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ABSTRACT

According to the current galaxy formation paradigm, mergers and interactions play an important role in shaping present-day
galaxies. The remnants of this merger activity can be used to constrain galaxy formation models. In this work we use a sample
of thirty hydrodynamical simulations of Milky Way-mass halos, from the AURIGA project, to generate surface brightness maps
and search for the brightest stream in each halo as a function of varying limiting magnitude. We find that none of the models
shows signatures of stellar streams at u/™ < 25 mag arcsec™2. The stream detection increases significantly between 27 and
28 mag arcsec” 2. Nevertheless, even at 30 mag arcsec™2, 13 percent of our models show no detectable streams. We study the
properties of the brightest streams progenitors (BSPs). We find that BSPs are accreted within a broad range of infall times, from
1.6 to 10 Gyr ago, with only 25 percent accreted within the last 5 Gyrs; thus most BSPs correspond to relatively early accretion
events. We also find that 37 percent of the BSPs survive to the present day. The median infall times for surviving and disrupted
BSPs are 5.6 and 6.7 Gyr, respectively. We find a clear relation between infall time and infall mass of the BSPs, such that more
massive progenitors tend to be accreted at later times. However, we find that the BSPs are not, in most cases, the dominant
contributor to the accreted stellar halo of each galaxy.
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1 INTRODUCTION and global perturbations in the inner galactic regions. However, they
significantly contribute to the formation of the outer spheroidal and
i tablishes that ealaxi . by th i £ mat extended galactic component of galaxies, known as the stellar halo
ton eStAbiIshes that garaxies grow In mass by te accretion of mate- (e.g., Searle & Zinn 1978; White & Rees 1978; Bullock & Johnston
rial from the surrounding environment (e.g. White & Frenk 1991). . .
. . . 2005). Low-mass satellites are not as strongly affected by dynamical
In addition to mass growth, the accretion of satellites plays a fun- . . . .
. . . . friction as their more massive counterparts. As a result, these objects
damental role in shaping the properties of the galaxies we observed s . . .
: . . . . can spend long periods in the outer galactic region as they are tidally
at the present-day. The interaction and merger with massive objects di d. leavine behind ded 1 face brich b
induce a wide variety of perturbations in the central galactic isrupted, leaving behind extended Jow surface brightness substruc-
can tures known as tidal streams (e.g., Johnston et al. 1996; Majewski

fegions. These can range from the d es.tructlon of pr.e-ex1st1ng. discs etal. 1999; McConnachie et al. 2009; Martinez-Delgado et al. 2010).
in the most extreme case to the excitation of non-axisymmetric per-

turbations such as bars, spirals, warps and lopsidedness (e.g., Jog &
Combes 2009; Quillen et al. 2009; Gémez et al. 2016; Grand et al.
2016; Gomez et al. 2017a, 2020). Smaller satellites, i.e. those with
host-to-satellite mass ratios < 1:10, are less likely to imprint lasting

A well-tested prediction from the current paradigm of galaxy forma-

Substructure left in halos by satellites of any mass are considered
fossil signatures of accretion events since they can provide detailed
information about the merging history of the host galaxy. As such,
streams are being actively searched for not only in the Milky Way,
but also in nearby galaxy using different techniques. In the Milky
Way it is possible to use measurements of the full six-dimensional
* E-mail: alex.vera@userena.cl phase-space of stars. This make it possible even to identify substruc-
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tures in the inner galactic region, where the mixing times are short
and streams are typically well mixed in configuration space. After
the pioneering work of Helmi et al. (1999), several studies have
been dedicated at quantifying amount of substructures in the solar
vicinity. Recently, thanks to the data from the astrometric satellite
Gaia (Gaia Collaboration et al. 2018), the number of known streams
has widely grown (e.g. Ibata et al. 2020). The combination of this
information with the mapping of the outer halo with photometric
and spectroscopic surveys is allowing us, for the first time, to obtain
a comprehensive view of the merging history of our Galaxy (e.g.,
Helmi 2020).

Information about individual stars located within a significant area
of the stellar halo can only be obtained for nearby galaxies (Greggio
et al. 2014; Crnojevi¢ et al. 2016; Smercina et al. 2020). Thus, for
the vast majority of Milky Way-type galaxies, we rely on surface
brightness maps obtained from integrated photometry. A number of
observational surveys have capitalized on this technique to study the
merging histories of several galaxies (e.g., Martinez-Delgado et al.
2010; Atkinson et al. 2013; van Dokkum et al. 2014; Morales et al.
2018). Thanks to very deep observations, these studies have started
to conduct a census of the stellar streams in the nearby Universe. A
common goal is to assess the frequency with which such extended
stellar streams can be observed as a function of limiting surface
brightness and, thus, to constrain the merging activity these galax-
ies have undergone. However, in spite of the long exposure times,
integrated light observations of stellar halos have typically reached
surface brightness levels of 4 < 28 mag arcsec ™2 (although see
Merritt et al. 2016; Trujillo & Fliri 2016 for deeper observations of
a few individual galaxies), and thus are typically able to detect only
the brightest stellar streams.

In this work, we use a suite of state-of-the-art cosmological hydro-
dynamical simulations from the Auriga project (Grand et al. 2017)
to analyze the information that can be extracted from the brightest
stellar streams in each halo in regards to their hosts merging activity.
Our study builds up upon previous work by Johnston et al. (2008)
who used cosmologically-motivated simulations to study how the
frequency and properties of stellar halo substructure, as a function
of surface brightness, are indicators of the recent merging histories
of galaxies. Here we further study this problem by focusing on the
brightest stellar streams of our simulated halos. This is of particular
interest since it allows us to make a direct link between a specific
and simple observable, i.e. the brightest stream of a galaxy halo, and
the accretion history of the galaxy. Furthermore, unlike JOS8, who
used dark matter only simulations together with a particle tagging
technique, we analyze high-resolution fully cosmological magneto-
hydrodynamical simulations of the formation and evolution of late
type galaxies that naturally account for the different distributions of
the satellite dark matter and stellar components.

The Auriga simulations have been extensively analyzed in the past,
showing that the associated galaxy formation model can generate re-
alistic late-type galaxy models. In addition to their star formation
histories, stellar masses, sizes, rotation curves and HI content, previ-
ous studies have carefully characterized the effect that their merging
activity has in their stellar components. In particular, Monachesi
et al. (2016b, 2019) studied in detail the global and radial prop-
erties of their stellar halos, showing that they are diverse in their
masses and density profiles; mean metallicity and metallicity gradi-
ents; ages; and shapes, reflecting the stochasticity inherent in their
accretion and merger histories. Furthermore, a comparison with ob-
servations of nearby late-type galaxies (mainly from the GHOSTS
survey, Monachesi et al. 2016a; Harmsen et al. 2017) shows very
good agreement between most observed and simulated halo prop-
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erties. Additionally, Simpson et al. (2018) studied the present-day
satellite luminosity functions of the Auriga halos and found that they
are in excellent agreement with those observed in the MW and M31.
Furthermore, they also showed that the cumulative satellite mass dis-
tribution is converged for stellar masses > 10° M, at the resolution
level used in this work. Thus, the Auriga simulation suite represents a
suitable simulation set to study the properties of the brightest stellar
streams and their progenitors.

Our paper is organized as follows. In Section 2 we provide a brief
description of the Auriga simulations. In Section 3, we discuss the
generation of the surface brightness maps that are used to identify
the brightest low surface brightness feature in each halo. We also
quantify the number of models with observable streams as a function
of limiting surface brightness. In Section 4, we study the progenitor
satellites from which each brightest stream originated, and character-
ize their distribution of infall times and infall mass by each progenitor.
We present our Summary and Conclusions in Section 5.

2 AURIGA SIMULATIONS

The Auriga Project consists of a set of fifty cosmological magneto-
hydrodynamic simulations of galaxies like the Milky Way (Grand
et al. 2017). These are zoom-in simulations of dark matter halos
chosen from the EAGLE project (Schaye et al. 2015). The halos
analyzed in this work were selected to have a narrow mass range of 1<
Moop/102 Mg < 2, leaving us with a subset of thirty models. Each
simulation was run assuming the ACDM cosmology, with parameters
Q= 0.307, Qp = 0.048, Qp = 0.693, and Hubble’s constant Hy
=100 h km s~! Mpc™!, B = 0.6777 (Planck Collaboration et al.
2014). The multi-mass ‘zoom-in’ resimulations were performed in
a a periodic cube of side 100 ~~! Mpc using the N-body magneto-
hydrodynamic moving mesh code arepo (Springel 2010; Pakmor
et al. 2016). For the simulations analyzed here, the dark matter and
baryonic mass is ~ 3 X 100 Mg and ~ 5 x 10* M, respectively. The
gravitational softening length for stellar and dark matter particles
grows with scale factor up to a maximum of 369 pc. For the gas cells,
the softening length scales with the mean radius of the cell but is not
allowed to drop below the stellar softening length.

AREPO includes a comprehensive galaxy formation model (Vogels-
berger et al. 2013), including baryonic processes such as primordial
and metal line cooling, a prescription for a uniform background UV
field for reionization, a subgrid model for star formation (Springel &
Hernquist 2003), a grid sub model for two-phase interstellar medium
in pressure equilibrium (Springel & Hernquist 2003), magnetic fields
(Pakmor & Springel 2013; Pakmor et al. 2014), gas accretion onto
black holes and energetic feedback from AGN and supernovae type
II (SNII) (for more details see Springel et al. 2005; Vogelsberger
et al. 2013; Marinacci et al. 2014; Grand et al. 2017). The parame-
ters that regulate the efficiency of each physical process were chosen
by comparing the results obtained in simulations of cosmologically
representative regions to a wide range of observations of the galaxy
population.

In our models, each stellar particle represents a single stellar pop-
ulation of a given mass, age and metallicity. Mass loss and metal
enrichment from type Ia supernovae (SNIa) and asymptotic giant
branch (AGB) stars are modeled by calculating at each time step the
mass moving off the main sequence for each star particle according
to a delay time distribution. Using the stellar population synthesis
models from Bruzual & Charlot (2003), the luminosity of each stel-
lar particle was estimated in multiple photometric bands. As a result,
our models include detailed photometric luminosity estimates in the



U, B, V, g, 1,1, z, K bands, all without taking into account the effects
of dust extinction.

Although all our Auriga models were run in halos of similar char-
acteristics, the resulting galaxies present a wide variety of properties,
mostly due to the stochasticity to the diversity of merger histories pos-
sible for halos of this type (Bullock & Johnston 2005; Cooper et al.
2010; Tumlinson 2010; Grand et al. 2017; Monachesi et al. 2019).

3 THE BRIGHTEST STELLAR STREAMS

In this section, we describe the procedure followed to identify and
quantify the present-day brightest stellar stream in each Auriga
model, associated whith either previous or ongoing accretion events.
The main steps consist of the generation of different surface bright-
ness (SB) maps, each at a different SB limiting value, for each Auriga
model. The maps are then visually inspected, one by one, to deter-
mine at what limiting SB the brightest stellar stream in each halo
can be identified. Once such stream is identified, the properties of
its parent satellite galaxy are extracted and analyzed. We highlight
that in this work we only consider as streams low surface brightness
features that are of an accreted origin. Thus, low surface brightness
substructures of disc origin, such as galactic feathers, are not consid-
ered. Finally, we focus our analysis on satellites with satellite-to-host
mass ratio < 1/4 that have crossed the virial radius of their host later
than 1 Gyr ago.

3.1 Surface Brightness Maps

To generate the SB-maps, each simulation is first projected onto two
planes; i.e. it is rotated such that i) the angular momentum of the
disc is aligned with the z-axis of the reference frame (edge-on) and
ii) the angular momentum of the disc is aligned perpendicularly to
the z-axis of the reference frame (face-on). This is done iteratively,
using young stellar particles (Age < 5 Gyr) located within a shrink-
ing cylindrical volume (see Gémez et al. 2016). We choose these
two particular disc orientations because they represent the two most
extreme configurations to identify low surface brightness features.
Whereas on a face-on configuration stellar streams can be hidden by
the presence of the much brighter disc out to larger radii (e.g. up to 50
kpc or more), on an edge-on view the disc contamination is minimal
beyond 5-10 kpc along the minor axis. We then center a 150 X 150
kpc two-dimensional grid on top of both projections, using 1 X 1
kpc bins. Within each bin we calculate the total r-band magnitude by
integrating over the fluxes of all enclosed stellar particles. It is worth
noting that this gridding of the data, as well as its bin size, mimics
the smoothing done in observations to enhance diffuse structure and
preserve image resolution (see Morales et al. 2018). As mentioned
in Section 2, the r-band luminosity of each galaxy was modelled
using Bruzual & Charlot (2003) stellar population synthesis models
(Grand et al. 2017). We focus on this synthetic band since i) it is a
relatively good tracer of the overall mass distribution of satellites, ii)
itis a typical band employed to observe low surface brightness (LSB)
features (e.g., Atkinson et al. 2013; Martinez-Delgado 2019) and iii)
it is less affected by dust extinction than other bluer photometric
bands.

Figure 1 shows the deepest edge-on SB maps obtained from each
Auriga model, /,l}.im = 31 mag arcsec™2. We can see that, in most
halos, a clear stellar stream can be found. Note, however, exceptions
such as Au 9 and AulO which do not show any clear LSB feature.
As discussed by Karademir et al. (2019) and references therein, the
shape of the substructures found in these halos is related to the mass
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and orbital properties of the infalling satellites, such as the impact
parameter and the inclination angle with respect to the disc plane. In
general, extended stellar streams, such as loops, are typically related
to satellites with large impact parameters (¢ > 10°) and angular
momenta. On the other hand, shell-like structures are associated
with the accretion of satellites on nearly radial orbits (Cooper et al.
2011). The latter tend to have shorter life times that loops (see also
Johnston et al. 2008). Note as well that debris from satellites can
also be found on the plane of the disc. Such streams are the result of
either the accretion of satellites on low inclination infall orbits, or to
the tilting of the disc due to the torque exerted by a massive infalling
satellite (see e.g. Gomez et al. 2017a,b).

We then generate, for each Auriga model, several SB maps reach-
ing different limiting magnitudes, emulating different observational
depths. The limiting SB magnitude, ,qu, ranges from 22 mag
arcsec™2 to 31 mag arcsec™2. As discussed by Morales et al. (2018),
for SB levels deeper than 28 mag arcsec™2 the contamination from
Galactic cirrus becomes very significant. We recall that, in this work,
we do not account for the effects of the Galactic cirrus. We also do
not model internal dust extinction or background subtraction noise
which affects detection of LSB features in photometric images. We
will explore the effect of such contamination in a future work.

In Figure 2 we show an example of the results obtained with this
procedure. The figure shows SB maps of the Au2 model, displayed
on an edge-on projection. The different panels show the resulting
SB maps obtained for different values of ,u}im. As expected, shallow
My maps (p?m < 24 mag arcsec™2) only reveal the presence of the
bright stellar disc and, if present, of the brightest satellite galaxies.
In general, at y}im ~ 25 mag arcsec™2 we reach the outer edges of all
stellar discs. Deeper maps start to reveal a more extended, relatively
flat stellar distribution associated with the inner stellar halo, mainly
dominated by an in-situ component (Monachesi et al. 2019), as well
as the faint and extended stellar halo. These deeper maps allow us to
detect, in many cases, low surface brightness substructures mostly
associated with stellar streams from ongoing or previous accretion
events. In the following section we describe the procedure applied
to identify the brightest stellar stream in each simulated halo using
these SB maps.

3.2 Identification of the brightest stellar streams

Our main goal in this work is to characterize what information can
be extracted from the brightest stellar streams with respect to the
recent accretion history of a galaxy. Thus, the first step is to identify
such streams in the stellar halos of each Auriga model, and their
different projections. The automatic detection of stellar streams is
a challenging task. These LSB features can show a wide variety
of morphologies and are typically very extended, sampling galactic
regions with very different SB levels. Methods to achieve this have
been previously proposed, especially when dealing with large number
of observations where visual identification is neither scalable nor
feasible (see e.g. Kado-Fong et al. 2018). In our work, we have 30
galactic models and, thus, visual inspection of SB maps to identify
the brightest stream on each halo can be reliably applied. We also
note that visual inspection is the preferred method to identify LSB
features in most observational works and, in particular, those that
we discuss and compare against in Section 3 such as Atkinson et al.
(2013) and Morales et al. (2018). To account for human bias, we
proceed as follow. First, among five co-authors, we distribute several
SB maps with different plim for each galactic model. An example
of these maps is shown in Fig. 2, where each panel shows the result
of reaching a progressively deeper u}im. In each model, we start

MNRAS 000, 1-13 (2021)
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Figure 1. r-band surface brightness maps to ™ = 31 mag arcsec™2 of the Auriga halos at z = 0, seen edge-on in a square of 300 x 300 kpc2. The resolution of

T

these maps is 1 x 1 kpc? per pixel. In most case it is possible to appreciate low surface brightness features that extend well outside the host stellar disc, associated

with both previous and ongoing accretion events.

searching for stellar streams on the shallowest SB map. In practice,
we search for perturbations on the SB maps of an accreted origin.
If no stream is found, we proceed to the next deeper map until the
brightest stream can be clearly seen. Once the stream is observed,
the corresponding value of qu is stored on a list. Secondly, the
five co-authors share their independent identification list to reach a
consensus. A unique and final identification list is obtained from this

procedure.

The result of this identification process is show in Figure 3. Each
panel shows the shallowest SB map in which the brightest stream
has been clearly identified. The corresponding limiting SB is listed
on the legend; the cases where no substructure is present have the
SB marked with an * symbol. The brightest stream in each halo

MNRAS 000, 1-13 (2021)

is highlighted with a red box. In some cases, such as Aul2, Au20,
Au21 and Au25, the brightest stream can be directly linked to the
brightest satellite in the field. This shows that those satellites have
been orbiting their host for a few Gyrs and are currently undergoing
disruption. Such streams can be observed in relatively shallow maps,
reaching upm < 27 mag arcsec™2. In many other cases, such as Au5,
Aull, Aul6 and Au22, itis necessary to reach much deeper SB levels
to identify the brightest stream. These are clear examples of how low
surface brightness substructures can go undetected without very deep
observations. Note that, in those cases, the progenitor satellites can
no longer be identified. We also find halos, such as Aul8, where the
brightest satellite does not show any tidal feature indicating that they
have been very recently accreted onto their host.
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Figure 2. Surface brightness maps as a function of /™, for Au2. The galaxy is shown on its edge-on projection. Note that the brightest stellar stream in this
galaxy can be clearly seen for the first time at ui™ = 28 mag arcsec™2. The corresponding stream is highlighted with a red box. The size of each projection is

T

300 x 300 kpc?.

3.3 Brightest stellar stream quantification

In Figure 4 we summarize the results of the brightest stream iden-
tification process. We first focus on the results obtained from the
edge-on projection. The black line shows the normalized cumulative
function of the number of models with identifiable stellar streams as
a function of the limiting SB level, ,u?m, for the edge-on projections.
The grey shaded area shows the range obtained from the five indepen-
dent stellar streams identifications. None of the Auriga models shows
stellar streams in SB maps with u}im < 25 mag arcsec™2. However,
we find that at ,ulrim ~ 28 mag arcsec™2, 60 percent of the models
already show a detection. The cumulative function show a steep in-
crease in the fraction of galaxies with stream detection at values of
27 mag arcsec™2, and then flattens again beyond 29 mag arcsec™2.
Another interesting result is that, even at a very low SB limit of 30
mag arcsec 2, 13 percent of our models show no detectable stream.
We note that, in some cases such as Au25, the brightest detected low
surface brightness feature corresponds to a perturbation of the host
galactic disc induced by a recently accreted massive satellite. Those
substructures, best known as galactic feathers, are not included in the
cumulative function shown in Fig. 4. Instead, we focus on the bright-
est low surface brightness features associated to satellites, which
arise at a lower SB level.

It is interesting to compare these results with those ob-
tained from observational samples. For example, Atkinson et al.
(2013), using observations from the wide-field component of the
Canada—France—Hawaii Telescope Legacy Survey, generated a sam-
ple of 1781 luminous (M, < —19.3 mag) galaxies in the magni-
tude range 15.5 mag < r’ < 17 mag, and in the redshift range
0.04 < z < 0.2. The sample reaches a limiting surface brightness
in the r’-band of ~ 27 mag arsec2 and and was visually inspected
to detect LSB features. Their analysis showed that 12 percent of the
galaxies in their sample show clear tidal features at the highest confi-
dence level, but the fraction rises to about 26 percent if systems with

marginal detection are included. An additional 11 percent showed
very uncertain hints of tidal features. This is in rough agreement
with our results. At this value of ulim we find that ~ 33 percent
of our models show low surface brightness features. Note however,
that the sample studied by Atkinson et al. (2013) includes galaxies
lying in both the red sequence and the blue cloud. They find that
the fraction of galaxies with detected streams is a strong function
of the rest-frame color and stellar mass, and that red galaxies are
twice as likely to show tidal features than blue galaxies. In our work,
we are biased towards very bright late-type galactic models, with
-23 < M,» < =20 mag, with median M,» ~ —22 mag. These mod-
els fall within the blue cloud (see Fig. 20 in Grand et al. 2017). The
blue cloud subsample by Atkinson et al. (2013) shows tidal detections
in 17 percent of its galaxies.

Similar results were obtained by Morales et al. (2018) using a
sample of a post-processed Sloan Digital Sky Survey (SDSS) im-
ages, optimized for the detection of stellar structures with low sur-
face brightness around a volume-limited sample of nearby galaxies.
Their final sample consists of images of 297 galaxies with stellar
masses similar to that of the Milky Way, which are visually in-
spected by the authors to detect LSB features. The images sampled
reach a Gaussian distributed upm of mean ~ 28 mag arcsec™2 and
o ~ 0.26 mag arcsec™2. Within those limiting SB, they find a de-
tection of stellar substructure in 17 percent of the observed galaxies,
whereas we find stellar streams in almost 60 percent of the Auriga
models at y}im = 28 mag arcsec™2 (see Fig. 4). Taking into ac-
count, in our sample, a similar SB distribution as that presented by
Morales et al. (2018), the Auriga models show stellar substructure
detections in about 43 percent of the cases, which is still more than
double of cases reported by Morales et al. (2018). However, an im-
portant difference between the Morales sample of observed galaxies
and our sample of models, which most likely accounts for the large
mismatch, is the stellar mass distribution of galaxies. The observed

MNRAS 000, 1-13 (2021)
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Figure 3. As in Figurel but now selecting, for each halo, the SB map at the p;

sample analyzed by Morales et al. (2018) has a mean stellar mass of
log(M+/Mo) = 10.37 whereas the mean stellar mass of the Auriga
models is log(M./Mg) = 10.82. We note also that all our models
are more massive that the median mass of the observed sample. This
is rather significant, especially considering that the observed stellar
substructure detections increase significantly for larger stellar masses
of the host galaxy, with a detection rate of about 33 percent for stellar
masses larger than log(M../Mo) = 10.82 (See Fig. 7 of Morales et al.
2018).

There are several other differences between the analysis presented
in this work and those based on observational samples of galaxies
which are likely responsible for at least some of the differences in
stellar stream detection. It is worth recalling that, in our models, i) we

MNRAS 000, 1-13 (2021)

lim

value where the brightest stellar stream is first identified. The red boxes highlight
the brightest stellar streams in each halo. Some show two boxes. This indicates that two different streams were identified at the same surface brightness. Note
that some halos (Au9, Aul0, Aul7, Aul8) do not show identifiable stellar streams. Those halos are highlighted as y}‘m = *,

are not accounting for dust extinction and background noise, which
may erase the signature of faint stellar substructures, ii) we have a
much smaller sample of galaxies, and iii) we count as a detection
the very first time we see signs of a stream. In reality it is likely
that deeper observations would be required in many of these cases to
detect streams due to the above-mentioned observational effects. It is
worth mentioning that in both observational studies, Atkinson et al.
(2013) and Morales et al. (2018), stellar streams were also identified
by visual inspection of the corresponding images, as also done in this
work.

Additionally, it is worth noting that our results discussed so far
are based on edge-on projections of the galactic models. As previ-
ously mentioned, this is bound to enhance the detection of streams
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Figure 4. Cumulative fraction of the number of halos with detected stellar
streams as a function of /™. The black and red lines show the results obtained
when galaxies are oriented edge-on and face-on, respectively. The shaded area
shows the range obtained from the five independent stellar streams visual
identifications. The blue and green squares show the fraction of galaxies with
identifiable stellar streams reported by Atkinson et al. (2013) and Morales
etal. (2018), respectively. The open circles show the results obtained in Auriga
when mimicking the u}im distribution of the Morales et al. (2018) sample.

when compared with a sample of galaxies distributed at random
inclinations. To explore this we show in Figure 4, with a red line,
the cumulative fraction of models with detected streams as a func-
tion of u}im when projected face-on. Indeed we find that, within
26 < p]rim < 29 mag arcsec™2, this fraction decreases by ~ 10%.
Note that the value reported by Atkinson et al. (2013) (26 percent
at y?m ~ 27 mag arcsec™2) lies in between the cumulative fractions
for the face-on and edge-on projections (see Fig. 4). Using a simi-
lar SB distribution as the one presented by Morales, for the face-on
configuration we find that the Auriga models show detections in 33
percent of the cases, which agrees rather well with the detection rate
by Morales higher-mass subsample of observed galaxies, also shown
in Fig. 4.

To summarize, it is expected that the fraction of galaxies with
detected streams in this work should be somewhat larger than that
found in observations, which are likely to represent a lower detection
limit. Nevertheless, we find a reasonably good agreement between our
detection rates and those from the observed samples. In a follow-up
work we will include observational effects and biases to our models
in order to perform a more quantitative and fair comparison with
observational results.

4 PROPERTIES OF SATELLITE PROGENITORS

In the previous section we have identified and quantified the bright-
est stellar streams in each Auriga halo by inspecting SB maps at
different ,u?m and projections. The goal of this section is to iden-
tify and characterize the main properties of the satellite progenitors
of these detected low surface brightness features, in particular their
infall times and masses. The progenitor satellite of a given stream
is identified by searching among the satellites that contributed the
largest number of particles to a small area surrounding the brightest
stream. These areas for each Auriga model are highlighted with a red
square in Figure 3. This procedure is summarized in Figure 5. The
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Table 1. Properties of the brightest stream satellite progenitors. The columns
are (1) the Auriga galaxy halo number; (2) the satellite infall time, or time
when the satellite first crossed their host virial radius; (3) the satellite total
mass at infall time; (4) the satellite stellar mass at infall time; (5) flag that
indicates whether satellites survive at z = 0 or not; (6) satellite’s ranking
based on the stellar mass contributed to the z = 0 host stellar halo mass.
Galaxies that show multiple streams, above the surface brightness treshold,
associated with different satellites are highlighted with an (a).

Au Infall Time Mot M, Survival  Significant
(Gyr) (Mp) (Mp) Progenitor
1 4.56 10.93 9.57 NO 1
2 4.24 10.30 8.53 YES 5
34 9.42 10.34 9.13 NO 2
9.43 10.11 8.53 NO 4
44 3.11 11.49 10.37 NO 1
6.32 10.70 9.03 NO 3
54 8.49 10.27 8.46 NO 3
6.78 10.29 8.45 YES 4
6 8.96 10.43 8.70 NO 1
7 2.79 11.04 9.80 NO 1
8 8.03 10.84 9.38 NO 1
9 I — I _ _
10 — —_— — — -
11 0.82 1147 10.51 YES -
12 5.68 10.67 9.28 NO 3
13 7.25 10.82 9.33 NO 1
14 7.25 10.92 9.45 NO 6
15 5.52 10.51 9.10 YES 6
16 8.65 9.73 7.68 YES 10
17 — — — — -
18 — —_— — — -
19¢ 7.10 10.61 9.14 YES 2
5.99 10.41 8.89 NO 3
204 5.99 11.28 9.98 NO 1
5.04 10.49 9.05 YES 4
214 6.47 10.80 9.16 NO 3
4.24 11.00 9.65 YES 4
22 5.52 10.23 8.44 NO 1
23 6.63 10.38 8.70 YES 3
24 9.88 10.33 8.48 NO 4
25 1.65 11.32  10.21 YES 1
26 8.96 10.47 8.86 NO 2
27 6.94 10.69 8.93 NO 3
28 7.25 9.94 8.73 YES 4
29 5.04 11.56  10.48 NO 1
30 3.60 11.15 9.92 YES 1

top panels shows, as an example, the SB maps of five Auriga models
reaching ,u?m = 31 mag arcsec™2. The middle panels show stellar
particle scatter plots of the same halos. With red dots we highlight
the stellar particles that belong to the brightest stream progenitor
detected in each halo. Some models such as Au21 (rightmost panel)
show more than one stream at the corresponding ,u%im where sub-
structures were first revealed (see also Fig. 3). In those cases where
the two streams are associated to two different progenitors, both satel-
lites are highlighted with red and blue dots. Note that, while some
satellite progenitors can still be identified, i.e. are surviving satellites
(e.g., Au2 and Au21-blue dots), in other cases, they have been fully
disrupted (e.g. Aull and Au2l-red dots). We will further explore

this in what follows.
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Figure 5. Top panels: Surface Brightness maps of five different Auriga galaxies, shown edge-on in a 300 x 300 kpc? area. Middle panels: the black dots show
the stellar particle distributions at the same halos. Red and blue dots show the stellar particles associated with the brightest stream progenitors on each halo. The
different colors in Au21 correspond to particles from two different satellites that contributed with streams at the same /'™, Bottom panels: The black line shows
the time evolution of the host virial radius. The red and blue lines show the time evolution of the galactocentric distance of the brightest stream progenitors. The

dashed line indicates R = 0 kpc.

4.1 Progenitor infall times

Once a progenitor satellite is identified, we proceed to trace it back
in time. This is done by following the correspond merger trees. Note
that in Auriga every satellite is assigned a unique identification num-
ber. This number corresponds to the satellite subfind id at the time
when it reached its maximum mass. Thus, it is possible to track a
satellite’s particles even after its full disruption. The bottom panels
of Figure 5 show with red and blue lines the evolution of the satellite
galactocentric distance, Ry, as a function of lookback time, #,. For
comparison, we also show with a black line the time evolution of the
host virial radius, Ry;;.

To estimate the brightest stream progenitor (BSP) infall time,
tinfall> Which is the time at which the satellite first crosses the host
virial radius, we search for the snapshot where the first minimum of
|Rsat — Ryjr| is reached. The ¢y, associated with those snapshots are
listed in Table 1. In Figure 6 we show the overall #j,¢,; distribution.
Interestingly, we find that the satellites that give rise to the brightest
stream in each simulation are accreted in a very wide range of times,
with #;,,; Values as high and low as 10 and 1.6 Gyr, respectively and
amedian value of #j,¢,; = 6.47 Gyr. It is worth highlighting that 50%
of the BSPs were accreted within the time range 5 Gyr < fipfan S 7.5

MNRAS 000, 1-13 (2021)

—=—- Median: 6.47 Gyr
Half-sample

N’ satellites

4 5 6 7
Infall time Gyr

Figure 6. Infall time distribution of all brightest stream progenitors. The
distribution has a median value of 6.47 Gyr. The cross-hatched area, centred
on the median, encloses 50% of the sample and ranges from 5 to 7.5 Gyr.



Gyr, as shown by the striped box area. As a result, only 25% of the
BSPs corresponds to a very recent accretion event, with zcross < 5
Gyr (e.g., Aull). Conversely, the BSPs in 25% of the cases are re-
lated to satellites that were accreted as early as 8 to 10 Gyr ago (e.g.,
Au26). It is interesting to compare this result with that presented in
JO8 who finds that the most obvious debris features observed around
galaxies today should come from the most recent and most luminous
accretion events. As we will show later in Section 4.2, we find that
BSPs do not always correspond to the most recent accretion or more
luminous merger a galaxy has had.

The fifth column of Table 1 indicates whether the BSPs have
survived to the present-day or not. Interestingly ~ 37% of them can
still be identified at z = 0. The bottom panel of Figure 5 seems to
suggest that, typically, surviving BSPs have crossed Ry, at later times
than their disrupted counterparts (see e.g. the blue and red line in the
last panel of Figure 5 for an example of a surviving and destroyed
satellite, respectively). Indeed, we find that the mean #j,¢,) for the
surviving and disrupted BSPs are 4.8 Gyr and 6.8 Gyr, respectively.

In this context is worth taking into account the results of Fattahi
et al. (2020), who analyzed the Auriga simulations to examine the
build-up of the MW’s stellar halo. Their analysis focused on the
comparison between the properties of the surviving and destroyed
dwarf galaxies that are accreted by these halos over cosmic time.
However, they did not explore the correlation between these accretion
events and the low surface brightness substructure left behind. This
study showed that on average, destroyed dwarfs have early infall
times, tinfa = 7.5 Gyr, whereas the majority of dwarfs accreted
at finfal < 4 Gyr survive to the present day. Moreover, they also
find a dependence between survivability, #i,f.y, and satellite mass
at infall. For surviving satellites, the typical #j,s,y are ~ 8 Gyr and
~ 4 Gyr for satellites with infall stellar masses of 10 Mg and
10° M, respectively. Instead, for disrupted satellites, the infall times
are ~ 11.5 and ~ 9 Gyr for infall stellar masses of 10° Mo and
10° M, respectively. In Section 4.2 we explore the relation between
BSPs tj,¢ar1 and infall mass.

We now examine the relation between BSPs infall times and the
uym at wich the brightest streams are first identified. The top and
bottom panels of Figure 7 show the f;,¢,); distribution for the BSPs
whose streams were first detected at values of ,uFm < 27.5 mag
arcsec2 and ,qu > 27.5 mag arcsec™2, respectively. These two
sub samples present different distributions. Brightest stellar streams
first detected on SB maps at u}im < 27.5 mag arcsec™2 represent
accretion events that typically took place 5 Gyr ago, while those
streams found at p]rim > 27.5 mag arcsec™2 are, on average, related
to accretion events that took place about 7 Gyr ago. Note, however,
that both distributions show significant dispersion in fj,¢,y. For this
calculation we have removed Aul1l whose BSP has just been accreted
and, thus, presents a very faint shell-like substructure that has not yet
had the time to develop.

The relation between brightest stream brightness and the progeni-
tor infall times is not surprising. If, for simplicity, we assume that the
BSP mass distribution is similar for both samples, streams that have
more time to phase-mix should undoubtedly look fainter at z = 0
(see also Helmi et al. 1999; Johnston et al. 2008; Gomez & Helmi
2010). We explore this further in the next section.

4.2 Mass of progenitor satellites

In this section we explore the BSPs mass distribution. In particular,
we focus on the mass of each BSP at infall and we search for corre-
lations with other properties such as their fj,¢, and first pericentric
distance. As we just showed, the ,u}im at which the brightest stellar

Brightest Stream Progenitors 9

I -
3 | === tinfai- 5.0 Gyr

: 3 W)™ < 27.5 mag/arcsec?
1
1

2 !

3?27

et

1+

[}

=

l 4
= 1
=== tinfan - 7.0 Gyr !
U™ =27.5 mag/arcsec?

)

£

T

E=}

1+

[}

=

Infall time (Gyr)

Figure 7. Top panel: distribution of infall times for the brightest streams
identified in SB maps with u;,, < 27.5 mag arcsec™2. The red line shows the
median tjpfy = 5 Gyr. Bottom panel: same for streams for brightest streams
identified in SB maps with iy, > 27.5 mag arcsec™2. The blue line shows
the median #j,ey = 7 Gyr.

streams are detected provides information about the BSP infall time.
One would naively expect that the BSPs are among the most mas-
sive satellites accreted by each individual host. However satellites
more massive than 108M¢ in stellar mass are severely affected by
dynamical friction and very rapidly disrupted, as discussed by Fat-
tahi et al. (2020). The more massive the satellite, the more efficient
this process is. Such massive satellites tend to sink rapidly to the host
galactic center, typically leaving behind shell-like low surface bright-
ness substructures. As discussed by Karademir et al. (2019) (see also
Amorisco 2015; Pop et al. 2018), this type of low surface brightness
substructures tend to have shorter lifetimes than other stream types,
such as loops, associated with less massive satellites on less eccentric
orbits. Thus, BSPs may not necessarily be associated with the most
massive accretion event.

In Figure 8 we show the distribution of BSPs infall mass against
their corresponding tj,f,y. The left and middle panels show the
total and stellar mass, respectively. The symbols in both panels
have been color coded according to the ,uym at which the bright-
est stream was detected. The first thing to notice is that the pop-
ulation of BSPs shows a wide range of satellite masses. Values
span 9.5 < log;o(Miot/Me) < 11.5 in total mass and 7.5 <
logg(M«/Mo) < 10.5 in stellar mass. This represents a variation
of 2 and 3 dex in total and stellar mass, respectively. In general we
find brighter streams to be associated with more massive progenitors.
However, a clear relation between the mass of the progenitor and its
infall time can also be seen. In addition to producing the brighter
streams, more massive BSPs typically have more recent infall time.

MNRAS 000, 1-13 (2021)
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Figure 8. Left panel: distribution of brightest stream progenitor (BSP) infall time as a function of the of their total mass at infall. The color coding indicates the
Muim at which the brightest stream was first identified. Circles and squares indicate destroyed and surviving BSPs, respectively. The dashed line shows a linear fit
to this distribution. The light red and blue crosses show the median (#jygay, Mior) values for the population of BSPs with detected stellar streams at pjy, < 27.5

mag arcsec™2 and > 27.5 mag arcsec™2

, respectively. Middle panel: as the left panel, but for (fjys1, M) distribution. Right panel: as in the left panel but now

symbols are sized according to their first pericentric distance (larger symbols indicate greater distances) and color coded according to whether the BSP survived
to the present-day or not. The red and green triangles show the five most massive satellites accreted by halos Au5 and Au28. respectively.

Similar results were found by Johnston et al. (2008, hereafter JO8),
using dark matter-only cosmologically motivated simulations of the
formation of MW stellar halos. However, contrary to JO8, we are only
focusing on the main properties of the BSPs and not on all satellites
that have contributed streams at any pEm. This restricts our sample to
the high mass end of the JO8 distribution, which considers satellites
with stellar masses even smaller than 10° M.

As before, we subdivide the sample of BSPs by yl‘m = 27.5 mag
arcsec™2. For BSPs with pli™ > 27.5 mag arcsec™2 we find median
values of (Mg, Mx) ~ (10'0-4,108-7) M. On the other hand, for

l‘m < 27.5 mag arcsec™2 we find (Mo, Mx) = (10'1,10%7) Mg.
Even though the correlation between BSPs infall mass and fjyga
shows signiﬁcant scatter, a linear fit indicates a relation tj,gy o
logio M mt 7 and figgay o log;o M1 The right panel of Fig. 8
shows the total mass — tj,f,) relation, but now symbols are color
coded according to whether the satellites have survived to the present-
day (yellow dots) or not (blue dots). This panel clearly shows that
surviving BSPs are both 1) less massive at any given i, and ii)
have been accreted later at any given Mio. The size of the symbols
in this panel indicates the first satellite pericentric distance. Note
that late accreted satellites that, at a given mass, have been fully
disrupted show very small first infall pericentric distances. Indeed,
the BSPs in Au22 and Au7 have very small first pericentric distances
with values of ~ 12 and 22 kpc, respectively. As a result, they were
rapidly disrupted by strong tidal forces associated with these inner
galactic regions.

It is interesting to highlight that in most cases BSPs are not the
dominant contributor to the overall galactic stellar halos, even though
they are among the significant progenitors. As shown by Monachesi
et al. (2019), the number of satellites that contribute 90% of the
accreted halo mass (significant progenitors) ranges from 1 to 14,
with a median of 6.5 (see also Cooper et al. 2010; Fattahi et al.
2020). In Table 1 we list the rank of each BSP according to its
mass contributed to the overall stellar halo. Only 32% of the BSPs
correspond to the most significant progenitor of an Auriga halo.
Another 32% of the BSPs are distributed among the 2nd and 3rd
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most significant contributors. The remaining 36% have been ranked
above the 4th significant contributor. Thus, most of these halos have
accreted more massive satellites than the BSPs over time.

This is closely related to the mass-tj,f,) relation shown in Fig. 8. As
previously discussed, BSPs accreted earlier are typically less massive
than those recently accreted. The difference can be as large as two
order of magnitudes in total mass. This is not purely due to the fact
that at later times galaxies are more likely to accrete more massive
substructures. To illustrate this, in the right panel of Fig. 8§ we show
the five most massive satellites accreted by two Auriga halos, AuS
and Au28, with red and green triangles, respectively. It is clear that
both halos have accreted satellites more than 1 dex more massive
than their corresponding BSPs, and at similar times. However, as
shown by Fattahi et al. (2020), for satellites with M., > 108 Mg (i.e.
within the BSPs range), their survival time strongly depends on their
tinfall- Due to dynamical friction, these more massive and luminous
halos are more rapidly disrupted compared to lower mass halos, and
their debris has more time to become efficiently phase-mixed. As a
result, in such cases the brightest streams are associated with less
massive (but still luminous) galaxies that can continue orbiting their
host for longer periods. As tinfan gets closer to z = 0 the chances
of finding cold substructure arising from the most massive satellites
grows. This is more clearly illustrat in Figure 9, where we show
the total mass distribution of accreted satellites as function g,y for
six interesting cases. We only focus on accreted satellites of total
infall masses > 10° M. BSPs are highlighted in red. Note that
in all these examples the host have accreted satellites more massive
than the BSPs, with later fjnf,y. As previously discussed, we find
that obvious debris features observed around galaxies today are not
typically associated with most recent and most luminous accretion
events.
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Figure 9. Each panel shows the distribution of infall times and total infall mass of satellites in different Auriga halos. Only satellites with total infall mass
> 10%5 My are considered. The brightest stream progenitors (BSPs) on these halos are highlighted with red dots. Note that, in all cases, the BSPs are neither

the most massive nor the most recent accreation event.

5 SUMMARY AND CONCLUSIONS

In this work, we have searched for the brightest stellar streams in 30
fully cosmological magneto-hydrodynamical simulations of Milky-
Way mass galaxies from the Auriga project. Our main goal was to
quantify the number of halos with clear tidal streams as a function of
limiting surface brightness, and to characterize the main properties
of the brightest stellar stream progenitors (BSPs). These allowed us
to link, for the first time using fully cosmological hydrodynamical
simulations, a clear observable property —the brightest stream surface
brightness — with the accretion history of Milky Way-like galaxies.

For each halo, we generated several surface brightness (SB) maps
reaching different limiting surface brightness levels. Starting from
the shallower SB map, we have searched for the first clear signature
of a stellar stream. This was done iteratively, by increasing the lim-
iting surface brightness of the maps at each step. To minimize the
effects that dust and the Galactic cirrus would have on our detec-
tions, we have focused our analysis on the model r-band photometry.
To take into account the effect of different galaxy inclinations on
the identification of the brightest streams as a function of p{im, we
have considered edge-on and face-on disc projections. To mimic the
smoothing performed in observations to enhance diffuse structure
and preserve image resolution, the distribution of stellar particles
was assigned to bins of 1 X 1 kpc, and fluxes were integrated within
each bin.

None of our models show signatures of streams for ,u%im < 25 mag
arcsec 2. Independently of the projection, we find that the cumula-
tive function of detected stream strongly rises at values of 27 mag
arcsec™2, and then flattens again beyond 29 mag arcsec™2. Further-
more, 13% of our models show no detectable streams up to y?m =31
mag arcsec™2. Varying the projected orientation of our models has a
significant impact in the detectability of bright stellar streams. With
respect to the face-on projection, the cumulative function shows an

increase of about 10% of brightest stream detections at all limiting
SB levels when the galaxies are projected edge-on.

In general we find that even though our models tend to show a
bigger fraction of galaxies with detected stellar streams than ob-
servations, our results are in reasonable agreement with previous
observational studies. We note however that the comparison between
our results and those presented in, e.g., Atkinson et al. (2013) and
Morales et al. (2018) is not straightforward, and there are several dif-
ferences to take into account. First, our models do not account for dust
extinction and background noise, both likely to conceal signatures
of faint stellar substructures. We also have a much smaller sample
of galaxies which, on average, are more luminous than the observed
ones. Because of these differences, it is expected that the fraction of
galaxies with streams detected in the models will be larger than those
found in observations, which are likely to represent a lower detection
limit.

We have identified and characterized the main properties of the
brightest stream progenitors (BSPs), focusing in particular on their
infall times (the time at which they first cross the virial radius of the
host galaxy) and their infall mass. We find that BSPs can be accreted
in a very wide range of 1, With values that can range from 10 Gyr
ago to very recent accretion events at i, = 1.6 Gyr. Interestingly,
only 25 percent of the BSPs have been recently accreted, within the
last 5 Gyr. Thus, most BSPs correspond to relatively early accretion
events. As expected, BSPs associated with brighter stellar streams
(,u}im < 27.5 mag arcsec™2) were typically accreted later than those
with fainter substructures (me > 27.5 mag arcsec™2). We also find
that only 37 percent of the BSPs can still be identified at the present-
day. The median #;,¢,y for the surviving and the disrupted populations
are fipf = 5.6 and 6.7 Gyr, respectively.

Looking at the BSPs infall mass, we find a wide range of masses
with values with 9.5 <log g Mot/ Mo < 11.5intotalmassand 7.5 <
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logjg M«/Me < 10.5 in stellar mass. This represents a variation of
2 and 3 dex in total and stellar mass, respectively. A comparison
between surviving and destroyed BSPs shows that surviving BSPs
are less massive at any given fi, and have been accreted later at
any given M. We find that brighter streams tend be associated
with more massive BSPs. Indeed, there is a correlation between the
BSPs infall mass and #j,,11, such that more massive progenitors tend
to be accreted at later times. However, we showed that this is not
simply due to the fact that close to z = 0 galaxies are more likely
to accrete more massive substructures. Indeed, we find that haloes
that have relatively low mass BSPs accreted at earlier times have
accreted other satellites up to 1 dex more massive than the BSPs,
and at similar times. These more massive and luminous satellites
are rapidly disrupted due to dynamical friction and their debris has
had more time to efficiently phase mix. As a result, in such halos the
brightest streams are associated with less massive (but still luminous)
satellites that can continue orbiting their host for longer periods.
Finally, we also show that, for most of the cases, BSPs are not the
dominant contributors to the accreted stellar halo, even though they
are always significant contributors; i.e. part of the subset of satellites
that contribute over 90 percent of the accreted stellar halo mass.
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