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ABSTRACT

Tidal features in the outskirts of galaxies yield unique information about their past interactions
and are a key prediction of the hierarchical structure formation paradigm. The Vera C. Rubin
Observatory is poised to deliver deep observations for potentially of millions of objects with
visible tidal features, but the inference of galaxy interaction histories from such features is not
straightforward. Utilising automated techniques and human visual classification in conjunc-
tion with realistic mock images produced using the NEWHORIZON cosmological simulation,
we investigate the nature, frequency and visibility of tidal features and debris across a range
of environments and stellar masses. In our simulated sample, around 80 per cent of the flux in
the tidal features around Milky Way or greater mass galaxies is detected at the 10-year depth
of the Legacy Survey of Space and Time (30 — 31 mag arcsec~2), falling to 60 per cent as-
suming a shallower final depth of 29.5 mag arcsec 2. The fraction of total flux found in tidal
features increases towards higher masses, rising to 10 per cent for the most massive objects
in our sample (M, ~ 10'1> M.). When observed at sufficient depth, such objects frequently
exhibit many distinct tidal features with complex shapes. The interpretation and characterisa-
tion of such features varies significantly with image depth and object orientation, introducing
significant biases in their classification. Assuming the data reduction pipeline is properly op-
timised, we expect the Rubin Observatory to be capable of recovering much of the flux found
in the outskirts of Milky Way mass galaxies, even at intermediate redshifts (z < 0.2).

Key words: Galaxies: structure — Galaxies: interactions — Methods: numerical

1 INTRODUCTION

Hierarchical structure formation scenarios (e.g. Fall & Efstathiou
. . . . . 1980; van den Bosch et al. 2002; Agertz et al. 2011) predict that
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+ E-mail: amir.ebadati-bazkiaci @mq.edu.au massive galaxies acquire much of their stellar mass through a com-
+ STScl Prize Fellow bination of continuous cold gas accretion and mergers with smaller
§ LSSTC DSFP Fellow objects (e.g. Press & Schechter 1974; Moster et al. 2013; Kavi-
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raj et al. 2015; Rodriguez-Gomez et al. 2016; Martin et al. 2018b;
Davison et al. 2020; Martin et al. 2021). As a consequence, merg-
ers are also expected to play a significant role in driving the evo-
lution of galaxy properties, for example, by triggering (Schweizer
1982; Mihos & Hernquist 1996; Duc et al. 1997; Elbaz & Cesarsky
2003; Kaviraj et al. 2011; Lofthouse et al. 2017; Martin et al. 2017)
or quenching (Schawinski et al. 2014; Barro et al. 2017; Pontzen
et al. 2017; Kawinwanichakij et al. 2017) star formation in the
host galaxy or by driving its morphological evolution (e.g. Toomre
1977; Dekel et al. 2009; Conselice et al. 2009; Taranu et al. 2013;
Naab et al. 2014; Fiacconi et al. 2015; Graham et al. 2015; Gémez
et al. 2017; Deeley et al. 2017; Welker et al. 2017; Martin et al.
2018a; Jackson et al. 2019). Signatures of past mergers take the
form of faint extended tidal features such as tails (e.g. Pfleiderer
1963; Toomre & Toomre 1972; Peirani et al. 2010; Kaviraj 2014;
Kaviraj et al. 2019) or plumes (e.g. Lauer 1988) — which are typi-
cally produced by major mergers — and streams (e.g. Johnston et al.
1999; Shipp et al. 2018; Martinez-Delgado et al. 2021) or shells
(e.g. Malin & Carter 1983; Quinn 1984) — which mainly arise from
minor interactions — as well as in the structure of the surround-
ing diffuse light (e.g., Johnston et al. 2002; Choi et al. 2002; Gra-
ham 2002; Seigar et al. 2007; Kaviraj et al. 2012; Montes 2019;
Iodice et al. 2019; Monachesi et al. 2016, 2019). These features,
which arise from many different types of encounter, hold a fossil
record of the host galaxy’s past interactions and mergers which can
be used to reconstruct its assembly history and dynamical history
(Johnston et al. 2008; Martinez-Delgado et al. 2009; Belokurov
et al. 2017; Ren et al. 2020; Spavone et al. 2020; Montes et al.
2020; Vera-Casanova et al. 2021). However, the majority of tidal
features are expected to have surface brightnesses fainter than 30
mag arcsec 2 in the r-band (Johnston et al. 2008). Although push-
ing towards these kinds of limiting surface brightnesses remains
extremely challenging, it is nevertheless desirable to do so, being
necessary to uncover a more detailed history of local Universe. This
is not only vital for our understanding of hierarchical galaxy assem-
bly (e.g. Johnston et al. 2001; Wang et al. 2012), but also serves as
a novel galactic scale probe of more fundamental physics such as
theories of gravity (e.g. Gentile et al. 2007; Renaud et al. 2016) and
dark matter (Dubinski et al. 1996; Kesden & Kamionkowski 2006;
Dumas et al. 2015; van Dokkum et al. 2018; Montes et al. 2020).
In particular, tidal structure is a powerful tracer of the underlying
galactic halo potential (e.g. Dubinski et al. 1999; Varghese et al.
2011; Bovy et al. 2016; Ibata et al. 2020; Malhan et al. 2021).

Over the last few decades, advances in the sensitivity and field
of view of modern instruments (e.g. Miyazaki et al. 2002; Kui-
jken et al. 2002; Mihos et al. 2005; Miyazaki et al. 2012; Diehl &
Dark Energy Survey Collaboration 2012; Abraham & van Dokkum
2014; Torrealba et al. 2018) and increasing sophistication of ob-
servational and data-analysis techniques (e.g. Mihos et al. 2005;
Akhlaghi & Ichikawa 2015; Pawlik et al. 2016; Prole et al. 2018;
Morales et al. 2018; Rich et al. 2019; Tanoglidis et al. 2021b; Zarit-
sky et al. 2021) have permitted relatively large studies that concen-
trate on the low surface brightness (LSB) regime which tidal fea-
tures inhabit. This has made possible the detailed characterisation
of the LSB components of galaxies (e.g. Kado-Fong et al. 2018;
Bilek et al. 2020) and allowed studies of their prevalence (e.g. Hood
et al. 2018).

The 10-year Legacy Survey of Space and Time (LSST), which
will take place at the Vera C. Rubin Observatory (Olivier et al.
2008; Ivezi¢ et al. 2019), will lead to a step change in the depth
and detail that can be achieved by wide area surveys. Data from
the 10-year survey will vastly increase the number of known ob-

jects with tidal features. While deep observations tracing low sur-
face brightness structures and galaxies have been possible previ-
ously (e.g. Martinez-Delgado et al. 2009; Kim et al. 2012; Beaton
et al. 2014; Duc et al. 2015; Mihos et al. 2015; Kado-Fong et al.
2018; Zaritsky et al. 2019; Iodice et al. 2019; Trujillo et al. 2021),
LSST will offer a distinct advantage as these studies have generally
been limited to small fields or targeted observations of individual
galaxies (typically emphasising cluster environments) or else do
not have the requisite depth to detect a significant fraction of promi-
nent tidal features. LSST uniquely combines very deep imaging (r-
band depth better than 30.5 mag arcsec 2 with 10” x 10” binning;
Laine et al. 2018; Brough et al. 2020) with a wide area covering
the whole Southern sky (18,000 square degrees). This will enable
detailed statistical studies of tidal features within a representative
volume of the Universe for the first time.

It is expected that the raw data produced by the Rubin Obser-
vatory will be of sufficient quality to study low surface brightness
features (Robertson et al. 2017; Kaviraj 2020; Trujillo et al. 2021).
However, a number of other obstacles still remain if the available
data are to be exploited to their full potential. The characterisation
of tidal features requires not only sufficiently deep imaging but also
bespoke data reduction suitable for LSB science and a thorough un-
derstanding of biases and uncertainties present in the data.

Follow-up observations for the full population of galaxies with
LSB features that will be revealed by LSST will be intractable, es-
pecially as tidal features and disturbed morphologies are expected
to be ubiquitous in massive galaxies (e.g. Tal et al. 2009; Cib-
inel et al. 2019) and likely remain at least somewhat common in
lower mass galaxies (e.g. Martinez-Delgado et al. 2012; Martin
et al. 2021). Analysis of the majority of galaxies will therefore
be based primarily on available 2-d photometric information. This
means that additional information such as spectroscopy and multi-
wavelength data, which can reveal important information about
the distances, 3-d distribution, kinematics, environments, baryonic
content and stellar populations of galaxies (e.g. Bournaud et al.
2004; Kadowaki et al. 2017; Junais et al. 2020; Karunakaran et al.
2020), will be unavailable for a majority of objects. Analysis of the
majority of galaxies will therefore be limited to Rubin Observatory
data.

With regards to the characterisation of the tidal features them-
selves, automated methods (e.g. Grillmair et al. 1995; Conselice
et al. 2000; Rockosi et al. 2002; Lotz et al. 2004; Hendel et al.
2019; Pearson et al. 2021) can help to define the structure of galax-
ies and identify merging systems and their tidal features, but a
full characterisation of these galaxies and their tidal features be-
fitting the quality of the available photometric data will require de-
tailed visual inspection by human classifiers (e.g. Darg et al. 2010;
Bilek et al. 2020). Visual inspection relies on a significant level of
domain knowledge and physical intuition for interpretation. This
inevitably introduces some level of subjectivity, especially in the
absence of precise redshifts, kinematics or other 3-d information.
While machine learning and machine vision techniques can help
alleviate reliance on human classifiers (e.g. Beck et al. 2018; Hen-
del et al. 2019; Walmsley et al. 2019), continuous human interven-
tion will likely still be required. Training sets, will still need to be
constructed and labelled by human classifiers, and as the coadded
LSST images become deeper they will need to be routinely updated
(Martin et al. 2020). Some level of bias is therefore unavoidable and
its nature may evolve with a number of factors including limiting
surface brightness, galaxy mass and orientation (e.g. Mantha et al.
2019; Miiller et al. 2019; Blumenthal et al. 2020; Lambrides et al.
2021).

MNRAS 000, 1-29 (2021)



Some sources of bias, such as the effect of projection, are in-
trinsic to observations, while others like image depth, can be im-
proved with longer exposure times. For example, depending on the
angle at which a given LSB structure is observed, the efficiency
with which they are detected can be impacted (Mancillas et al.
2019; Vera-Casanova et al. 2021) or their nature can change so that
the same structures appear either stream-like or shell-like from dif-
ferent angles (Hendel & Johnston 2015; Greco et al. 2018a). Addi-
tionally different classes of tidal features may become more or less
detectable over time, can persist over differing timescales (Johnston
et al. 1999; Bullock & Johnston 2005; Mancillas et al. 2019; Vera-
Casanova et al. 2021) or else may transform into different classes
of tidal structures (Foster et al. 2014; Hendel & Johnston 2015).
Other unrelated structures like galactic cirrus (Miville-Deschénes
et al. 2016; Roman et al. 2020) or instrumental artefacts (Tanog-
lidis et al. 2021b; Chang et al. 2021) can be misclassified or oth-
erwise inhibit the detection of tidal features. At higher redshifts,
it can also become increasingly difficult to interpret images as the
angular scale of objects decreases and they become more poorly
resolved.

The purpose of this paper is to evaluate the expected perfor-
mance of the LSST at recovering all forms of tidal features and
diffuse light occurring in the outskirts of galaxies based on re-
alistic mock images produced using the NEWHORIZON simula-
tion (Dubois et al. 2021). We make predictions as a function of
a galaxy’s physical properties, redshift and imaging depth. We then
explore how stellar mass, ex-situ mass fraction, redshift, limiting
surface brightness and orientation may affect or bias the visual
characterisation of galaxies by expert human classifiers across dif-
ferent types of tidal features.

e In Section 2 we present an overview of the NEWHORIZON
simulation along with the relevant physics and the method for pro-
ducing mock images and merger trees as well as outline our visual
classification scheme.

e In Section 3 we explore the properties of the extended light
around galaxies using automated techniques to separate the LSB
components. We study the spatial and surface brightness distribu-
tions as well as the fraction of tidal flux that we expect to detect
at various limiting surface brightnesses and redshifts. We addition-
ally consider how tidal flux fraction evolves with galaxy mass and
accretion history.

e In Section 4 we present the results of visual classifications of
our mock images by human classifiers. We discuss the frequency
of different classes of tidal feature as a function of galaxy mass
and limiting surface brightness and look at how limiting surface
brightness, redshift and projection can introduce biases.

o In Section 5 we summarise our results.

Throughout this paper we adopt a ACDM cosmology con-
sistent with Komatsu et al. (2011) (Qyn = 0.272, Qp = 0.728,
Qp = 0.045, Hy = 70.4 kms~' Mpc~!) and we primarily assume
a Salpeter (1955) initial mass function (IMF).

2 METHOD

We employ the state-of-the-art cosmological hydrodynamical sim-
ulation, NEWHORIZON, in order to produce realistic mock obser-
vations of galaxies and their outskirts, companions and satellites
within a self-consistent cosmological context. These objects have
known properties and interaction histories which can be used to
test the efficacy of observational assumptions and techniques.
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2.1 The NEWHORIZON simulation

The NEWHORIZON simulation! (Dubois et al. 2021) is a zoom-in
of the (142 Mpc)3 parent Horizon-AGN simulation (Dubois et al.
2014; Kaviraj et al. 2017). Initial conditions are generated using
cosmological parameters that are compatible with WMAP7 ACDM
cosmology (Komatsu et al. 2011) (Qy = 0.272, FQ = 0.728,
o3 =0.81, Q, =0.045, Hy =70.4 kms~! Mpc~!, and ng = 0.967).
Within the original Horizon-AGN volume, a spherical volume with
a diameter of 20 Mpc and an effective resolution of 4096° is de-
fined, corresponding to a dark matter (DM) mass resolution and
initial gas mass resolution of mpy = 1.2 x 100 Mg and mgqs =
2 x 10> M. NEWHORIZON uses the adaptive mesh refinement
(AMR) code RAMSES (Teyssier 2002) and gas is evolved with a
second-order Godunov scheme and the approximate Harten-Lax-
Van Leer-Contact (Toro 1999) Riemann solver with linear interpo-
lation of the cell-centred quantities at cell interfaces.

NEWHORIZON combines high stellar mass (1.3 x 10*M)
and spatial resolution (~ 34 pc), with a contiguous volume of
(16 Mpc)3. The volume probes field and group environments, but
does not extend to dense clusters (the maximum halo mass is
Mj, ~ 1013 My,). Given the diffuse nature of galaxy stellar haloes,
the trade off between resolution and volume is an important con-
sideration. We find NEWHORIZON to be a better compromise than
similar simulations like Illustris TNG50 (Nelson et al. 2019) or Ro-
MULUS25 (Tremmel et al. 2017), both of which trade larger vol-
umes for lower mass resolution. The closest similar simulation in
terms of mass resolution is TNG50, with a volume of (50 Mpc)?3
and a stellar mass resolution (8.5 x 10*M,). For comparison, most
observed tidal features individually account for ~ 0.1 per cent to a
few per cent of the total stellar mass of a system (e.g. van Dokkum
et al. 2019; Fensch et al. 2020), meaning these tidal features would
resolved with only ~ 100 — 1000 particles and ~ 800 — 8000 parti-
cles for a galaxy of M, = 10'© M, by TNG50 and NEWHORIZON
respectively.

The additional resolution of NEWHORIZON is therefore im-
portant in order to sample as much as possible the LSB outskirts
of galaxies at surface brightness limits that contemporary or forth-
coming instrument will be capable of targeting (see Section 2.1.1).
NEWHORIZON also has sufficient volume to yield a reasonable
sample of massive galaxies (M, > 10'9 M) and provides a realis-
tic distribution of galaxies, as well as fully simulating the cosmo-
logical context required to produce galaxies with ab initio realistic
interaction and formation histories (as opposed to zoom-in simula-
tions of individual haloes, where the zoom region must be carefully
selected to avoid bias).

NEWHORIZON reproduces key galaxy properties with
good agreement to observed quantities. The galaxy stellar mass
function, galaxy size-mass relation, halo mass-stellar mass re-
lation as well as the evolution of galaxy morphology and cosmic
star formation rate densities show fair agreement with obser-
vationally derived relations. There is however significant un-
certainty from cosmic variance owing to size of the simulated
region. Relevant to this study, NEWHORIZON appears to devi-
ate from observations at the high mass end or the galaxy size-
mass relation and at the low mass end of the halo-mass stellar-
mass relation. Galaxies appear somewhat more compact than
expected at M, > 10'! M, and have stellar masses that are rel-
atively too massive for halo masses of M), < 10'! M. We refer
readers to Sections 3.2., 3.6., 3.7. and 3.9 of Dubois et al. (2021)

! http:/new.horizon-simulation.org
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for a more detailed description of the galaxy stellar mass func-
tion, halo mass- stellar mass relation, size-mass relation and
kinematics respectively.

2.1.1 Numerical resolution limit for detecting tidal features

Because the stellar particle mass resolution of a simulation places
limits on its ability to resolve structures, we first attempt to es-
timate the numerical limits that the resolution of NEWHORIZON
places on our ability to resolve tidal features. We restrict our analy-
sis to shells, which we are typically fainter than tails (see Figure 14)
and therefore more susceptible to resolution effects. In Appendix
A we describe an analytical method using analytical shell profiles
(Sanderson & Helmi 2013) and Sérsic (1968) profiles. We find that
this is dependent on a number of factors including the galactocen-
tric radius of the tidal feature and the shape and brightness of the
galaxy profile.

Even with its relatively high stellar mass resolution, for the
most massive galaxies in our sample, we do not expect NEWHORI-
ZON to resolve shells with surface brightnesses comparable to
LSST 10-year depth (1™ (35,10” x 10”) ~ 30.5 mag arcsec™?)
close to the central regions of galaxies (r < 4.5 Refr). For less mas-
sive galaxy models, it is possible to detect faint shells at signifi-
cantly smaller radii but, for the full sample, we would likely require
significantly better mass resolution to enable us to detect all tidal
features. As the underlying radial and surface brightness distribu-
tion of shells and other tidal features is not known, it is difficult
to estimate how significantly this affects our results, but shells are
typically resolved down to sufficiently small radii so as to have
negligible impact on the number of detected tidal features for
depths realistically achievable by LSST. At significantly higher
limiting surface brightnesses more care is needed in interpret-
ing results. Shells which would be observationally detectable
may not be sufficiently resolved at radii significantly larger
than 10 R.¢, meaning the frequency of tidal features at very
faint limiting surface brightens is likely underestimated, par-
ticularly around more massive galaxies. We refer to Appendix A
for a more detailed discussion.

2.2 Galaxy Sample

We use the structure finder ADAPTAHOP (Aubert et al. 2004) to
separately detect both galaxies, haloes along with their respec-
tive sub-structures based on the distribution of dark matter and
star particles in the simulation box respectively. The centre of
each galaxy or halo is recursively determined by seeking the
centre of mass in a shrinking sphere, while decreasing its ra-
dius by 10 per cent recurrently down to a minimum radius of
0.5 kpc (Power et al. 2003). We impose a minimum structure
size of 100 dark matter particles and 50 star particles as well
as requiring and an average overdensity of 80 times the crit-
ical density for dark matter haloes and 160 times the critical
density for galaxies (see Aubert et al. 2004, for details). Halo
virial masses and radii are obtained by computing the kinetic
and gravitational energy within ellipsoids, stopping once virial
equilibrium is sufficiently well verified (Dubois et al. 2021).

We select 30 host galaxies with stellar masses greater than
10'° M, with a supplementary sample of 7 host galaxies with stel-
lar masses of 10°° Ma, < M, < 109 M, which were selected to
better probe trends for lower mass galaxies. We do not include
any galaxies whose haloes are contaminated by low-resolution

dark matter particles from outside of the high-resolution zoom
region. In total, this sample consists of 37 objects at z = 0.22 and
their progenitors at z = 0.4,0.6 and 0.8 giving a total of 148 ob-
jects across 4 different redshifts. Figure 1 shows the stellar mass
(M,) and halo mass (M},) distribution of host galaxies in our sam-
ple presented as a scatter plot and stacked histograms for each red-
shift. All galaxies in our sample are resolved with a minimum of
~ 250,000 star particles and an average of ~ 10° star particles. We
select galaxies only based on the criteria above, making no attempt
to preferentially select galaxies with prominent tidal features. Apart
from environmental bias due to the size of the simulated volume
(see Section 2.1), the sample presented in this paper is therefore
unbiased with respect to accretion history and representative of the
intermediate and high mass populations found in the simulation at
low-to-intermediate redshift as a whole.

The thick black line and filled region indicate the median
halo mass-stellar mass relation and its 1o scatter at z = 0.2.
While there is good qualitative agreement for more massive
central haloes compared to best fit semi-empirical relations
from Behroozi et al. (2013) and Moster et al. (2013) and com-
pared to the empirical model of Behroozi et al. (2019), below
the knee of the relation there is significant overestimation in
baryon conversion efficiency (at least partially a consequence
of a lack of clusters or rich group haloes in the simulation vol-
ume). In turn, the total accreted stellar mass in central haloes
is likely overestimated. For a given halo mass, this may result
in elevated tidal feature strength or greater quantities of dif-
fuse light around NEWHORIZON galaxies compared with their
observed counterparts.

Another important consideration, which we do not investi-
gate here, is how resolution effects and implementation of sub-grid
physics impact the orbital sub-structures that are produced in our
synthetic galaxies and their haloes. One example is the over or un-
der production of bars, explored in Reddish et al. (2021), which
could potentially inhibit the detection of tidal features or otherwise
result in misclassification. Perhaps more important to this study are
the orbits and phase-space correlations of the satellite galaxies that
are responsible for producing tidal features (e.g. Pawlowski 2021).
We defer a full discussion of agreement with observed quantities
and phase-space analysis to an upcoming paper (Uzeirbegovic, in
preparation).

In Figure 2, we present g,r,i false colour images of each ob-
ject in our sample for the snapshot corresponding to a redshift of
z = 0.4 in the context of the larger cosmic structure and with the
same scale. The distribution of LSB structure is shown out to 1 Ry;,
for each galaxy, with every other galaxy in the simulation with
1075 < M, /Me < 10% shown as a point source whose brightness
and colour correspond to their mass and specific star formation rate
respectively. The images are stretched so that black corresponds
to 35 mag arcsec 2. The process of producing these images is de-
scribed in the next section.

2.3 Mock images

The analysis of mock observations (e.g. Jonsson 2006; Naab et al.
2014; Choi et al. 2018; Camps & Baes 2020; Olsen et al. 2021)
is the most direct method of comparing models and making predic-
tions based on theoretical or synthetic data. In the following section

2 The lowest redshift to which the simulation had been run at the time of
analysis.
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Figure 1. Scatter plot and stacked histograms showing the distribution of
host galaxy halo masses and stellar masses selected at z = 0.2 along with
their progenitors at z = 0.4,0.6 and 0.8. There are a total of 148 objects (37
unique objects at 4 different snapshots). Objects in our sample are indicated
by coloured points while all other objects are indicated by smaller grey
points. The thick black line and shaded region indicate the median halo
mass—stellar mass relation and its 10 scatter. Also indicated by coloured
dashed lines show relations from the literature (Behroozi et al. 2013; Moster
et al. 2013; Behroozi et al. 2019).

we describe how we produce Rubin-like mock images for each of
the galaxies in our sample.

2.3.1 Star particle fluxes

We produce mock images by first extracting star particles in a
(1 Mpc)? cube centred around each host galaxy. Spectral energy
distributions (SEDs) for each star particle are calculated from a grid
of Bruzual & Charlot (2003, BCO3 hereafter) simple stellar popu-
lation (SSP) models interpolated to the age and metallicity of each
star particle. We assume a single Salpeter (1955) IMF for all ob-
jects3. If we instead consider a Chabrier (2003) IMF, this changes
the brightness of the central galaxy and its tidal features roughly
equally so that they are both become slightly brighter overall. There
is not, therefore, any qualitative impact on our results other than
to increase surface brightnesses by roughly 0.6 mag arcsec™2 (or
equivalently reducing the limiting surface brightness by the same
amount) with negligible scatter introduced. Changing the IMF from
Salpeter (1955) to Chabrier (2003) confers a less than a 2 per cent
change in the quantities presented in Section 3.1.2.

We account for the effects of dust via a dust screen model in
front of each star particle, so that the dust column density in each
AMR gas cell is given by:

Nce]] = pZA}" X GDR, (l)

where p is the gas density of the cell, Z is the metallicity, Ar is the

3 Note that, for the purposes of calculating stellar feedback and mass loss,
the NEWHORIZON simulation assumes a Chabrier (2003) IMF (see Section
2.4. of Dubois et al. 2021).
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length of the cell along a given line of sight and GDR is the gas-
to-dust ratio, for which we assume a value of 0.4 (e.g. Draine et al.
2007). The total column density in front of each star particle, N, is
calculated by summing along the line-of-sight. By calculating dust
attenuation separately for each particle, we ensure that the geome-
try of the spatial distribution of dust within and around the galaxy
is taken into account. Note that, since we focus on the outskirts of
galaxies where there is very little gas and dust, modelling dust at-
tenuation is only relevant for observational predictions for the flux
of the host galaxy.

Using the R = 3.1 Milky Way dust grain model of Weingartner
& Draine (2001), we then produce the dust attenuated SED:

I(A)attenuated = I(l)e_K(A)Nv 2

where /(1) is the SED’s luminosity density as a function of wave-
length and x(A) is the dust opacity as a function of wavelength
from Weingartner & Draine (2001). The luminosity of each star
particle is calculated by first summing the resultant luminosity of
the attenuated SEDs once they have been redshifted and convolved
with the LSST u, g ,r ,i, z and y bandpass transmission functions
(Olivier et al. 2008). The apparent magnitude of each star particle
is calculated taking into account mass loss from stellar winds and
the distance modulus.

2.3.2  Smoothing

Where the density of star particles falls below a few particles per
0.2" pixel of the Rubin Observatory LSSTCam, it is necessary to
apply smoothing in order to better represent the distribution of stel-
lar mass in phase space and remove unrealistic variation between
adjacent pixels (usually only an issue in the extreme outskirts of
galaxies). To achieve this, we use an adaptive smoothing scheme*
following a similar procedure to the ADAPTIVEBOX method em-
ployed by Merritt et al. (2020).

We first create a super-sample from the original star particles
by splitting them into a large number of smaller particles and then
distribute them according to the local density as follows:

(i) Calculate the distance to the Sth nearest neighbour for each
star particle, di—s.

(ii) Split each star particle into 500 equal flux particles whose
positions are drawn from a Gaussian distribution about the centre
of the original particle and with a standard deviation equal to dy—_s
such that P(x,y,z) ~ A ([x0,¥0,20],0 = dj=5)-

(iii) Create a 2D image by collapsing the particles along one of
the axes and summing the flux across a 2D grid with elements of
0.2 x0.2".

Figure 3 shows an example of a false colour smoothed mock
image for one of our simulated galaxies in 3 different projections.
In these images, black corresponds to a surface brightness fainter
than ~ 35 magarcsec 2. At very low surface brightnesses (sig-
nificantly in excess of those currently accessible), almost all ob-
jects in our sample display multiple distinct tidal features, often
with complex morphologies. Viewed at different angles, the shape
and number of visible tidal features can change radically. Exam-
ples of additional objects in different projections can be seen in
a supplementary interactive version of Figure 3, found at garreth-
martin.github.io/files/example_images.html. We return to the issue

4 The adaptive smoothing code used in this paper is available from
github.com/garrethmartin/smooth3d


https://garrethmartin.github.io/files/example_images.html
https://garrethmartin.github.io/files/example_images.html
https://github.com/garrethmartin/smooth3d
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Figure 2. g, r, i false colour mock image showing the distribution of light within 1 Ry;, of each of the massive galaxies in our sample in the context of the
~ (16Mpc)? simulation volume at a single simulation snapshot corresponding to z = 0.4. Dashed circles enclose the virial radius of each object and the
numbers indicate their object ID. Less massive objects which we do not use in our sample (1073 < M, /Mg < 10°) are indicated by coloured points with
the brightness and colour corresponding to mass (brighter objects are more massive) and specific star formation rate (bluer objects are more star forming)

respectively.

of how robustly tidal features are classified in multiple projections
later in Sect