-body + hydrodynamical simulation of two merging
galaxies and their formation into a shell galaxy. We first analyse the
star formation history on a global scale, and later the spatially resolved
star formation activity, to examine how star formation evolves with
time, within the system, and the conditions for it. Our main findings
are as follows.

(1) As the system approaches the first pericentre passage, the star
formation activity goes into a starburst phase with enhanced SFR and
reduced depletion time. This is due to an excess of dense gas, likely
generated by various physical processes, such as nuclear inflows,
shocks, and tidal and turbulent compression.

(i1) The star formation activity later transitions into a quenching
phase, where a deficit of dense gas leads to a reduced SFR and longer
depletion time. We show that the main cause for this is morpholog-
ical quenching, in which a stellar spheroid (formed by the scatter
of stars during the merger) with its shallow gravitational potential
prevents gas to collapse and get dense enough to form stars. The star
formation activity never recovers and this quenching phase continues
throughout the rest of the simulation.

(iii) For spatially resolved star formation on an 1 kpc-scale, the
Kennicutt-Schmidt relation varies along the merger, but does not
show any general trend over time. At low gas surface densities, mixing
of HI and H, produces as break in the relation. The surface density
of Hj has a better correlation with the surface density of SFR than
that of all the gas, while for HI, it is the opposite with no correlation
at all, as previously found in observations of isolated disks.

(iv) Star formation takes place in regions with high molecular gas
fraction. This includes the nucleus, spiral arms, and occasionally, the
outskirts early in merger. At coalescence, morphological quenching
stops star formation without the need of AGN feedback, and only the
innermost ~1.5 kpc is left with star-forming H,, but with a SFR 1
dex lower than before the interaction.

(v) The first stellar shells do not appear until after coalescence,
and do not host any in situ star formation.

(vi) We note similarities with the compaction model by Dekel
& Burkert (2014), and conclude that shell-forming mergers might
be part of the process in turning blue nuggets into red ones at high
redshift.

Our focus in this work is on star formation in general, and not
on the formation of clusters. To further constrain the origin of the
two young massive clusters in the outer shell of NGC 474, a dedi-
cated study on the formation of massive star clusters in shell-forming
mergers is needed. A simulation with an orbital configuration meant
to reproduce NGC 474, would be beneficial for this type of study as
well, and give a more reliable analysis.
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Chapter 4

Conclusions

In conclusion, with a parameter survey of low-resolution merger simulations, we find a set
initial conditions favourable for shell formation. With these initial conditions, we perform a
high-resolution simulation of a shell-forming merger and its formation into a shell galaxy, and
present it in the form of a self-contained paper in Chap. 3. However, our parameter survey is
relatively short with 11 simulations, which brings limitations on much depth we can analyse
each different parameter. Because of these limitations, there are therefore potentially other sets
of initial conditions, just as, or even more favourable for shell formation. Further investigation
of this calls for a more extensive parameter survey, in which we can study the influence of
a specific parameter on shell formation in more detail, and explore other parameters. In our
survey, we limit ourselves to four different parameters (or properties): mass ratio, pericentre
distance, inclination angle (with respect to the plane of the main galaxy) and the morphology
of the satellite. The reason why we select these specific parameters is because they have proven
to be especially important in previous research on the formation mechanisms of shells (e.g. Pop
et al., 2018). However, this does not exclude the possibility of other parameters also having an
important impact on shell formation (e.g. the velocity of the satellite at impact).

With a more extensive parameter survey, improvements can be made on the detection of
shells. In this work, we detect shells via overdensities in the stellar surface density profiles,
together with a visual inspection of the stellar surface density map of the system. This makes the
method somewhat subjective, and not ideal for a larger sample of simulations. Quantifying shells
in terms of their stellar surface density, allows for a more fair comparison between simulations.
Comparison of shells within a consistent narrow time frame from the first pericentre passage,
would also give a more reliable analyses (which was somewhat difficult to obtain in our survey
due to limitations in number of snapshots with raw data). The connection between shells and
their wrap in phase-space (which we illustrate in Fig. 1.3 and 1.4), can potentially serve as an
additional detection method for shells. However, to develop or use such a technique, it requires
more analysis and study of the physics behind the phase-space wrapping model by Quinn (1984).

On a final note, we want to discuss the implications of our results on the possibility of shells
around the Milky Way. Assuming that our results from Chap. 3 is applicable to all shell-forming
mergers, it suggests that the presence of shells is directly correlated to quenched star formation
of a system. The Milky Way however, is still star-forming (for a review, see e.g. Kennicutt &
Evans, 2012), which from our assumption means that the Galaxy does not host any shells, and
i.e. therefore contradicts previous indications of shells around the Milky Way (Deason et al.,
2013; Donlon et al., 2020). However, this is only valid in an idealised context, and therefore
calls for more complex simulations in a cosmological context, where continues accretion of gas
can potentially restart star formation by rejuvenating the Galaxy.
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Appendix A
Additional plots
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Figure A.1: Stellar surface density profiles, one for each galaxy and one with both galaxies
combined, and residual plots made from subtracting each stellar surface density profile with their
respective exponential fit (dashed lines, fitted from data inside the grey area), for all simulations
(except the fiducial rune) in our parameter survey (see Table 2.1 in Chap. 2). Yellow lines
marks relatively sharp peaks in the residuals plots and therefore potential shells.
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Figure A.2: Continuation of Fig. A.1
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Figure A.3: Continuation of Fig. A.1
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Figure A.4: Stellar surface density maps for all simulations (except the fiducial run) in our

parameter survey (see Table 2.1 in Chap. 2. Yellow circles corresponds to yellow vertical lines
in each simulations respective plot in Fig. A.1-A.3.
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Figure A.5: Continuation of Fig. A.4.
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