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ABSTRACT

Context. The lenticular galaxy NGC 474 hosts a rich system of tidal shells and streams, some of which are exceptionally bright.
Two teams recently presented spectroscopic observations of the brightest shells. These were the first shell spectra ever observed in
integrated starlight. The authors studied the stellar populations of the shell, of the center of the galaxy, and of its globular clusters.
The precise formation scenario for the tidal features of this prominent galaxy still remained unclear, however.

Aims. Here, we add further clues on their formation from the radii of the shells, and we present a scenario for the formation of the
tidal features that seems to be unique and can explain all available data.

Methods. Shell radii were analyzed with the shell identification method, and we ran self-consistent simulations of the formation of
the tidal features. We considered Newtonian as well as MOND gravity.

Results. Observations suggest that the tidal features originate from the accretion of a spiral galaxy. According to the shell identification
method, the merging galaxies first collided 1.3 Gyr ago and then again 0.9 Gyr ago, thereby forming the shells in two generations.
This would also explain the young ages of stellar populations in the center of the galaxy and the young age of the globular clusters.
The analytic models of shell propagation that underlie the shell identification method are verified by a simulation. The simulations
reproduce the observed morphology of the tidal features well. The accreted spiral likely reached NGC 474 on the plane of the sky
nearly radially from the south, its rotation axis pointing toward us. It probably had a stellar mass of about one-sixth of NGC 474, that
is, 10°% M. Apparently, all tidal features in the galaxy originate from one merger.

Key words. galaxies: individual: NGC 474 — galaxies: formation — galaxies: interactions — galaxies: peculiar — methods: analytical —

methods: numerical

1. Introduction

Stellar shells in galaxies appear as arc-like glowing features
with sharp outer edges. They are observed mainly in elliptical
and lenticular galaxies, 10-20% of which have shells (Malin &
Carter 1983; Atkinson et al. 2013; Bilek et al. 2020). They are
the most common interaction signature in a complete sample of
nearby massive elliptical galaxies (Tal et al. 2009). A few percent
of spiral galaxies also have shells (Schweizer & Seitzer 1988;
Martinez-Delgado et al. 2010). Currently, several hundred shell
galaxies are known (Malin & Carter 1983; Thronson et al. 1989;
Forbes & Thomson 1992; Forbes et al. 1994; Reduzzi et al. 1996;
Tal et al. 2009; Ramos Almeida et al. 2011; Atkinson et al. 2013;
Duc et al. 2015; Kado-Fong et al. 2018; Bilek et al. 2020, and
others) including galaxies hosting quasars (Canalizo et al. 2007;
Husemann et al. 2010; Ramos Almeida et al. 2011), a Local
Group dwarf spheroidal (Coleman et al. 2004), M 31, which is

* Movies are available at https://www.aanda.org

the nearest major galaxy to the Milky Way (Fardal et al. 2007,
2008, 2012), and even the Milky Way itself probably possesses
multiple shells (Helmi et al. 2003; Deason et al. 2013; Donlon
et al. 2020).

There can be just one shell in a galaxy, but also up to a
few dozen (Prieur 1988; Bilek et al. 2016, 2020; Miller et al.
2017). Shells can be aligned with the major axis of the host
galaxy or be distributed randomly in azimuth (Wilkinson et al.
1987; Prieur 1990). They are often accompanied by streams and
tails. Shells typically have a very low surface brightness. They
are detected down to the current observational surface bright-
ness limit of almost 30 magarcsec™? (e.g., Bilek et al. 2020).
The galaxy NGC 474 that we study here contains some of the
brightest known shells that reach about 25 mag arcsec™ in the R
band (Turnbull et al. 1999). The relative faintness of shells has
prevented their spectroscopic observations in integrated starlight
until recently (Alabi et al. 2020; Fensch et al. 2020). Several
measurements of shell kinematics use individual kinematic trac-
ers, however: red giant branch stars of the so-called Western
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Shelf in the M31 Andromeda galaxy (Fardal et al. 2012); glob-
ular clusters (Romanowsky et al. 2012) and planetary nebulae
(Longobardi et al. 2015) in the giant elliptical galaxy M 87; a
combination of globular clusters, planetary nebulae, and HII
regions in the Umbrella Galaxy NGC 4651 (Foster et al. 2014);
and RR Lyrae and blue horizontal branch stars in the Milky Way
(Donlon et al. 2020). However, NGC 474 is the only shell galaxy
so far for which information about the shell kinematics and stel-
lar population extracted from the spectroscopy of the integrated
stellar light is available.

Several scenarios of the origin of shells have been proposed;
see Ebrova (2013) or Bilek et al. (2015a) for a review. The most
successful scenario, which we assume hereafter, is the phase-
space wrapping model by Quinn (1983, 1984). The formation of
shells begins by a nearly radial minor or intermediate merger of
two galaxies (more eccentric orbits tend to produce streams or
tails; Amorisco 2015; Hendel & Johnston 2015). The more mas-
sive galaxy is called the primary, and the less massive galaxy
is the secondary. The secondary is disrupted by tidal forces and
loses most of its material when it reaches the pericenter of its
orbit. The released stars in this moment have various radial
velocities because of the internal velocity dispersion of the sec-
ondary. The released stars start to oscillate in the potential well
of the primary, with orbital periods determined by their pericen-
tric velocities. The shells are density waves made of stars near
the apocenters of their orbits. The shells expand in time, and
their number in the host increases (even after accreting one sec-
ondary, and even if the secondary is completely disrupted after
the first pericentric approach). The measurement of the num-
ber and radii of the shells in a galaxy can lead to estimates
of the mass distribution of the host galaxy and the time since
the merger (Quinn 1984; Dupraz & Combes 1986; Hernquist &
Quinn 1988, 1987a,b; Canalizo et al. 2007; Sanderson & Helmi
2013). More information can be gained using the measurements
of the shell kinematics (Merrifield & Kuijken 1998; Ebrov4 et al.
2012; Sanderson & Helmi 2013; Bilek et al. 2015b; Dong-Paez
et al. 2022).

Every shell can be assigned a serial number according to
the number of pericentric passages that the stars constituting the
shell have completed since their release form the secondary (the
pericentric passage that caused their release from the secondary
does not count). In other words, the Nth shell is made of stars
near the N + 1st apocenter of their orbit since the release of the
stars from the secondary. If the core of the secondary survives, it
can give rise to further shell generations during the subsequent
pericentric passages (Dupraz & Combes 1987; Seguin & Dupraz
1996). Each shell can then be assigned serial and generation
numbers. Based on the image of a shell galaxy, it is not apparent
what these numbers are. The shell identification method (Bilek
et al. 2013) aims to recover them.

The shell identification method allows exploiting the
observed shell radii to investigate the gravitational potential
of a shell galaxy far from its center and to estimate the time
since the shell-forming merger (Bilek et al. 2013, 2014, 2015a;
Ebrové et al. 2020). The method relies on analytic models
of the evolution of shell radii in a given gravitational poten-
tial. Such models were developed assuming that the shells are
formed in exactly radial minor mergers. It has long be thought
that such mergers are nearly necessary for the formation of
shells (e.g., Bilek 2016). Recent observational and theoretical
results suggest, however, that shells often form even in relatively
equal-mass mergers (Kado-Fong et al. 2018; Pop et al. 2018).
Moreover, simulations have shown shell formation also for
nonradial mergers (Hernquist & Quinn 1988; Ebrova et al.
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2020). This requires verifying the analytic models of the shell
propagation. We are aware of only one published self-consistent
simulation that has been compared to analytic models. Ebrova
et al. (2020) found that the analytic models work well for a non-
radial merger for a large shell, but less so for small shells. Further
simulations are needed to ascertain the precision or applicability
of the models of shell evolution, but also to explore which other
types of tidal features form together with shells, the location at
which new stars form if some of the merging galaxies contain
gas, and so on.

Our work has been inspired by the recent publication of
the first shell spectra ever observed in integrated starlight. Two
teams independently published integrated-field-unit spectra of
one of the shells of the galaxy NGC 474. Alabi et al. (2020) used
the Cosmic Web Imager Integral Field Spectrograph mounted at
Keck and Fensch et al. (2020) used the Multi Unit Spectroscopic
Explorer mounted at the Very Large Telescope. The galaxy hosts
many shells and streams, some of which are exceptionally bright.
They were the reason that NGC 474 was listed in the first atlas
of peculiar galaxies (Arp 1966). Alabi et al. (2020) and Fensch
et al. (2020) studied the star formation histories and chemical
properties of the shell, of the associated globular clusters, and
of the center of the galaxy. Fensch et al. (2020) also studied the
kinematics of the shell and of the associated globular clusters and
planetary nebulae. It remained unclear at which time the shells in
NGC 474 formed, whether all tidal features in the galaxy formed
together, and whether the tidal features have any relation to the
young stellar populations found in the galaxy.

The aim of this paper is to further our knowledge of the
formation of this prototypical shell galaxy. We apply the shell
identification method to estimate the time since shell forma-
tion. We combine this with other observational characteristics of
the galaxy. We also perform self-consistent N-body simulations
that reproduce the morphological features seen in NGC 474. We
consider both Newtonian and MOND (Milgrom 1983) gravity
models. The result seems to be a relatively unambiguous recon-
struction of the late history of the galaxy that explains the for-
mation of the tidal features and of the young stellar populations.
Using simulations, we also verify that the analytic models of shell
radii evolution, underlying the shell identification method, work
well for shell systems that look like the system in NGC 474.

The paper is organized as follows. In Sect. 2 we summarize
the observational characteristics of NGC 474 and of the group
in which it resides. We find many pieces of evidence that the
galaxy accreted a spiral companion. In Sect. 3 we describe the
tools we used, that is, the analytic shell identification method,
described in Sect. 3.1, and self-consistent N-body simulations,
described in Sect. 3.2. We perform the analysis both with MOND
modified gravity and with Newtonian gravity with dark mat-
ter. The analysis with MOND is presented in Sect. 4. We begin
in Sect. 4.1 by finding the shell serial and generation num-
bers and the time since the encounter using the shell identifi-
cation method. In Sect. 4.2 we then perform a MOND simula-
tion reproducing the observed morphology and kinematics of the
tidal features in NGC 474. The nature of several special shells is
discussed in Sect. 4.3. The results then allow us to explain in
Sect. 4.4 how the young stellar population in NGC 474 formed.
In Sect. 4.5 we point out that assuming the MOND theory, there
are strong indications that the merger that formed the shells
in NGC 474 was initiated by galaxy NGC 470. The Newtonian
analysis is presented in Sect. 5. Because the parameters of the
dark matter halo of NGC 474 are not known exactly, we apply
in Sect. 5.1 the shell identification method assuming a series of
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Table 1. Characteristics of the shells in NGC 474.

Label RA [h:m:s] Dec [d:m:s]  Radius [arcmin] Radius [kpc] Identification
A 01:19:56.473  +03:19:59.74 5.56 50.0 11
B 01:20:05.913  +03:28:24.64 3.48 31.3 21 (+1117)
C 01:20:10.747 +03:27:01.61 2.32 20.9 31 (+2117)
D 01:20:06.101  +03:22:30.65 2.43 21.9 211 (+317)
E 01:20:12.283  +03:25:51.76 1.68 15.1 311
F 01:20:01.783  +03:23:47.64 1.67 15.0 311
G 01:20:08.161 +03:23:42.17 1.29 11.6 411
H 01:20:09.014  +03:25:50.36 1.07 9.7 51T
several credible halos. We find that for all of them, the shell R ; =
identification found for MOND is possible as well, but there S o : e
is a considerable uncertainty of the time since the merger. A \\, L P e
Newtonian simulation reproducing much of the morphology of N R e
NGC474 is presented in Sect. 5.2. We note in Sect. 5.3 that the 5, - _"\_ BEARERN Mo o
role of NGC 470 in the formation of shells in NGC 474 is spec- S * 'y Northern A e :
ulative when Newtonian gravity is assumed. We summarize and | K »g.\\st'.'?? m P L;

synthesize our results in Sect. 6. Additional information is pro-
vided in the appendices. Technical details of our simulations are
described in Appendix A. In Appendix B we verify that the ana-
Iytic models of the evolution of shell radii on which the shell
identification method is based work well with the MOND sim-
ulation. We discuss an alternative scenario of the formation of
the shells that is indicated by an analysis of the shell radii in
Appendix C, but we find that the scenario does not agree well
with the other constraints we have. Finally, in Appendix D we
verify that our MOND estimates of the ages of the shells in
NGC474 do not depend much on the uncertain parameters of
the gravitational potential of the galaxy.

2. Observational characteristics of NGC 474

We assumed a distance to NGC474 of 30.9 Mpc (Cappellari
et al. 2011), corresponding to an angular scale of 8.99 kpc per
arcminute. We adopted a stellar mass of 10' M, (Sheth et al.
2010), an effective radius of 51”7, and a Sérsic index of 8 (Salo
et al. 2015). The galaxy is a fast rotator (Emsellem et al. 2011)
that resides in a poor galaxy group.

The galaxy is well known for hosting at least ten shells,
some of which have exceptionally high surface brightness. They
were studied in detail in Turnbull et al. (1999) and Sikkema
et al. (2007). In Table 1 we list the radii and other character-
istics of the eight largest shells of the galaxy. We measured
their radii in the image taken in the MATLAS deep-imaging sur-
vey!' (Duc et al. 2015; Bilek et al. 2020). The radii were mea-
sured from the brightest pixel of the galaxy (RA =01:20:06.677,
Dec =+03:24:56.26) to the points at the edges of the shells
marked in Fig. 1. See Table 1 for the exact coordinates of the
measurement points. Every shell was assigned a label serving
as its name in this paper. Structure A does not have the typi-
cal morphology of a shell, but we find evidence that it is a shell
below. In addition to the shells, a prominent stream is contained
in the galaxy that is oriented northward from the center. The
stream appears to be a continuation of a linear structure that
stretches from the irregular shell A to the galaxy center from the
south. Shell B has been studied spectrocopically in Alabi et al.
(2020) and Fensch et al. (2020). Galaxy NGC 474 has very bright

! Jpg versions of the images are publicly available at http://
obas-matlas.u-strasbhg. fr/

Fig. 1. Tidal features in the galaxy NGC 474. The red points indicate the
positions used to measure the shell radii. We also indicate the locations
of the young globular clusters GC1 and GC2 observed by Fensch et al.
(2020). North is up, and east is to the left. The spiral galaxy is NGC 470.
The image is taken from the MATLAS survey.

shells up to a galactocentric distance of about 30 kpc. At larger
distances, only the very faint northern stream described above
extends up to at least 80 kpc. The MATLAS image of the galaxy
revealed an overdensity of globular clusters in the regions of tidal
features (Lim et al. 2017).

There are several indications that the shells in NGC474
come from an accreted gas-rich spiral galaxy. Dupraz & Combes
(1986) reported that a simulation of a merger of an ellip-
tical primary with a spiral secondary produced a morphol-
ogy of tidal structures that is very similar to the morphology
seen in NGC474, that is, shells whose surface brightness
varies in azimuth, combined with a long radial stream. More-
over, NGC474 contains HI gas (Schiminovich et al. 1997;
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Mancillas et al. 2019) and unrelaxed dust patches in the center
(Sikkema et al. 2007), which suggest the accretion of a gas-rich
spiral. Even more evidence has been provided by recent spectro-
scopic studies. Fensch et al. (2020) studied spectra of the cen-
ter of NGC 474 and found an old stellar population typical for
an early-type galaxy mixed with a young stellar population. In
addition, they found two young globular clusters in the area of
shell B. Alabi et al. (2020) discovered that the stellar population
of shell B continued to grow until 2 Gyr ago, which suggests an
origin of this material from a star-forming galaxy as well.

The mass of the accreted galaxy was estimated by Alabi
et al. (2020) to be greater than 10%% M, from spectroscopy
and about 10'° M, from photometry of the shells. Fensch et al.
(2020) arrived at similar mass estimates, about 10° M, from
spectroscopy and 10'" My from photometry. The spectroscopic
estimates were based on the observed correlations of chem-
ical abundances and stellar masses of galaxies. The spectro-
scopic estimates are lower than the photometric estimates, likely
because the accreted secondary had a metallicity gradient and the
metal-poor material from the outskirts of the disk ended in the
shell that was observed. These estimates imply a mass ratio of
the merger progenitors between 1:4 and 1:40. Simulations might
give further constraints on the mass ratio.

NGC 474 forms a pair with the spiral galaxy NGC 470. With
a stellar mass of 10'%76 M (Sheth et al. 2010), NGC 470 is
more massive than NGC474. The galaxies lie in projection
5.46" =49 kpc apart and their radial velocities are different by
172kms~!. The real separation of the two galaxies is likely sub-
stantially larger than the projected separation because shell B,
with a radius of 31 kpc, is circular without any convincing sign
of a tidal deformation. The distribution of HI gas around the two
galaxies suggests that they tidally interacted in the past because
they seem to lie in a common gas cloud and the gas forms struc-
tures resembling tidal arms in NGC 470 that point to NGC 474
(Schiminovich et al. 1997; Rampazzo et al. 2006).

3. Methods

3.1. Shell identification method, and analytic models of the
evolution of the shell radii

The primary goal of this paper is to decipher the formation his-
tory of the shells in NGC 474. Our main tool is the shell iden-
tification method (Bilek et al. 2013), whose core is formed by
analytic models of the evolution of the shell radii with time.
The speed of the shell evolution depends on the profile of the
gravitational potential of the host. It does not depend much, for
example, on the velocity of the colliding galaxies. We elucidate
this fact with the help of the simplest model of shell propagation
by Quinn (1984). Let P(r) denote the orbital period of a star on
a radial orbit with an apocenter at a distance r from the center
of the host, or, in other words, twice the free-fall time from the
distance r. Next, we assume that the stars are released from the
secondary when it passes through the center of the primary, that
the shell edges consist of stars in the apocenters of their orbits,
and that the apocentric distances are much larger than the size of
the secondary. Then, at time 7 after the pericentric encounter of
the galaxies, the nth shell is located at the radius » meeting the
condition

t=Pr)(n+1/2). (1)

This formula is not exact, for example, because shells are made
of stars that reach their apocenters. More complex models exist;
see the thorough review by Bilek (2016). Shells with high serial
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numbers have low contrast and cannot be observed. When a shell
becomes too large, it disappears because there are too few stars
with high-enough energies to make up the shell.

We modeled the shell evolution with the analytic model
of Bilek et al. (2014). The simulation of Ebrova et al. (2020)
showed that for the largest shells, the model works well even for
shells formed in highly nonradial minor mergers. In Appendix B
we verify with a self-consistent simulation that this analytic
model works well for a shell system with an appearance simi-
lar to the shell in NGC 474.

In the shell identification method, the evolution of shell radii
is modeled in the assumed gravitational potential and is com-
pared with the observed shell radii. If the assumed gravitational
potential is correct and all of the observed shells formed in
one generation, the model reproduces the observed shell radii
at a certain time, which corresponds to the time that passed
since the observed shells were formed. If the shells were formed
in several generations, the observed shells can be divided into
several groups, such that the shells in each group are repro-
duced by the model for a certain time. These times correspond
to the ages of the individual shell generations. At the end,
every shell is assigned an identification, that is, a serial and
generation number, and the ages of the shell generations are
recovered.

In practice, we searched for the shell identification in
NGC474 in the following way. After choosing the gravitational
potential, we plotted in one figure the modeled radii of the shells
as functions of time for shell serial numbers lower than 10, and
with horizontal lines, we plotted the observed shell radii. We
then used this plot to determine how the observed shell radii
might be sorted into groups, such that each group is reproduced
by the model at a certain time. In this way, we obtained the
shell identification. It is easiest to first determine the times at
which the outermost shell is reproduced and then to verify if
the radii of the smaller shells are reproduced at some of these
times as well. There are some additional guides to find a shell
identification that were detailed in Bilek et al. (2013). They are
applications of Occam’s razor: we should not postulate the exis-
tence of more shell generations than necessary, and we should
not postulate the existence of too many shells escaping obser-
vations. This visual approach of finding the shell identification
was sufficient for NGC 474, where we analyzed only eight shells
and were interested mainly in the ages of the shell generations.
Bilek et al. (2014) presented a code that can find all possi-
ble shell identifications. The code was necessary for that work
because we studied a galaxy with many more shells, and it was
essential not to miss any possible shell identification. The input
parameters of the code are the maximum allowed number of
shell generations and of the missing shells and the maximum
allowed deviation of the observed and modeled shell radii. The
last parameter, which should also be considered in the visual way
of shell identification, still needs to be explored systematically
using simulations. When we searched for shell identifications
in this paper, we assumed that the analytic models are nearly
precise.

When we identified the observed shells in NGC 474, we did
not consider shells that lay closer to the center of the galaxy than
shell H. This is because the method becomes less reliable in the
central region because of the small spacing between the neigh-
boring shells. The method becomes sensitive to errors such as in
the modeling of the gravitational potential, in measurements of
the observed shell radii, or in the models of shell propagation,
therefore the possible nonradiality of the merger would play a
larger role for the small shells.
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Fig. 2. Comparison of the observed shell radii with the modelled evo-
lution of shell radii for the gravitational potential of NGC 474 expected
by MOND. Curved lines: Modeled evolution of shell radii. Horizon-
tal lines: the observed shell radii. Vertical lines: Times of the best
match of the model with observations, implying the times since the
pericentric passages of the secondary. The two colors of the horizon-
tal lines indicate the adopted separation of the observed shells into two
generations.

In the models of shell propagation in NGC 474, we assumed
gravitational potentials based either on Newtonian gravity or on
the MOND modified-gravity theory. In both cases, we modeled
the distribution of stars in NGC 474 with a Sérsic sphere with
the parameters described in Sect. 2. The density of the Sérsic
sphere was evaluated using the approximation of Lima Neto
et al. (1999) and Mérquez et al. (2000).

When we discuss the possible shell identifications in the fol-
lowing subsections, we assume that the whole shell system was
formed by accretion of a single galaxy, possibly in several gen-
erations. The assumption of the origin of the shells from a single
accreted galaxy is not only guided by Occam’s razor. It is also
supported by our simulations. In principle, wherever we men-
tion two or more generations, the shells might also have been
formed by two or more secondaries, but this option has no sup-
port in the data, at least for the less degenerate MOND-based
model.

3.2. Simulations

We performed self-consistent N-body simulations of mergers
that form tidal structures similar to those in NGC474. We
present here two of them: one made with MOND gravity
(Sect. 4.2), and another in Newtonian gravity (Sect. 5.2). The
purpose is to demonstrate that a merger of an elliptical pri-
mary and a disk secondary, for which there are observational
indications (Sect. 2), can indeed form the observed morphol-
ogy of the tidal structures and, moreover, to verify the ana-
Iytic models of shell propagation (this is done in Appendix B).
In addition, the simulation helped us to interpret some of the
observed tidal structures. We did not aim to find the best pos-
sible match of the observed galaxy. That would require a much
more complete exploration of the parameter space. The simu-
lation did not include gas or the neighboring galaxy NGC 470.
The technical details of the simulations can be found in
Appendix A.

4. Deciphering the origin of shells of NGC 474 with
the help of MOND

MOND is a class of modified-gravity and inertia theories
(Milgrom 1983; Famaey & McGaugh 2012). They all usu-
ally give similar predictions. Here, we assumed the QUMOND
modified-gravity version of MOND (Milgrom 2010). MOND
has already proven to work well in virtually all types of galax-
ies (Gentile et al. 2011; Milgrom 2013; McGaugh & Milgrom
2013; Samurovi¢ 2014; McGaugh et al. 2016; Lelli et al. 2017),
with the possible exception of galaxies in clusters or slow rota-
tors (Richtler et al. 2008; Rong et al. 2018; Bilek et al. 2019a;
Tian et al. 2020). Nevertheless, NGC 474 is a fast rotator resid-
ing in a poor group. The existing tests came out well for MOND
in similar objects (Milgrom 2012; Lelli et al. 2017; Rong et al.
2018; Bilek et al. 2019a; Shelest & Lelli 2020).

We derived the gravitational field of NGC 474 by exploit-
ing the MOND prescription for spherically symmetric systems
(Milgrom 2010),

a = anv(an/ap) . 2)

In this expression, ay stands for the gravitational acceleration
calculated in the usual Newtonian way from the distribution of
baryons, ay is the acceleration constant of MOND, and v is the
interpolation function. In this paper, we assumed the so-called
simple interpolating function,

1+ +4xhH?

v(x) 5 , 3)

and adopted ag = 1.12x 1071 m s72, consistent with recent mea-
surements (McGaugh et al. 2016). Because of the proximity of
the massive galaxy NGC 470 to NGC 474, the so-called external
field effect of MOND should be considered. It is neglected in
the main part of the paper, and in Appendix D, we show that
including it does not change our conclusions substantially. In
that appendix we also discuss how our results for MOND change
when we adopt an alternative, but less probable, stellar mass of
the galaxy, and we show that the estimates of the ages of the
shell generations in NGC 474 are not sensitive to the distribution
of mass in the galaxy.

4.1. Adopted shell identification and determination of shell
ages

The analytic model of evolution of shell radii in NGC 474 for
MOND is shown in Fig. 2 by the curved lines. The radii of the
observed shells are indicated by horizontal lines. We found the
following shell identification to be most consistent with the data
(we discuss another distribution that we found less consistent in
Appendix C). The shell system was formed in at least two gener-
ations. The first and second generation consist of stars released
from the secondary at look-back times Tig = 1280 Myr and
T>c = 870Myr during two pericentric passages of the galax-
ies. These times are marked in Fig. 2 with vertical dashed lines.
The shells that were assigned to the first generation are drawn
in red, and the shells formed in the second generation are drawn
in green. The assigned identification of each observed shell is
indicated in Table 1. The Arabic numerals stand for the serial
numbers, and the Roman numerals show the generation num-
bers. The advantage of this shell identification is that the model
reproduces the observed shell radii very precisely. As we show
in Sect. 4.4, it also explains the ages of the young stellar popula-
tions in the galaxy well.
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Fig. 3. Snapshots of the stellar surface density from the MOND simulation. The numbers in the panels indicate the time after the first pericenter of
the galaxies. Only the material that originally belonged to the secondary galaxy is displayed. The position of the primary is marked by the red point
in the first several plots. At later times, it virtually lies at the origin. The analytic models predict that the shell radii of NGC 474 are reproduced at
the time corresponding to panel (i). The corresponding video is available online.

4.2. MOND simulation of the formation of shells in
NGC 474

Here we describe our best MOND simulation. We set the mass
of the accreted spiral secondary galaxy to be one-sixth of the
mass of the elliptical primary, in agreement with the observa-
tional constraints (Sect. 2). We thus explored various orbital
configurations of the merger in order to reproduce the observed
morphology of the tidal features at time T’ after the first peri-
center, as indicated by the results of the shell identification
method (Sect. 4.1). We strove primarily to reproduce the mor-
phology of shells A and B and of the northern stream. See
Appendix A for the details of the way we used to find the ini-
tial conditions. A nearly radial but mildly retrograde orbit of
the secondary is necessary. The orbital plane coincided with
the plane of the sky and the spin vector of the secondary
pointed directly to the observer. By matching the orientation of
the tidal features in the simulated galaxy to the observations,
we found that the secondary approached NGC474 from the
south.
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The progress of the simulated collision is depicted in Fig. 3.
The times in the panels indicate the time after first pericen-
ter. Only the stars that originally belonged to the secondary are
shown. The position of the center of mass of the primary is
marked by the red point in the first several panels. In the remain-
ing panels, the center lies virtually at the origin of the coor-
dinate system. Panel (a) depicts the initial state of the simula-
tion®. We indicate the velocity vectors of the galaxies* and the
sense of rotation of the secondary. The galaxies started with a
zero relative radial velocity and a low tangential velocity. Panel
(b) captures the first pericenter passage. The pericentric distance

2 A video showing the simulation can be found online and at http:
//galaxy.asu.cas.cz/~bilek/col3MOND6-pubblend.mp4

3 The rings in the outskirts of the secondary are caused by insufficient
virialization of the secondary in this region. Because the region contains
only a small fraction of the mass of the secondary, we do not expect any
substantial influence on the outcome of the simulation.

4 The relative velocity of the galaxies was very low, such that the col-
lision was nearly radial.
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Fig. 4. Morphology of the observed and simulated galaxy in the MOND simulation. Top left: real galaxy (image taken in the MATLAS survey).
Top right: simulated galaxy viewed perpendicular to the plane of collision and to the original plane of the disk of the secondary galaxy. The
morphology of the real galaxy is reproduced best by the simulation from this angle of view. Bottom left and right: two perpendicular views of
the simulated NGC 474 in the plane of the sky. The orientation of the simulation axes is indicated in each panel by the compass. We show the
simulation at the time of 1280 Myr after the first pericentric passage of the merged galaxies, i.e., at time T, when the analytic model of shell
propagation predicts that the observed shell radii should be reproduced. The images of the simulated galaxy capture the stellar particles of the
primary as well as the secondary galaxy. The secondary galaxy in the simulation originally approached the primary from the positive part of the

X-axis.

was 2 kpc and the relative velocity 390kms~!. In panels (c) and
(d), the material brought in by the secondary mostly recedes
from the primary, with the exception of the particles that became
most tightly bound to the primary and therefore have the shortest
oscillation periods. A few of them, but more of them in panel (d),
are already in their second apocenter with respect to the primary,
forming the first shell. In panel (e), the surviving core of the sec-
ondary moves through its second pericenter with respect to the
primary. The time difference between the pericentric passages
was 460 Myr, which agrees well with what the adopted shell
identification implies, that is, T\g — Tog = 410 Myr. In panels
(f) and (g), tidal dwarf galaxies form in the tail in the upper part
of the system. The largest shell in the bottom half of the galaxy
shows a clumpy structure until about the time depicted in panel
(h). The time for which the analytic model predicts the reproduc-
tion of shell radii in NGC 474, Tg, corresponds to panel (i). In

panels (j) and (k), the largest shell in the upper half of the galaxy
contains substructures that resemble the radial features seen in
shell B of the observed galaxy. The simulation was terminated at
the state shown in panel (1).

The simulation snapshots also show us why the shells of
NGC474 are so bright. At earlier times, before TG, the shells
are not developed well. The bright tidal features do not have
the typical morphology of a shell. At later times, as the galaxy
virializes toward equilibrium, the contrast of the tidal features
decreases. We currently observe the shells at the optimal age.

We compared the observed galaxy with the simulation at a
time of 776=1280 Myr after the first pericentric passage, when
the analytic models predict that the observed shell radii should be
reproduced (Sect. 4.1). The comparison is presented in the top two
panels of Fig. 4. We note many similarities. The radii of several
observed shells were replicated. This is a sign that the analytic
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models of shell evolution work well (see also Appendix B). It is
reassuring that a radial stream formed at the place of the northern
stream in NGC 474. The northern stream of NGC 474 is connected
to the largest shell in the galaxy, A, which lies on the opposite
side of the galaxy from the stream. An indication of this is seen
for the simulated stream. The connection was more apparent in
some of the other simulations we explored. The real shell A is
clumpy, while the simulated shell is rather smooth at time T'jg
after the merger. It contained distinct substructures only about
100 Myr sooner before that time (panels (f)-(h) in Fig. 3), how-
ever. The simulation suggests that the irregularity of the shell is
a residue of the chaotic structure of the secondary after the first
passage through the center of the primary. Shells with higher
serial numbers appear smoother, likely because of the gradual
stretching of the accreted material in the phase space (Quinn
1983, 1984, Bilek et al. 2015a). The azimuthal extent of the two
largest shells in the simulation is similar to that of shells A and
B in NGC 474. The second largest shell above the center of the
simulated galaxy appears deformed, such that it deviates from
a circular shape. This is also the case of the observed shell C,
which lies at a very similar position. The observed shell C lies
almost at the same distance from the center of NGC 474 as shell
D. For the deformed simulated shell, there is also a shell at the
opposite side of the galaxy that has nearly the same radius; see
Appendix B. They are most probably the same shell encircling
the galaxy, with a brightness that varies in azimuth. The loop in
the left part of the largest simulated shell resembles one of the
loops in the observed shell A. The second largest simulated shell
contains a hook-like structure that resembles the streams at the
southern edges of the observed shell B. Figure 3 shows that the
streams become more developed at later time steps of the simula-
tion. We point out that the azimuthal extent and the internal mor-
phology of the shells in the simulation are highly sensitive to the
structure of the secondary used in the simulation (Appendix A).
There is still much room for improvement of the agreement of
the simulation with observations through an exploration of the
parameter space. For example, the faint wings of the simulated
galaxy at x = Okpc and |y| = 50kpc were formed only for some
of the models of the secondary with which we experimented.
Nevertheless, the simulations suggest that the wings could be
in NGC 474, and in that case, they should be only slightly dim-
mer than the northern stream in their brightest northern parts. An
image that would reach only a slightly deeper surface brightness
limit than the MATLAS image might capture them.

In addition, the simulation agrees with the observed kine-
matics of NGC474. Fensch et al. (2020) measured line-of-sight
velocities of shell B and of several globular clusters and plan-
etary nebulae associated with it. Most of the measurements lie
within a narrow range of +20kms~!. The radial velocity of
the center of the galaxy falls in the same range. Alabi et al.
(2020) measured the stellar velocity dispersion of the shell as
18 £ 9kms~!. In the simulation, we selected a spot in the galaxy
that according to the morphology corresponds to the spot in the
real galaxy probed by the observational works and inspected the
kinematics of the particles in it. We found that the simulated
shell B has the same radial velocity as the center of the galaxy,
and its velocity dispersion is 21 km s~'. This agrees well with the
observations.

It would be interesting to know how NGC 474 looks when it
is viewed from different directions. The simulation can give us
an approximate answer. The bottom two panels of Fig. 4 show
two views of the simulated galaxy that are perpendicular to the
observed line of sight. They are edge-on views with respect to
the secondary galaxy before the merger. The figures demonstrate
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that the azimuthal extent of shells depends on the viewing angle.
The bottom right panel also shows two shells at |[y| = 20kpc
that lie at opposite sides of the galaxy, but have the same radii.
Such pairs of shells are observed in some galaxies. Compared
with the top right panel, the two shells at least in this simulation
are actually a single shell with a large opening angle that is seen
from a suitable point of view. The viewing angle can therefore
influence the number of observed shells (see also Bilek et al.
2016; Mancillas et al. 2019).

4.3. Nature of individual shells in NGC 474

Having at our disposal the shell identification and the simula-
tion, we comment here on the nature of a few special shells in
NGC474. The irregular structure A is assigned shell 1 of the
first generation. This interpretation is also supported by the sim-
ulation we presented in Sect. 4.2. In the simulation, shell 1 of
the first generation is joined with a stream on the opposite side
of the galaxy. A similar configuration is also seen in the real
galaxy: shell A is joined with the northern stream of NGC 474.
In the simulation, the counterpart of shell A was clumpy some-
what before the time T';g.

The model of the shell propagation suggests that shell B is
the second shell of the first generation. It might also be a blend
of the second shell of the first generation and the first shell of
the second generation. The image of the shell does not show any
convincing indication that it is a blend. On the other hand, in the
simulation, shell B has a clear counterpart that is a blend.

Shells E and F are considered a single shell in our iden-
tification. Based on the image of the galaxy, it is not obvious
whether structures E and F are connected. They could be two
parts of one shell whose surface brightness varies in azimuth.
This phenomenon is seen in shell B, and we found signs of this
phenomenon in the simulation as well (Appendix B). In addi-
tion, there is a stellar stream in the galaxy that is overlaid on the
region in which we would expect the connection between shells
E and F. It is plausible that the stream might hide the connec-
tion. Similarly, it is possible to identify shells C and D as one
shell encircling the galaxy.

4.4. Explaining the ages of the young stellar populations in
NGC474

In Fig. 5 we compare the ages of the shells of NGC 474 derived
in Sect. 4.1 with the ages of various stellar populations observed
spectroscopically by Fensch et al. (2020) and Alabi et al. (2020).
We first discuss the mass-weighted star formation history of the
young stellar population in the center of NGC474 derived by
Fensch et al. (2020). It is shown in arbitrary units in Fig. 5 by
the bar plot. The figure indicates that the stars started to form
after the first encounter of the primary and secondary. This tim-
ing appears logical. Hydrodynamic simulations of the formation
of shell galaxies show that the gas brought in by the secondary
settles quickly in the center of the primary, leading to a central
starburst (Hernquist & Weil 1992; Weil & Hernquist 1993). This
is because the material in any small part of a shell moves at the
same time toward and away from the center of the host galaxy.
This is not possible for gas clouds. They collide with each other,
dissipate energy, separate from the accreted stars, and settle in
the center of the galaxy. Some delay between the first pericentric
passage of the primary and secondary and the onset of the cen-
tral starburst is expected. The reason is that shortly after the first
pericenter of the primary and secondary, all the material brought
by the secondary still moves in the same direction as before the
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X-axis.

collision. The core of the secondary is accompanied by two tidal
tails, one preceding the core and one following it (Fig. 3 tiles (c)
and (d)). The trailing arm is the first to reverse direction and fall
back onto the center of the primary. When this material changes
the direction of its motion again, the first shell is formed, and
the paths of the particles of the accreted material start to cross
each other (Fig. 3d). This is when the central starburst can begin.
After the trailing arm has fallen back onto the center of the pri-
mary, it is followed by the core of the secondary (Fig. 3e) and
then by the leading arm (Fig. 3 panels (f) to about (h)). This
explains why in Fig. 5 the second impact of the secondary occurs
approximately in the middle of the star-forming period. The star
formation history shows an indication of a secondary peak at a
look-back time of about 700 Myr, which might have been caused
by the second pericentric passage of the galaxies. If any star for-
mation occurred in the secondary galaxy before the first impact,
these stars, as noncollisional objects, would spread throughout
the whole extent of the shell system and would not settle pref-
erentially in the center of the primary. Moreover, for a mildly
retrograde encounter, which our simulations suggests has cre-
ated the shells, we do not expect a substantial increase in star
formation activity before the first encounter because retrograde
encounters are known to produce much weaker deformations of
the galaxies than prograde encounters in the initial stages of the
merger (Mo et al. 2010).

Fensch et al. (2020) also measured the ages of two young
globular clusters lying close to the edge of shell B. Their posi-
tions are marked in the image of the galaxy in Fig. 1. The age
of GCl1 is consistent with the first encounter of the galaxies, as
evident from Fig. 5. This suggests that the cluster was formed
during the tidal shock within the secondary during the pericen-
tric passage. The star formation timescales of globular clusters
can be as short as a few million years (Puzia et al. 2006).

The age of GC2 does not agree well with the time of the first
or second pericentric passage of the galaxies. To elucidate its
formation, we integrated the positions of particles that currently
lie at the edge of shell B backward in time, assuming that it is the

second shell of the first generation® and that the particles move
on a radial trajectory along a coordinate axis. The resulting tra-
jectory is shown in Fig. 5 in the inset plot as the dashed black
sinusoid. It corresponds to the trajectory of the cluster or its pro-
genitor gas cloud. The comparison of the trajectory to the other
events in the galaxy yields the following formation scenario of
GC2. First, the secondary passed through its first pericenter with
respect to the primary. This caused the progenitor gas cloud of
GC2 to detach from the secondary. Subsequently, the secondary
impacted the center of the primary for the second time, being
followed by the progenitor cloud. The cloud formed GC2 about
250 Myr after this, perhaps because of the tidal shock because
of a collision with some of the other gas clouds that were con-
centrated in the central region. It is also notable that the time
of the formation of the cluster is consistent with the moment of
apocenter of its progenitor gas cloud. This indicates that the two
events might be related. For example, the parts of the cloud that
passed through the apocenter of their orbits might collide with
the parts of the cloud that still receded from the center of the
galaxy, which caused the cloud to collapse. We probably need
hydrodynamical simulations in order to explain how the young
globular clusters formed.

Alabi et al. (2020) reconstructed the star formation history
of the stellar population of shell B and found that the star forma-
tion increased gradually until about 2 Gyr ago and then dropped
quickly. The authors suggested that the shell-forming merger
induced the peak of star formation, and then the disruption of
the secondary led to the quenching of the star formation. This
dating of the merger is not consistent with our scenario. On
the other hand, the MaNGA survey reported the same shape
of star formation histories for all galaxies in the mass range
10°-10'" M, (Sanchez et al. 2019), which coincides with the
supposed pre-merger mass of the secondary. We therefore con-
sider the observed shape of star formation history of the shell to
be unrelated to the shell-forming merger.

5 The serial number sets the current radial velocity of the particles at
the edge of the shell.
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Table 2. Estimates of the ages of shell generations in NGC 474 for var-
ious dark matter halos.

Name or logy, IZ‘G“ rs T Tag
A A

SHMR 5 HMCR 5 [kpc] [Myr] [Myr]

-1 -1 11.88 329 1410 990

-1 1 11.88 15.8 1160 800

1 -1 12.54 65.1 1080(1560)  860(1090)

1 1 12.54 31.2 810(1150) 650(810)
Preferred halo 12.21 32.0 1050 810
MOND-fitting halo 11.8 179 1280 870

4.5. MOND indicates that NGC 470 initiated the formation of
the shells in NGC 474

In this section, we point out that there are indications that the
merger that formed the shells in NGC 474 was started by a three-
body encounter of NGC 474, the accreted galaxy, and the neigh-
boring galaxy NGC470. This option appears quite convincing
in the context of MOND. In restricted three-body simulations of
shell-forming mergers (e.g., Ebrova et al. 2012), it is observed
that when the primary and secondary galaxies are released with
zero relative velocity, the apocenters near the galactocentric
radius of most particles accreted onto the primary are equal to
the inital distance of the secondary. This is because of the con-
servation of energy. In these simplified simulations, dynamical
friction and self-gravity of the secondary are neglected. Nev-
ertheless, in MOND, dynamical friction during galaxy mergers
is known to be low compared to simulations with Newtonian
gravity and dark matter (Tiret & Combes 2008; Renaud et al.
2016). From this point of view, it is striking that NGC 474 hosts
very prominent shells up to a galactocentric distance of about
30kpc, but lacks any substantial structures at higher distances. It
seems that the secondary impacted NGC 474 with a relatively
low velocity, as if it fell from rest from a distance of about
30kpc. This was confirmed by our self-consistent MOND sim-
ulations, in which we obtained the best match of the tidal struc-
tures when the galaxies fell onto each other nearly from rest from
a distance of 50kpc. This raises the question of how the sec-
ondary could have appeared a few tens of kiloparsec away from
NGC 474 while being nearly in rest with respect to it. A possible
solution is that the two galaxies appeared in this configuration
because of a three-body interaction with NGC470. It is desir-
able to verify this option by simulations.

Observational clues also support this scenario. Galaxies
NGC474 and NGC 470 are embedded in the same HI cloud,
and NGC 470 shows structures resembling tidal arms pointing to
NGC 474 (Schiminovich et al. 1997; Rampazzo et al. 2006), as if
they had a past encounter and exchanged some material (Cullen
et al. 2006; Bilek et al. 2018; Young et al. 2020). In addition, the
deep MATLAS image of NGC 470 reveals that the outer parts of
the galaxy are asymmetric, which might be a result of past tidal
interaction®.

6 In MOND, tidal features can also form by nonmerging galaxy fly-
bys (Bilek et al. 2018, 2019b). In the case of NGC 474, the flyby of
NGC470 comes to mind. Nevertheless, we consider here the minor
merger scenario because it seems to explain all constraints well and
because it is questionable whether the mass transfer mechanism can
produce shells with the morphology observed in NGC 474.
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5. Analysis with Newtonian gravity
5.1. Shell identification for various dark halos

When Newtonian gravity is assumed, galaxies must be sur-
rounded by dark matter halos. The distribution of dark matter
cannot be predicted uniquely from the distribution of the observ-
able matter. Nevertheless, we can estimate the parameters of
an assumed profile of the dark matter halo from their scaling
relations with the stellar mass of the galaxy. We considered the
stellar to halo-mass relation (SHMR) of Behroozi et al. (2013)
and the halo mass —concentration relation (HMCR) of Diemer
& Kravtsov (2015). We also took from these works the intrin-
sic scatters of the relations. We assumed that the halos have
Navarro-Frenk-White (NFW) profiles (Navarro et al. 1996). The
analytic models below are calculated for gravitational potentials
generated by NFW halos and the observed distribution of stars of
NGC 474 (Sect. 2). The masses and scale radii of the dark halos
considered in this section are summarized in Table 2, along with
the ages of shells that the shell identification method prefers for
them.

The top two rows of panels in Fig. 6 demonstrate how the
intrinsic scatter in the dark halo scaling relations influence the
evolution of shell radii according to the analytic models. The
parameters of the halos were set to deviate from the mean scal-
ing relations either by plus or minus one standard deviation of
the intrinsic scatter of the relations, as indicated in the figure.
All these dark matter halos are well possible for NGC 474. The
two-generation shell identification stated in Table 1, which was
inspired by the MOND model, works also for these four Newto-
nian models. The times corresponding to the creation of the two
generations of shells are marked in Fig. 6 by the vertical dashed
red and green lines. For the two models shown in the second row
of Fig. 6, another shell identification is possible. The times cor-
responding to the first and second generation are marked by the
red and green vertical dotted lines, respectively, and are stated
in parentheses in Table 2. The grouping of the observed shells
in the first and second generation is the same as before. In total,
the shell radii in NGC 474 are consistent with the standard cos-
mology, as far as we can tell from the analytic models. Neverthe-
less, the choice of the dark matter halo has a strong influence on
the ages of the shell generations and thus on the times since the
pericentric passages of the primary and the secondary. With the
considered choices of halo parameters, the first encounter might
have occurred between about 810 and 1410 Myr ago, if the shell
identification from Table 1 is correct. With the other shell identi-
fication, the time since the formation of the first generation might
even be 1560 Myr. These uncertainties prevented us from mak-
ing a detailed comparison of the analytic models with the ages
of the young stellar populations, like we did for MOND.

If we rely on the validity of HMCR and SHMR, then the
halo that follows the mean HMCR and SHMR is most probable
and therefore preferred. The preferred halo has a scale radius of
32.0kpc and a virial mass of 10'>2! M. The resulting analytic
model of the shell evolution in NGC 474 is shown by the curved
lines in the bottom left panel of Fig. 6. Either the whole shell
system was formed in a single generation 1050 Myr ago, or there
are two shell generations in the galaxy, the first 1050 Myr old and
the second 810 Myr old.

As noted in Bilek et al. (2019a), for giant early-type galax-
ies, it is possible to choose an NFW halo such that the Newtonian
gravitational field of the galaxy mimics the MOND gravitational
field at high precision. For NGC 474, we found an NFW halo
such that the Newtonian gravitational acceleration differs from
the MOND gravitational acceleration by less than 5% within
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Fig. 6. Comparison of the observed shell radii in NGC 474 with the modeled evolution of shell radii for Newtonian gravity and various choices
of dark matter halos. Top two rows: illustration of the influence of the uncertainty arising due to the intrinsic scatter of the SHMR and HMCR.
Bottom left: models of shell evolution for the preferred dark matter halo. Bottom right: models of shell evolution for the dark matter halo that lends

the galaxy a similar gravitational potential as MOND.

a sphere of the radius of the outermost observed shell, that is,
50kpc. The halo is characterized by a scale radius of 17.9 kpc
and a virial mass of 10''8! M. Its mass deviates from the mean
SHMR downward by 1.2 standard deviations of the intrinsic
scatter of the relation, and the concentration of the halo follows
the mean HMCR nearly exactly. Even this halo is thus well con-

sistent with the standard cosmology. The modeled evolution of
shell radii in this gravitational potential, shown in the bottom
right panel of Fig. 6, is virtually the same as for the MOND
potential. This demonstrates that interpretation of the young stel-
lar populations that we performed for MOND is also possible
for Newtonian gravity, at least as long as we consider only the
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Fig. 7. Snapshots from the Newtonian simulation. They were chosen such that they reproduce the morphology of some of the features in NGC 474

well.

analytic models of shell evolution. Differences between MOND
and Newtonian gravity might result from other effects that the
analytic models currently cannot take into account, such as the
expected difference in dynamical friction in the two types of
gravity (Bilek 2016; Vakili et al. 2017). Finally, we point out
that the results of this section imply that the shell identification
from Table 1 is not specific to MOND alone; it is also acceptable
for a wide range of realistic Newtonian potentials of NGC 474.

5.2. Newtonian simulation

We also performed simulations with Newtonian gravity. The pur-
pose was to demonstrate that even with the standard gravity, it is
possible to form shells similar to those in NGC 474.

The details of the most successful Newtonian simulation’
that we describe below can be found in Appendix A. The galax-
ies were assigned the preferred dark matter NFW halos, as
explained in Sect. 5.1. The primary and secondary galaxies were
released with zero relative radial velocity from a relative dis-
tance of 100kpc, approaching on a nearly radial orbit. A few
interesting moments in the simulation are depicted in Fig. 7. The
indicated time is counted since the first pericentric passage of the
galaxies. In the left panel, the largest structure at the bottom of
the galaxy resembles shell A in NGC 474 in its internal structure
and size. The simulated structure is shell 1 of the first generation.
In the middle panel of Fig. 7, the largest shell above the center
of the galaxy resembles shell B of NGC474 in its size and by
being terminated at the bottom by the two hook-shaped radial
streams. The largest shell below the galaxy again resembles the
observed shell A and is again the first shell of the first generation.
In all Newtonian simulations we explored, there never formed a
long stream similar to the northern stream in NGC 474. A certain
indication of it can be noted in the right panel of Fig. 7, above
the galaxy. This is the remnant of the structure that we consid-
ered as the counterpart of shell A in the previous panels. The
shape and substructure of the largest shell above the center of
the galaxy resembles shell B of NGC 474. The sizes of the three
largest shells also match the sizes of the observed shells well.

We point out that we explored only a small part of the param-
eter space for both MOND and Newtonian simulations. It would

7 A video showing the simulation can be found online and at http:
//galaxy.asu.cas.cz/~bilek/col3IC2-2-pubblend.mp4
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very likely be possible to improve the match of the morphologies
of the simulated and observed tidal structures by tuning the pre-
merger profiles of the galaxies and of the orbital configuration.
For this reason, it is not possible to distinguish between New-
tonian and MOND gravity on the basis of the simulations pre-
sented in this paper. The expected differences in the formation
of shells with Newtonian and MOND gravity were discussed in
Bilek (2016) and Vakili et al. (2017) on the basis of analytic
arguments.

5.3. No need for a three-body encounter with Newtonian
gravity

In the context of Newtonian gravity, we can still argue for an ini-
tiation of the merger by a three-body encounter like in Sect. 4.5
because of the distribution of gas around NGC 474 and NGC 470
and the optical irregularity of the outer parts of NGC 470. How-
ever, these are not necessarily related to the shells in NGC 474.
In the Newtonian case, we lack our main argument for the three-
body interaction from Sect. 4.5. In MOND, it should be difficult
to produce the relatively small shells like in NGC 474 without a
three-body encounter. Our Newtonian simulations rather showed
the opposite problem: it seems difficult to produce a system of
tidal features that is at least as large as observed (no counter-
part of the northern stream), even if the secondary falls from a
very large distance. In the context of Newtonian gravity, we thus
found only ambiguous evidence for the scenario of the three-
body interaction.

6. Summary and conclusions

The galaxy NGC 474 hosts numerous exceptionally bright stellar
shells and other tidal features. Prompted by the recent spectro-
scopic observations of this prominent galaxy (Alabi et al. 2020;
Fensch et al. 2020), we attempted to give additional constraints
on its formation. We applied the analytic shell identification
method (Bilek et al. 2013) on the measured radii of the shells
in the galaxy. This helped us to elucidate the nature of many
of the tidal features in the galaxy and to deduce the time since
the shell-forming merger. In addition, we made self-consistent
N-body simulations of merging galaxies that produced galaxies
with tidal features similar to those in NGC 474 (Figs. 3, 4, and 7).
The simulations and particularly the analytic models helped us
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to explain the link between the merger and the young stellar pop-
ulation discovered in the galaxy by the spectroscopic studies. We
made the analysis assuming either the standard Newtonian grav-
ity or the MOND gravity.

Assuming MOND, we arrived at the following scenario of
the formation of the tidal structures in NGC 474 that seems to
explain the observed properties of NGC474 and its neighbor
NGC470. NGC474 was hit about 1.3 Gyr ago by a small spi-
ral galaxy with a stellar mass of about 10°® M. The accreted
galaxy approached NGC 474 in the plane of the sky from the
south, with its rotation axis aligned with the line of sight. The
merger orbit was nearly radial but mildly retrograde, such that
the pericenter was located east of the center of NGC474. The
merger had a relatively low orbital energy. There are indications
that it was initiated by a three-body encounter of NGC 474, the
accreted companion, and the nearby massive spiral NGC 470.
The tidal shock experienced by the secondary during the first
pericentric approach led to the formation of the young globular
cluster GC1 observed by Fensch et al. (2020). The secondary
galaxy was partly disrupted, but its core stayed at least partly
self-bound. Shortly after the first pericentric approach, the core
developed massive leading and trailing tidal arms. The whole
structure initially moved away from the core of the primary, but
then it gradually started to fall back, initiating the oscillatory
motion of the accreted material. The trailing arm was the first to
fall back. As the paths of the accreted gas clouds started to cross
each other, the gas separated from the accreted stars and set-
tled in the center of NGC 474. This induced the period of cen-
tral star formation detected spectroscopically by Fensch et al.
(2020). The surviving core of the secondary impacted the center
of NGC 474 approximately in the middle of this star formation
period, about 0.9 Gyr ago, and gave rise to a second shell gener-
ation in the galaxy. Then the leading tidal arm reached the center
of the primary. It carried a gas cloud that collapsed into the clus-
ter GC2, observed by Fensch et al. (2020), 0.56 Gyr ago after its
passage through the center of the primary galaxy.

The times since the two pericenters were recovered using the
shell identification method (Bilek et al. 2013). The method also
tells us the serial and generation numbers of the observed shells.
They are listed in Table 1. We identified the irregular structure
south of the galaxy to be shell 1 of the first generation. It seems
that its irregularity was inherited from the chaotic appearance
of the secondary galaxy just after its first pericentric passage
through the primary galaxy. The simulation repoduced not only
many morphological features in the galaxy, but also the velocity
dispersion of one of the shells measured by Alabi et al. (2020)
and Fensch et al. (2020). In relation to the validity of MOND, it
is encouraging that we were able to find a scenario that fits all
available constraints well.

The precision of the analytic models of time evolution of
shell radii on which the shell identification relies is not explored
well. It would be desirable to test the precision against multi-
ple N-body simulations. Here we used our MOND simulation to
show that the analytic models of shell evolution work well for
shells with a morphology as observed in NGC474. The devi-
ation of the simulated and modeled shell radii was better than
0.1 dex.

With Newtonian gravity, the dark matter halo is uncertain.
The recovery of the merger times is not unique, and therefore
it is not possible to unambiguously link the young stellar pop-
ulations to the merger. Nevertheless, from the empirical point
of view, MOND has proved to work well in predicting gravi-
tational fields of galaxies similar to NGC 474 (Milgrom 2012;
Lelli et al. 2017; Rong et al. 2018; Bilek et al. 2019a; Shelest

& Lelli 2020), and therefore the above MOND scenario is prob-
able regardless of gravity model, as far a we can tell based on
the analytic models of shell evolution. We indeed showed that
the gravitational field of NGC 474 predicted by MOND can be
reproduced by assuming a suitable NFW halo whose parameters
are consistent with the theoretical correlations. The simulations
with Newtonian gravity were also able to reproduce much of the
observed morphology of NGC 474. The initiation of the forma-
tion of shells in NGC 474 by NGC 470 is not excluded, but nei-
ther is it required, under the assumption of Newtonian gravity.

Coming to the conclusions that follow from both Newto-
nian and MOND results, all gravitational potentials explored in
this work, which should cover most of the realistic potentials of
NGC474, imply a time since the shell-forming merger shorter
than 1.6 Gyr. We propose that the drop in star formation rate
2 Gyr ago that was detected in the reconstructed star formation
history of the stellar population of one of the shells by Alabi et al.
(2020) is a consequence of secular evolution of the progenitor of
the shells prior the merger, as supported by the observed star-
forming histories in galaxies similar to the probable progenitor
(Sanchez et al. 2019).

The MOND simulation convincingly reproduced the over-
all structure of the shell system with the northern stream for the
sizes and locations of the features. The Newtonian simulation
was more successful in reproducing the internal structure of the
two largest shells. This suggests that all tidal features observed in
NGC 474 originate from one accreted disk galaxy. There is still
much room for improvement of the simulations because we did
not explore the whole parameter space. For example, the mor-
phology of the shells (angular extent, internal structure) turned
out to depend sensitively on the initial structure of the accreted
galaxy. For this reason, the current simulations do not allow dis-
criminating between Newtonian and MOND gravities. The inter-
nal structure of the shells or the northern stream seem to be
promising features on which to focus such studies.

We found that one of the reasons why the shells in NGC 474
are so prominent is that they are observed at the optimal moment.
Earlier, the tidal debris did not take up the typical morphology
of shells. Later, the tidal will lose contrast and disappear as a
consequence of dynamical virialization.

As a general note, shell galaxies seem to be merger rem-
nants whose formation history is particularly simple to recover.
The analysis can be simplified by assuming the MOND gravity
(unless we deal with galaxies in clusters or slow rotators, where
the applicability of MOND remains unclear; Richtler et al. 2008;
Samurovi¢ 2014; Rong et al. 2018; Bilek et al. 2019a). Shell
identification method can be used to estimate the time since the
encounter just from shell radii, but the result can be ambiguous.
The degeneracy can be broken by deriving the star formation
histories of the centers of shell galaxies, which can now be per-
formed routinely.
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Appendix A: Details of the simulations

Table A.1. Setup of the PoR code used in all Newtonian and MOND
simulations.

Property/parameter Value
levelmin 7
levelmax 14
boxlen 2 Mpc
Maximum resolution  0.12 kpc
mass_sph 1
m_refine 200 M,

The self-consistent simulations were performed using the
adaptive-mesh-refinement code Phantom of RAMSES
(Lighausen et al. 2015). It can work both with Newtonian
and MOND gravity. The numerical parameters of the code were
the same for all simulations we made, both Newtonian and
MOND. They are listed in Table A.1.

The Cartesian coordinate system of the simulation was
defined in the following way. The origin of the coordinate sys-
tem coincided with the barycenter of the two galaxies. The x-axis
coincided with the line connecting the centers of the merger pro-
genitors at the beginning of the simulation and pointed toward
the secondary. The z-axis pointed toward the observer and the
y-axis was chosen to obtain a right-handed coordinate system.

A.1. MOND simulations

We started our MOND simulations by searching for the suitable
initial conditions of the merger orbit using restricted three-body
simulations (see, e.g., Ebrova et al. 2012). They are much faster
than the self-consistent simulations. We inspected every simula-
tion always at the time T after the merger. These simulations
suggested that we need a nearly radial orbit with galaxies starting
with zero radial velocity in the distance of the brightest observed
shell, that is, 30kpc, and that the disk of the secondary galaxy
has to rotate around an axis parallel to the line of sight.

Then we proceeded to the self-consistent simulations. In gen-
eral, the field of simulations of galaxies in MOND is not as
advanced as with Newtonian gravity. There are currently no soft-
ware tools to prepare stable initial models of galaxies with pre-
scribed density profiles. It is currently necessary to improvise.
The initial models of the galaxies in this paper were prepared
in following way in the published MOND simulation. The den-
sity of the secondary was initiated as an exponential disk with
a scale-length of 0.5 kpc and zero thickness. The particles were
assigned a systemic rotation velocity such that the centrifugal
force balances the MOND acceleration. This was obtained using
Eq. 2 from the Newtonian gravitational acceleration generated
by the given exponential disk (Binney & Tremaine 2008). In
addition, we added to the velocities of particles a random com-
ponent selected from an isotropic Gaussian distribution, whose
dispersion was equal to 0.3 of the local rotation velocity. The
disk was evolved in isolation for 2 Gyr before being entered
in simulation of the merger. This time period was determined
by watching the morphology of the galaxy. We considered the
galaxy to be virialized enough when its initial period of large
morphological transformations ended. The galaxy settled as a
bulged exponential disk with a scale length of 4.0kpc, half-
mass radius of 2.3kpc, and a scale height of the sech’-profile
of 1.3kpc at the distance of one scale length from the center.

Table A.2. Initial conditions in the MOND simulation

Stars
Primary Secondary

Profile Sérsic sphere  Approximate exponential

disk
log;o(Mass/Mg) 10.521 9.82
Scale length [kpc] 3.0 4.0
Sérsic index 2.0 -
Sech?-scale height [kpc] - 1.3
Number of particles 5% 100 5% 100

Orbital parameters

(position of secondary) — (50, 0,0) kpc
(position of primary)
(velocity of secondary)-—  (0,—5.0,0)km s
(velocity of primary)
Spin of secondary 0,0,1)

Table A.3. Initial conditions in the Newtonian simulation

Stars

Primary Secondary
Profile Hernquist sphere  Exponential disk
log;y(Mass/Mo) 10.521 9.82
Scale length [kpc] 2 2
Exponential scale height - 0.6
[kpe]
Number of particles 1,400,597 278,813

DM halos

Primary Secondary
Profile NFW NFW
Characteristic ~ density ~ 2.76 x 10° 3.87 x 10°
[Mokpe™]
Scale radius [kpc] 31.1 17.7
Truncation radius [kpc] 100 100
logo(Mass/Mg) 11.85 11.45
Number of particles 5,938,956 2,381,632

Orbital parameters
(100, 0, 0) kpc

(position of secondary) —
(position of primary)

(velocity of secondary) —  (0,-5.0,0)km g1
(velocity of primary)
Spin of secondary 0,0,1)

These values follow the observed scaling relations (Bizyaev &
Mitronova 2002; Lelli et al. 2016). The density of the elliptical
galaxy was set up as a Sérsic sphere with an effective radius of
3 kpc and index of two. The particles were given random veloc-
ities from an isotropic Gaussian distribution with a velocity dis-
persion obtained by solving the Jeans equation. The primary, as
well as the secondary, consisted of 5 x 10° particles. The param-
eters of the initial galaxy models for the MOND simulation of
collision are summarized in Table A.2.

The self-consistent simulations confirmed that we need a
nearly radial collision, otherwise only a low number of well-
defined shells appears. The characteristic combination of a nar-
row stream and shells observed in NGC 474 formed only in
collisions along radial or mildly retrograde orbits. In simula-
tions with prograde orbits, the stream formed too wide. We
explored the range of initial tangential velocities between about
+20kms~! and separations of 40 and 50kpc. The simulations
launched from 40kpc tended to produce an indistinct stream.
We also tried secondaries prepared in other ways, including the

A28, page 15 of 20



A&A 660, A28 (2022)

one described in Nagesh et al. (2021), which makes use of an
adjusted version of the DICE code (Perret 2016). We found that
at fixed orbital parameters of the encounter, the morphology of
the shells is sensitive to the initial structure of the secondary.

In the final simulation, the galaxies started 50 kpc apart. The
difference of the y-components of the velocities of the galaxies
was 5.0kms~!. The components of the velocities of the galaxies
in the other directions were zero. The spin vector of the sec-
ondary pointed in the direction of the z-axis. The orbital initial
conditions for the simulation are summarized in Table A.2.

A.2. Newtonian simulations

The initial conditions of the Newtonian simulations are sum-
marized in Table A.3. The stellar masses of the galaxies were
the same as in the MOND simulation. The dark matter halos
were modeled by NFW halos truncated at 100 kpc. The initial
models were generated by the MAGI code (Miki & Umemura
2018) and were evolved in isolation for 2 Gyr before they were
entered in the simulation of the collision. The scale radii and
characteristic densities of the halos were derived as following
the mean dark matter scaling relations (Behroozi et al. 2013;
Diemer & Kravtsov 2015). We explored various initial dis-
tances of the primary and secondary. We obtained shells that are
comparable in size with those observed for as large initial sep-
aration as possible. We avoided initial distances that are larger
than the truncation radius of the halos because such simulations
would not be able to treat dynamical friction correctly. The ini-
tial tangential velocity was left the same as for the final MOND
simulation.

We also performed simulations (which we do not publish
here) with dark halos chosen to mimic the MOND gravitational
fields of the primary and secondary. We could not produce a tidal
features resembling those in NGC 474 for any orbital parame-
ters. The shells were axially symmetric with a narrow azimuthal
extent, rather resembling those in NGC 7600 (see, e.g., Turnbull
et al. 1999; Cooper et al. 2011) or NGC 3923 (e.g., Malin &
Carter 1983; Bilek et al. 2016), even if the two galaxies started
on a circular orbit 100 kpc form each other. In addition, there
was no good counterpart of the thin northern stream; the merg-
ers rather produced wide tails. The stellar components were
the modeled just as in the published simulation. The halo of
the primary was represented by a Burkert halo (Burkert 1995)
with a core radius of 6.91kpc and characteristic density of
1.4 x 108 Mykpc™3. The halo of the secondary had a Burkert
profile as well, with a core radius of 11.35kpc and a character-
istic density of 1.2 x 108 Mg kpc=>. Both halos were truncated at
100 kpc. Dark matter particles had masses 5 x 10° M, and stellar
particles 1 x 10° My, , and there were 1 x 107 particles in total.

Appendix B: Verification of the analytic model of
the shell propagation

The analytic models of the evolution of shell radii have not
been verified by many self-consistent simulations. The only pub-
lished comparison we are aware is Ebrovd et al. (2020). We made
here another comparison making use of the MOND simulation
described in Sect. 4.2. This is advantageous in the context of this
paper because the simulated galaxy resembles the investigated
real galaxy NGC 474.

To compare of the simulation with the analytic model, we
adopted the same procedure as in Ebrova et al. (2020). In every
time step of the simulation, we selected particles of the sec-
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ondary galaxy that have their radial velocities with respect to
the center of the primary galaxy close to zero. These particles
are those near the shell edges. The center of the primary galaxy
was defined as its center of mass. For every time step we subse-
quently made a histogram of the selected particles according to
their distance from the center of the primary galaxy. Combining
the radial histograms for all time steps, we obtained the color
map in Fig. B.1.

The features seen in this plot correspond to shells, but also
to other objects or structures. Near the start of the simulation,
the structure marked by the circles corresponds to the infalling
secondary. Its first pericenter occurs at the time of O Myr. The
structure marked by the down-pointing triangles corresponds to
the surviving core of the secondary and to the tidal tails extend-
ing from it (see Fig. 3). The feature marked by the three-point
asterisk is the core of the secondary near its turnaround point.
The second pericentric passage occurs 460 Myr after the first. It
is again followed by the formation of tails around the secondary,
which corresponds to the feature marked by the upward-pointing
triangles.

Most of the remaining features in Fig. B.1 correspond to
shells. The upper edges of the bands correspond to shell edges.
We manually measured the radii of the shells in an image of the
simulated galaxy at the time Tg, in the same way as we did it
for the real galaxy. The image was very similar to that in the
upper right panel of Fig. 4. The radii of the shells are marked
in Fig. B.1 by the pluses for the shells lying on the positive
part of the x-axis and by the crosses for those on the negative
part.

We then compared the measured radii with the analytic mod-
els of shell evolution to evaluate the precision of the models. We
used the MOND gravitational potential from Sect. 4. The models
tell us the radii of the shell at a certain time after the pericenter of
the galaxies when the particles in the shells were released from
the secondary. There were several pericentric approaches of the
galaxies in the simulation before the secondary dissolved. We
thus plotted in Fig. B.1 the model of shell evolution three times,
so that the time origins of the models coincide with the instants
of the first three pericenters of the galaxies. The three shifted
copies of the model of shell evolution correspond to the expected
evolution of shell radii in the first three shell generations. The
shells belonging to the same generation are distinguished by the
different colors of the dotted curves in Fig. B.1 The pericenters
of the galaxies happened in the simulation times of 0, 460 and
700 Myr.

The first look reveals that the analytic model gives a good
estimate of the positions of the shells because each of the
branches in the simulated data is traced by some of the curves
of the model. We made a more quantitative check for the shells
whose radii measured in the simulation at the time T'g. For these
shells, we had to find the serial and generation numbers. We did
this first by matching each of the measured points to one of the
bright bands in Fig. B.1 and then by matching of the bright bands
to the analytic models of shell evolution. It was then possible to
compare the analytic models to the measurements. When com-
paring the measured shell radii to the models, it was necessary to
remember that some of the simulated shells that we could see in
the image at the time 7 were probably blends of shells com-
ing from different generations, as Fig. B.1 suggests. Moreover,
we recall that some pairs of the simulated shells are probably sin-
gle shells that encircle the galaxy because of the apsidal twist of
the stars that make the shells up. These apparent pairs of shells
can be recognized because the two shells lie on opposite sides
of the galaxy and have nearly identical radii. After determining
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Fig. B.1. Comparison of the modeled evolution of shell radii with the MOND simulation.

the identification of the simulated shells, we found that the ana-
Iytic model agrees with the shell radii measured in the simulation
with a precision better than around 0.1 dex. The analytic mod-
els do not provide exact predictions because of the self-gravity
of the accreted material and the nonzero size of the secondary
before the encounter. The magnitude of the deviations likely
depends on the internal structure of the secondary before the
merger.

The second largest shell marked by the cross is the counter-
part of the observed shell B. It seems that the shell is a blend of
the second shell of the first generation and the first shell of the
second generation. This indicates that the observed shell B could
be such a blend as well.

Table B.1. Estimates of ages of shell generations in NGC 474 for vari-
ous MOND gravitational potentials.

Name Tic Thg Notes

Default 1280 870 logq %@ = 10.6,
R. = 7.6kpc, no
NGC470

NGC470in 2 Dpin 1370 910

NGC 470 in Dy, 1500 930

JAM mass for NGC 474 1080 720 log,, AAZ—O =10.87

Zero R, 1120 700 R. =O0kpc

Double R, 1360 960 R. = 15.3kpc
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Fig. B.2. Comparison of the observed shell radii with the modeled evolution of shell radii for alternative MOND gravitational potentials of
NGC474. The meaning is analogous to Fig. 2, but here we explored a larger variety of gravitational potentials. Top left: External field of NGC 470
is taken into account. The neighbor is assumed to be at a distance of 2D,;,. Top right: The same, but for the distance of NGC 470 of D,;;,. Middle
left: MOND gravitational potential for no external field assuming mass derived from Jeans anisotropic modeling (Cappellari et al. 2013). Middle
right: Default MOND potential. Bottom left: Whole mass of the galaxy is considered to be concentrated in a single point to demonstrate the level
of sensitivity of the shell evolution models with respect to the modeling of the mass distribution of the galaxy. Bottom right: Effective radius of
the galaxy in the default model was multiplied by two for the same reason.
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Appendix C: Alternative shell identification for
MOND?

In Sect. 4.1 we presented for the MOND potential a shell identifi-
cation that we found most probable. Here we discuss an alterna-
tive shell identification that is allowed by the shell identification
method, but is disfavored by other constraints. In particular, the
modeled shell evolution would be consistent with the radii of all
of the considered shells if they were formed in a single gener-
ation 870 Myr ago, that is, at the time T»g defined in Sect. 4.1.
The two shell pairs C — D and E — F have to be identified as
two single shells with a surface brightness varying in azimuth.
The brightest shell, B, gets the serial number one instead of two
assigned in the most likely shell identification.

Under such a scenario, the irregular structure A is not a shell.
This contradicts our MOND simulation, which shows that the
stream is connected to shell 1, which thus corresponds to the
observed structure A. On the other hand, we did not explore the
whole space of initial conditions. Also, this time of merger is
not consistent with the theoretical considerations regarding the
time delay between the merger and the central star formation.
An actual hydrodynamical simulation is missing, however. In all
our simulations, the shells were formed in more than one gen-
eration. This might again be a consequence of the small part of
the parameter space we explored because the number of gener-
ations that form depends on the concentration of the secondary
(Seguin & Dupraz 1996). In principle, it would be possible to
distinguish observationally between the adopted and this alter-
native shell identification using high-resolution measurements
of the shell spectra. The line-of-sight velocity distribution pro-
vides information about the shell expansion velocity, and from
this, assuming the knowledge of the gravitational potential of
the galaxy, the shell serial numbers can be derived (Ebrovai et al.
2012; Bilek et al. 2015a,b).

Appendix D: Can results change with alternative
MOND gravitational potentials?

We based our interpretation of the formation of NGC 474 on the
assumption of the gravitational potential introduced in Sect. 4.
We call this the “default” hereafter. In this section, we explore
other choices of the potential. The ages of shell generations are
listed in Table B.1 for all of the considered gravitational poten-
tials in this section. We begin with the exploration of the role
of the external field effect on the MOND gravitational poten-
tial. This is important because NGC 474 has a massive neigh-
bor, NGC 470. MOND is a nonlinear theory, meaning that the
internal dynamics of a system is influenced by the presence of
the external field, even if the latter is homogeneous. Observa-
tional signs of the external field effect have indeed been reported
(Milgrom 1983; McGaugh & Milgrom 2013; Milgrom 2013;
McGaugh 2016; Caldwell et al. 2017; Famaey et al. 2018; Chae
et al. 2020). Here, we evaluate the external field effect with the
1D approximation (Famaey & McGaugh 2012),

aN + aN ext AN + AN ext AN ext
a=aNnV|——————— |+ aNext |V -V ’
ap ap ap

(D.1)

where anx: denotes the magnitude of the external field calcu-
lated in the Newtonian way from the distribution of baryons.
Using Eq. D.1 instead of Eq. 2, we could again model the evolu-
tion of shell radii in NGC 474 taking the external field effect into
account.

The largest regular shell of NGC474, B, shows no signs
of tidal deformations. We thus used its size, that is, 31.3 kpc,
as the lowest acceptable tidal radius of NGC 474. The MOND
expression for the tidal radius (Zhao 2005, Eq. (12)) implies
a minimum separation of the galaxies of Dpni, = 95kpc, that
is, about twice the projected size. If the neighbor lies at a dis-
tance of 2Dp,,, the Newtonian external field amounts to ayex =
2 x 1073q and the tidal radius is 63 kpc. This is still 1.3 times
more than the radius of the irregular shell A. The comparison
of the modeled and observed shell radii is shown in the top left
panel of Fig. B.2. The model for the default MOND gravita-
tional field is shown again in the middle right panel of Fig. B.2.
This external field has virtually no influence on the estimated
times since the two encounters with the secondary: the first
occurred only 90 Myr sooner, 1370 Myr ago, and the second
even only 40 Myr sooner, that is, 910 Myr ago.

The external field reaches the maximum admissible value for
the separation of NGC 474 and NGC 470 of Dy, Then anext =
8 x 10734 and the tidal radius has the diameter of shell B, that
is, the irregular shell A is already being stripped and should not
be included in the comparisons with the shell propagation model
because we neglected the tidal force in it. Even in this extreme
case, the ages of the two shell generations are similar to the case
without the external field. The fist generation is older by 220 Myr
(age of about 1500 Myr) and the second is just 60 Myr older (age
of 930 Myr). It is also possible to identify all shells as formed in
one generation that is 930 Myr old. This all demonstrates that the
external field effect is not a substantial source of uncertainty for
estimating the age of the shells of NGC 474.

We discuss an alternative stellar mass of the galaxy. A
dynamical measurement of the R-band mass-to-light ratio of
the galaxy, (M/L), , was obtained from Jeans anisotropic mod-
eling (Cappellari 2008) measured by Cappellari et al. (2013).
The stellar mass can be obtained by multiplying (M/L), first
by the total luminosity of the galaxy and then by the factor of
0.87 to account for the typical contribution of dark matter; see
Cappellari et al. (2013). We obtained the stellar mass of the
galaxy as 10'%7 M, that is, 1.3 times higher than the adopted
mass that we used to derive the default MOND gravitational
potential. The adopted mass was chosen for several reasons. It
was derived in the S4G survey, which was directly designed to
measure the stellar masses of galaxies. It exploited two-band
near-infrared photometry (Sheth et al. 2010). The mass-to-light
ratio in the near-infrared is not much sensitive to the age of stellar
population and dust obscuration (Meidt et al. 2014). The dynam-
ical mass seems less reliable. The Jeans anisotropic modeling is
based on the assumption of axial symmetry of the galaxy, but
the photometric and kinematic axes in NGC 474 are misaligned
(Krajnovic¢ et al. 2011). In addition, the dynamical estimate is
based on the observations of only a relatively small portion of
the galaxy near its center. Namely, the radius of the probed
region was only about 0.7 of the effective radius of the galaxy
(Cappellari et al. 2013). Finally, the estimate might have been
distorted by the presence of the two populations with different
ages in the center of the galaxy (Fensch et al. 2020) that proba-
bly do not share their kinematics.

Nevertheless, in the bottom left panel of Fig. B.2, we explore
how our estimates of the timing of the formation of the shells
change if this alternative stellar mass is assumed. The results are
very similar to those with the default gravitational potential, but
the shell system is somewhat younger. The time since the forma-
tion of the first generation is 1080 Myr (200 Myr younger than
for the default potential) and the time since the formation of the
second is 720 Myr (150 Myr younger). The moment of the first
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impact coincides with the onset of the central star formation and
the second impact with the second peak of central star formation
(Fig. 5). The age of the cluster GCl1 is still consistent with the
time of the first impact, and the age of GC2 becomes closer to
the second impact, but they are still more than 2 o~ inconsistent.
While this alternative stellar mass still seems consistent with
the ages of the young stellar populations in NGC 474, we prefer
the photometric mass for the reasons explained in the previous
paragraph.

Our default model of gravitational potential was based on a
distribution of the stellar mass of the galaxy that was obtained
by fitting the image of the galaxy by a Sérsic sphere. Such fits
never are absolutely precise. We therefore inspected the robust-
ness of the estimates of the ages of the shell generations with
respect to the mass distribution within the galaxy. We considered
two additional models. In the first model, the effective radius
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of the galaxy was assumed to be zero, that is, we replaced the
galaxy by a point mass. In the other model, we multiplied the
observed effective radius (Sect. 2) by two. The resulting models
of shell evolution are compared to the observed shell radii in the
two panels in the last row of Fig. B.2. These radical changes of
mass distribution have a rather mild impact on the estimates of
the ages of the shell generations. With zero effective radius, the
age of the first generation is 1120 Myr (160 Myr younger than
with the default potential) and the age of the second is 700 Myr
(170 Myr younger). For the double effective radius, the age of
the first shell generation is 1360 Myr (80 Myr older than with
the default potential) and that of the second is 960 Myr (80 Myr
older). Finally, we note that none of the models of shell evolu-
tion considered in this paper supports the formation of the sys-
tem more than 2 Gyr ago, in contrast to how Alabi et al. (2020)
interpreted the measured star formation history of shell B.
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