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Abstract

The dwarf galaxies comparable to the LMC and SMC, with stellar masses 7.5 < log(M../Mg) < 9.5,
are found in a diversity of environments and have long quenching timescales. We need to understand
how this phenomenon is connected to the dwarfs’ halo properties and their locations in the large-scale
structure of the universe. We study the star-formation rates of dwarfs in the TNG50 simulation of the
MustrisTNG project across different environments, focusing on field dwarfs in host halos with virial
masses of 9 < log(Mago/Me) < 11.5, in contrast to dwarf satellites in hosts with log(Mago/Me) >
11.5. Our field dwarf sample is heterogeneous, consisting of primary (central) galaxies, with smaller
numbers of secondaries and dwarf galaxies that are on backsplash orbits around massive galaxies.
We study how the quenched fraction and star-formation histories depend on the dwarfs’ large-scale
environment and find that only ~ 1% of the most isolated dwarfs are quenched. The vast majority of
the quenched field dwarfs are backsplash dwarfs located in the neighborhood of cluster-scale halos. We
discover a two-halo galactic conformity signal that arises from the tendency of the quenched dwarfs,
particularly the backsplash sample, to have a quenched massive galaxy as a neighbor. We attribute
the low quenched fractions of the simulated LMC/SMC analogs in the field to the locations of their
low-mass hosts in the sparse large-scale environment, which predominate over the relatively small
number of backsplash and quenched primary dwarfs in denser environments.

1. INTRODUCTION

The large-scale distribution of matter in the universe is built up in a hierarchical fashion (White & Rees 1978)
according to the standard cosmological paradigm of A Cold Dark Matter (ACDM). The fluctuations in the primordial
density field collapse under gravitational instability, giving rise to halos whose mass is distributed according to a
power-law mass function. The halos enable gas to collapse and form stars comprising the galaxies. Therefore, the
properties of galaxies are strongly correlated with the mass of the halos (Wechsler & Tinker 2018). The way that the
halos cluster as the universe evolves (e.g. Gao et al. 2005; Weinmann et al. 2006; Croton et al. 2007; Kauffmann et al.
2013) and how star formation, stellar evolution, stellar and active galactic nuclei (AGN) feedback operate (e.g. Dekel
& Silk 1986; Hopkins et al. 2012) imply that the properties of galaxy (e.g., color, luminosity, star-formation rate) scale
differently across the range of halo masses. Since the halos are embedded in the large-scale structure of the universe
(Muldrew et al. 2012; Haas et al. 2012), the galaxy properties are influenced by this as well (e.g. Peng et al. 2010; Woo
et al. 2013).

There is a growing interest to understand the connection between a galaxy and its surrounding halo and environment,
for dwarf galaxies with masses less than the Milky Way (MW). The halo mass distribution implies that there are
abundantly more low-mass halos compared to high-mass ones. Among these, the ones hosting galaxies comparable
to the LMC and SMC with stellar masses 7.5 < log(M../Mg) < 9.5 (van der Marel et al. 2002; Harris & Zaritsky
2006) are not only numerous across the universe but are easily detectable compared to classical and ultra-faint dwarfs
(UFDs) (Simon 2019) of even lesser mass. These dwarfs are found in a diversity of environments but are predominantly
star-forming (Wheeler et al. 2014; Weisz et al. 2015; Wetzel et al. 2015; Phillips et al. 2015; Geha et al. 2024). We are
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yet to understand if the conditions that disfavor their quenching arise from the baryonic processes internal to their
halos or their spatial distribution in the large-scale structure of the universe.

The main focus of relevant studies has been on the satellite dwarfs that are hosted by massive galaxies, particularly
MW and its analogs (e.g. Mateo 1998; McConnachie 2012; Geha et al. 2017; Carlsten et al. 2022). As a result, we
now understand that dwarfs with log(M./Mg) ~ 9 are quenched through gas depletion, and this occurs over long
timescales relative to galaxies with log(M./Mg) < 8, where environmental processes act to quench over shorter
timescales (Wetzel et al. 2015; Fillingham et al. 2015; Akins et al. 2021; Greene et al. 2023). At the same time, there
is an abundance of field dwarfs that exist in isolation from massive galaxies (e.g. Klypin et al. 2015; Besla et al. 2018),
and are predominantly gas rich and show active star-formation (Geha et al. 2012; Bradford et al. 2015). Essentially
none of the dwarfs with masses 7.5 < log(M.,/My) < 9.5 that were situated at distances larger than 1.5 Mpc from a
massive galaxy were found to be quenched in the NASA-Sloan Atlas (Geha et al. 2012).

This leads us to the question about what defines the field, and how do we connect the star formation in dwarf
galaxies to their halos and large-scale environments? The virial radii of the halos hosting massive galaxies are of the
order ~ 200 kpc for MW analogs to ~ 2 Mpc for the largest cluster. We understand that the gravitational influence of
a halo as traced by the splashback radius, extends far beyond its virial radius (Bahé et al. 2013; Diemer & Kravtsov
2014; Adhikari et al. 2014; More et al. 2015). This influences the star formation in dwarf galaxies through the processes
of environmental quenching. Furthermore, there are hints that the assembly of large-scale structure modulates star-
formation across inter-halo scales, with a two-halo conformity effect being observed in massive galaxies (Kauffmann
et al. 2013; Hearin et al. 2015; Olsen & Gawiser 2023). This manifests as a correlation between the star-formation
rates of the galaxies belonging to halos separated by distance scales of a few Mpc. It is an open question as to which
physical processes drive the correlation between star formation in dwarfs and their environments on these diverse set
of scales, from the densest to sparsest.

Quenched dwarfs have been found at distances of ~ 2 — 4 virial radii outside massive galaxies (Ludlow et al. 2009;
Wang et al. 2009; Hirschmann et al. 2014), and we believe that many of these are ‘backsplash’ galaxies. These galaxies
experienced pericentric passages within the virial radii of massive galaxies, which can quench them (Gill et al. 2005;
Wetzel et al. 2014), and they subsequently orbit out into the field. Backsplash dwarfs have been seen in the Local
Group (Teyssier et al. 2012) and beyond (Bhattacharyya et al. 2024). There exist other mechanisms of environmental
quenching that process infalling dwarfs before they cross the virial radius of a massive galaxy, in what is collectively
known as pre-processing (Fujita 2004; Roberts & Parker 2017).

The groups of dwarf galaxies serve as key sites for pre-processing prior to their accretion onto a massive galaxy
(Samuel et al. 2023). For example, the LMC/SMC and its satellites belonged to a dwarf group that merged with the
satellite population of MW after its accretion (D’Onghia & Lake 2008; Deason et al. 2015; Pace et al. 2022). These
groups are expected given the hierarchical distribution of matter (Sales et al. 2013) and we continue to discover many
of these in different environments. The dwarf groups that exist in the field have been referred to as ‘associations’ (Tully
et al. 2006; Besla et al. 2018), e.g., the NGC 3109 group (Bellazzini et al. 2013; Sand et al. 2015). These systems are
ideal to study how quenching may proceed in low-mass groups (Carlin et al. 2019; Garling et al. 2020, 2024; Davis
et al. 2021, 2024; Jahn et al. 2022; Samuel et al. 2022).

There has been an emphasis to survey LMC/SMC analogs across different environments and study their host halos,
including the satellite populations that they contain (e.g. Stierwalt et al. 2015; Carlin et al. 2016; Geha et al. 2017;
Carlsten et al. 2022; Mintz et al. 2024). For example, the Merian Survey (Luo et al. 2024; Danieli et al. 2024) of star-
forming dwarfs in the mass range 8 < log(M./Mg) < 9 will provide a sample size of ~ 85,000 that will allow studies
of their dark matter halos using weak lensing (Leauthaud et al. 2020). Weak lensing from photometric data of dwarfs
in the Dark Energy Survey (Thornton et al. 2023) has provided constraints on their halo mass. These measurements
of the dark matter, along with star formation activity in the dwarfs, will further constrain the galaxy-halo connection.
We need to determine how the star-formation histories (SFH) of the dwarfs give rise to this connection by using
hydrodynamical simulations.

To answer these questions, we undertake a study of massive dwarfs as a function of environment with the TNG50
simulation of the IllustrisTNG project (Nelson et al. 2019; Pillepich et al. 2019), which is ideal given its fine mass reso-
lution coupled with large box size. We closely build on the analysis of Joshi et al. (2021) and Christensen et al. (2024)
to place in context the star-formation histories of simulated field dwarf galaxies with their large-scale environments,
with additional emphasis on the backsplash dwarfs and the dwarf associations. We focus on the field dwarf galaxies
residing in low-mass host halos. We identify the quenched and star-forming sub-populations among them, and study
how the extremities of star-formation rates depend on estimators that trace their large-scale environmental density.
The details of the simulation are found in Section 2. We then characterize dwarf galaxies’ star-formation rates as
well as their large-scale environments in Section 3. This lets us identify a population of field dwarf galaxies, including
backsplash dwarfs. We then proceed to study the baryonic content, quenched fractions, stellar assembly history and
galactic conformity of this sample in Section 4. We place our findings in context with the contemporary understanding
of dwarfs and propose future observations in Section 5.

2. SIMULATION

We use the cosmological magneto-hydrodynamical simulation IllustrisTNG project for our analysis (Nelson et al.
2018; Springel et al. 2018; Pillepich et al. 2019). These are run using the moving-mesh code AREPO (Springel 2010)
and contain realistic prescriptions for baryonic physics that include star formation, stellar evolution, gas heating, gas
cooling, growth of black holes, and AGN feedback (Weinberger et al. 2017; Pillepich et al. 2018). These simulations
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F1a. 1.— The scatter plot of the SUBFIND-assigned stellar mass M., vs. host virial mass Maogg for all the galaxies in the box of
TNG50. Each point is colored according to its host virial mass. We segment this space according to the samples that we refer to in this
work. The upper half represents the massive galaxies with log(M./Mg) > 9.5 with respect to which we define the density estimators in
Sec. 3.5 and the backsplash galaxies in Sec. 3.3. The lower half represents the dwarfs in the simulation with 7.5 < log(M«/Mg) < 9.5
and has been divided into two segments. The lower right segment represents the satellite dwarfs of the FoF-assigned host halos with
log(Ma200/Mp) > 11.5, while the lower left segment represents our target sample of field dwarfs with log(Ma200/M@) < 11.5.

assume a flat ACDM cosmology with parameters adopted from the Planck Collaboration et al. (2016) results: h =
0.6774, Q,, = 0.3089, Q) = 0.6911,;, = 0.0486,n, = 0.9677,05 = 0.8159. There are three boxes, TNG300, TNG100
and TNG50, with progressively increasing mass resolution and decreasing volume. There are 100 snapshots for each
run, approximately equally spaced in redshift between z ~ 20 to z = 0.

Among the three boxes, we deem the TNG50 simulation (Nelson et al. 2019; Pillepich et al. 2019), spanning
35 Mpc h™! along each side, as ideal for studying dwarf galaxies in a z = 0 universe. This is because it has a
baryonic mass resolution of mparyon ~ 8.5 X 1O4M® and a dark matter resolution of mpy ~ 4.5 X 105M®7 that is
necessary to resolve galaxies down to > 100 star particles. There are 2160% gas cells and provides an average spatial
resolution of star-forming ISM gas of ~ 100 — 200 pc. We choose TNG50 over the TNG100 and TNG300 because we
prioritize resolving down to dwarfs with stellar mass log(M./Mg) = 7.5 over a large simulation volume.

The simulated galaxies in TNG50 live in subhalos that are identified using the SUBFIND algorithm (Springel et al.
2001). This algorithm is based on the friend-of-friend (FoF) prescription that uses a linking length of b = 0.2 times
the mean inter-particle distance. It assigns subhalos in a hierarchical manner with all the subhalos assigned to a FoF
group belonging to the parent dark matter halo, which we shall refer to as the host halo henceforth. We define the
virial radii of these hosts to be Rygg which is the comoving radius of the sphere within which the mean density is 200
times the critical density of the universe. Similarly, the mass Maqg, defined as the total mass contained within Raqg,
is adopted as the host halo mass corresponding to a FoF group. The virial radius Ro09 however does not capture the
size of the full galaxy distribution within the FoF group. For this analysis, we consider a “satellite” or “secondary”
galaxy to be any non-central galaxy assigned to the FoF group, regardless of whether it lies within the virial radius or
not. However, we consider an alternative definition of field galaxies with respect to the massive hosts (see Appendix
B), defining a satellite galaxy to be within Rogg. We found that our results are robust across definitions.

All of the relevant baryonic quantities, including the stellar mass M., gas mass M,s and star-formation rate (SFR),
are computed from star/gas particles located within twice the radius which contains half of the stellar mass of the
subhalo. However, in circumstances when we are dealing with the dynamical mass, we use the total mass of a subhalo
Mayn (Engler et al. 2021). This is the total mass of the subhalo comprising all the dark matter, star, gas, and black
hole constituents. We refer to the most massive subhalo in the host halo as the primary, or occasionally the central,
and its companion subhalos of lesser mass in the same host halo as secondaries.

3. DEFINITIONS
3.1. Dwarf Galazy

To define what constitutes a dwarf in the simulation, we choose galaxies in the range of 7.5 < log(M./Mg) < 9.5.
The lower limit is determined by the baryonic mass resolution of the simulation. It was demonstrated by Donnari
et al. (2021b) with the TNG100 and TNG300 runs that poor baryon resolution leads to a higher quenched fraction
in the galaxies with < 100 star particles. For the baryon resolution of TNG50, log(M.,/Mg) = 7 corresponds to a
galaxy with a little over 100 star particles, with this being the same cut adopted in Donnari et al. (2021a). However,
Joshi et al. (2021) showed by comparing to lower-resolution runs of the TNG50 simulations (see their Appendix A)
that the cumulative SFHs are poorly converged for 7 < log(M,/Mg) < 7.5. These runs of TNG50-2, TNG50-3 and
TNGH0-4 show that the primary dwarfs at these scales build up their stellar masses earlier on account of the efficiency
of supernovae feedback at these resolutions. Since we are particularly interested in star formation in dwarfs, most
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Fic. 2.— The radial distribution of backsplash dwarfs with present day distances normalized with respect to the virial radius of the
massive halo where they had their last pericentric passage (left), and present day distances in units of Mpc (right). See Fig. 7 in Benavides
et al. (2021) for comparison.

of which are primaries, we adopt log(M.,/Mg) = 7.5 as the lower limit on the stellar mass of a dwarf galaxy in our
sample. Given the baryonic mass resolution of TNG50, this corresponds to > 370 star particles for this sample of
dwarf galaxies. The upper cut-off approximately represents the mass of LMC-analogous dwarf since the stellar mass
of LMC is estimated to be log(M,/Mg) = 9.43 (van der Marel et al. 2002).

In Fig. 1, we plot the galaxy stellar mass M, against their parent halo virial mass Magg. Here we notice the
prominent sequence made up of the primaries for each of the hosts, and the galaxies below this sequence are the
respective secondaries. Based on the convention in the previous section, those galaxies with log(M./Mg) > 9.5 are
‘massive’, comparable or larger than the MW, and make up the upper half of this space. The dwarf galaxies with
7.5 < log(M./Mg) < 9.5 that are the emphasis of this work make up the lower half of this space.

We find that there is a great diversity in the types of host halos that the simulated dwarfs occupy, based on the
distribution in Fig. 1. There are dwarfs that are assigned by the SUBFIND FoF algorithm as satellites of massive host
halos, which occupy the lower right half of the plot, and those that are isolated from the latter, in the lower left half.
We choose log(Magg/Mg) = 11.5 as a boundary for the two types of systems because this approximately represents
the edge of the central sequence at fixed log(M../Mg) = 9.5. On the other hand, the lower limit of log(Mago/Mg) =9
is chosen to account for the dwarfs that have been tidally stripped, and as a result, possess reduced halo masses
compared to the typical dwarf of log(M./Mg) = 7.5 on the central sequence. Therefore, this defines the selection
of the ‘field” sample — dwarfs that are spatially isolated from massive galaxies in groups and clusters, that are the
particular emphasis of this work. In contrast to this, there is the ‘satellite’ dwarf sample situated in the FoF assigned
host halos of log(Mago/Mg) > 11.5 that we additionally refer in this work.

3.2. Dwarf Primaries € Secondaries

We are able to further subdivide this field dwarf sample based on how they occupy their host halos. Firstly we
notice two subsamples: the primary dwarfs which are the central galaxies in the host halos, and the secondary dwarfs,
which are less massive than the primaries. The most numerous among them are the primaries. Our definition of dwarf
galaxies (7.5 < log(M../Mg) < 9.5) in the field (9 < log(Mago/Mg) < 11.5) yields 5843 members, of which 5003 are
primaries, 465 are secondaries and 375 are backsplash dwarfs. While the backsplash dwarfs by way of our definition
are also classified as primaries, we have assigned them their own class due to their unique orbital history.

There are 429 primaries which have secondary subhalos in their same host halo. We collectively refer to the whole
class of the secondary dwarfs because most of them are in pairs with a primary i.e., that the vast majority of dwarf
groups only have two members, down to the resolution limit of our study. However, we note that some of the field
dwarf host halos have more than two subhalos, numbering between 3 to 6. We find that out of the 505 secondaries,
364 (72%) are the second-most massive, 56 (11%) are the third-most massive, 7 (1%) are the fourth-most massive and
2 (< 1%) are the fifth-most massive. Our system of classification closely resembles the one in Joshi et al. (2021), albeit
they classify their sample as centrals, group members and backsplash dwarf galaxies.

3.3. Backsplash Dwarfs

Among this field dwarf sample, 6.4% are backsplash galaxies that have previously orbited inside a massive host halo.
We determine the backsplash dwarfs by closely following the prescription of Borrow et al. (2023). For each SUBFIND
assigned host with log(Mago/Mg) > 11.5 in the z = 0 snapshot, we search for the backsplash candidate subhalos that
are located outside their virial radius at host-centric distances Rogg < r < 10R2g9. We use the most massive subhalo
inside this host to trace the evolution of the host’s center and its virial radius. To reduce the exchange of backsplash
dwarfs (Newton et al. 2022) between the hosts or the interaction with more than one host, we reject hosts whose
centers shift by > 8 Mpc Gyr—! with respect to the fixed box across two snapshots. We query the main progenitor
branches of the merger trees of the host’s most massive subhalo and the backsplash candidate subhalos. We reject all
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Fic. 3.— Top: Scatter plot of sSSFR-M, for all galaxies with 7.5 < log(M./Mg) < 9.5. in the simulation volume. The color scheme
used in Fig. 1 is adopted. The dashed black line represents the SFMS that we derive from the median sSFR in bins of M.. The shaded
gray region is the +1 dex region about the SFMS and any galaxy below this is deemed quenched. The galaxies with sSFR below the limit
of log sSFR/yr~! = —13 have been assigned this value and are shown near the bottom of the plot. Bottom: The quenched fraction of the
galaxies as a function of M, in two bins of host mass. The teal one represents the field dwarfs 9 < log(Maoo/M@) < 11.5 while the red
one represents their satellite counterparts in high-mass halos with log(Maoo/Me) > 11.5. The field dwarfs are more star-forming than
those in high-mass hosts.

those branches whose main progenitor branch does not extend beyond 40 snapshots, i.e., z > 0.7, to ensure that they
correspond to the massive and backsplash dwarf galaxies that are stable over time. Finally, if the progenitor of the
backsplash candidate makes an appearance within r < Rggg of the progenitor host at some z > 0, we select that as a
backsplash dwarf galaxy.

In Fig. 2, we plot along the vertical axes the z = 0 distances of the backsplash dwarfs from the centers of the halos
where they performed their most recent pericentric passages, in units of the latter’s virial radii in the left panel, and
Mpc in the right panel. The horizontal axes show the Mgy of the massive host halo inside which the backsplash
dwarf performed a pericentric passage. The points are colored according to the lookback time corresponding to when
they did their most recent pericentric passages near the massive host center. Refer to the plots in Fig. 7 of Benavides
et al. (2021) for comparison since those show the normalized and physical host-centric distances of ultra-diffuse dwarfs
(UDG) in the same TNG50 simulation. We find a median tpei = 3.6 Gyr with a minimum and maximum of 1.3 Gyr
and 9.5 Gyr, respectively. The backsplash dwarfs are found at distances of ~ 0.5 — 2 Mpc away from the massive host
halos, with an increase with respect to Mygg, which is expected given the fact that the sizes of the halos, e.g., their
virial radii Rygp are proportional to Magg.

In the Appendix B, we test the robustness of our selection of field dwarfs by considering an extended sample that
takes into account not only those with host masses 9 < log(Mapo/Me) < 11.5 but also those with which are situated
beyond the virial radius of their massive host halos (log(Magg/Me) > 11.5), i.e.,host-centric distances d > Ragg. This
adds to the existing sample, 882 backsplash and 825 primary dwarfs that are outside the virial volume of the massive
hosts yet are assigned to the same Fof group by SUBFIND as the latter. We find that the results are qualitatively
unchanged even if some quantitative measurements are.

3.4. Star-formation & Quenching



We seek to study how the star-formation rates of the dwarf galaxies depend on their respective environments. For
this purpose, we first need to identify the star-forming main sequence (SFMS), then study deviations therefrom. We
look at the full diversity of star-formation rates about the SFMS with an emphasis on quenching, i.e., star-formation
rates below the SFMS, and study the dependence of this as a function of the dwarf’s stellar mass and environment.
In the upper panel of Fig. 3, we plot the specific star-formation rate (sSSFR=SFR/M.,) as a function of M, for all
dwarfs in the range 7.5 < log(M./Mg) < 9.5. The points are colored according to the color scheme in Fig. 1. In order
to determine the SEFMS, we calculate the median sSFR for dwarfs in 0.2 dex bins of log(M../Mg), following which we
use linear regression on the median estimates. The SFMS extrapolated across the full range of stellar masses is shown
using the dashed black line in the same figure. The gray shaded region represents the +1 dex region around the SFMS.

To determine whether a galaxy has been quenched, we use the definition used in Donnari et al. (2021a), wherein
dwarf galaxies which lie below 1 dex from the SFMS are deemed quenched. From a preliminary inspection, we find
that most of the field dwarf galaxies, shown using the green points lie within +1 dex of the SFMS, showing that this
sample is largely star-forming. To explore this further, we plot the quenched fraction of the dwarfs in bins of stellar
masses, as seen in the lower panel of Fig. 3. The details and implications are discussed in Sec. 4.2, after we introduce
how we quantify the large-scale environment of dwarfs.

3.5. Environment

Having characterized the dwarf SFMS, we focus on the subset of field dwarf galaxies that we have selected using
their M, and Mygg. To identify the ‘field’ in the simulated volume, we need to carefully establish what constitutes the
environment and accordingly choose a tracer that best estimates this. According to Muldrew et al. (2012), there are
two types of environments — the large-scale environment that identifies where the galaxies are situated with respect
to the large-scale structure of the universe, and the local environment, which corresponds to the substructure of the
parent halo itself. Since in this work we are mainly interested in the field dwarf galaxies, we need to use density
estimators that best identify the galaxy density at the scales of intra-halo separation i.e., the large-scale environment.

In order to identify the neighboring galaxies around a dwarf we use scipy.kdtree to construct a 3-dimensional tree
and query galaxies from it. We define a fiducial density estimator, the overdensity parameter log(1 + ¢5), frequently
employed in literature to define both the large-scale and local environments of galaxies (e.g. Muldrew et al. 2012; Woo
et al. 2013). We then define the proximity to a massive galaxy dpassive and the tidal index ©; as density estimators that
we apply to study the large-scale environments for our sample of dwarfs. These two estimators represent observables
that are measurable from galaxy surveys, which we discuss further in the sub-sections.

3.5.1. Halo Mass €& Overdensity Parameter

Here we demonstrate how our sample of dwarfs, selected according to their host mass Mg, is essentially a field
sample. In the upper left panel of Fig. 4, we show the X-Y projection of the simulation volume of TNG50. Each
point represents a galaxy with log(M./Mg) > 7.5, with their colors representing their host halo mass Masgg. The
red/orange points are the satellite dwarfs that reside in the cluster or group environments with log(Mago/Mg) > 11.5.
These are the dense nodes of the cosmic web, as seen in Fig. 4. The blue/green points are the field dwarfs in halos
with 9 < log(Mago/Mg) < 11.5 that comprise the sample of interest in this work. These are distributed throughout
the volume, mainly the voids and filaments. We place this observation in context with the results of Haas et al. (2012);
Woo et al. (2013), who showed how low-mass halos lived in low-density environments.

As a fiducial measure of the large-scale environment of our dwarf sample, we use the overdensity parameter (Cooper
et al. 2005; Kovac et al. 2010; Peng et al. 2010; Woo et al. 2013) that is defined as:

18 1
= 1
4 (dSNN)3 ( )

This is the density of the 6 galaxies contained within the distance to the 5th nearest neighbor Dsxy of a galaxy,
contrasted to the mean number density of galaxies 7 = 0.1 Mpc 3. For identifying the nearest neighbors and calculating
the mean density, we use all the galaxies with log(M./Mg) > 7.5 in the entire TNG50 box. The mean density is
calculated by counting the total number of galaxies above the threshold and then dividing it by the volume of the box.

In the upper right panel of Fig. 4, we plot the overdensity parameter as a function of the host halo mass adopted
in this work. We find that there are clearly two regimes that arises from the halo occupation distribution rising above
unity at log(Mago/Mg) ~ 12. The lower left corner of the space is occupied by the field dwarf sample of our interest,
whereas the upper right corner represents the massive galaxies and their dwarf satellites. This justifies our assertion
that by selecting the galaxies having hosts with 9 < log(Mago/Mp) < 11.5, we are essentially selecting them by their
large-scale environment corresponding to log(1l + d5) < 2, which in this case is the field. In the Appendix B, we test
the robustness of our key results by considering an extended sample of dwarfs that incorporates the backsplash and
infalling dwarfs beyond Rgpg but belonging to the SUBFIND-assigned massive halos. Although this leads to a larger
scatter in the density estimators in the densest regions, the general trends between environment and star formation
remain unchanged.

In the lower panel of Fig. 4, we show the same plots as those in the upper panel except that here the points are colored
according to the deviation of the galaxy’s sSFR from the SFMS in the range of —1 < A(logsSFR) < 0 to visually
depict the gradient in sSFR between the SFMS and the quenching threshold. The bluer points are all star-forming
dwarfs and located close to the SFMS while the redder points show those dwarfs which are close to being quenched or

(1 + (55)
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Fi1a. 4.— Upper left: The TNG50 simulation projected along the z-axis of the simulated box, showing all the galaxies with log(M/Mg) >
7.5, with each point colored according to the host halo Maggp they inhabit. The galaxies in cluster or group scale halos shown in red-orange-
yellow colors tend to inhabit nodes, while those corresponding to the field dwarfs shown in blue-green are in filaments and voids. Upper
right: The distribution of all of the galaxies in Mapg — log(1 + d5) space, where the vertical solid line defines the limit for the host’s Magg
used to define the field dwarf sample in Sec. 3. The relevant sample occupies the lower left corner of this plot, showing that with these cuts
we are effectively able to select a field dwarf sample with log(1 + d5) < 2. Lower: Same as panel above except that the points are colored
according to the galaxy’s sSFR deviation from the SFMS, with bluer colors indicating active star-formation as opposed to saturated red
color implying a quenched state.
are quenched already. Any dwarf with an sSFR offset beyond this range will be at the saturated ends. Examining the
plots we find that the quenched galaxies are typically located in the densest region of the box and that the field dwarfs
inside the low-mass halos are predominantly star-forming except for a few that have masses log(Mago/Mg) < 10. We
investigate the dependence of star-formation on large-scale enviornment further in Sec. 4.3.

3.5.2. Massive Galazy Proximity

A simple and direct way to trace the large-scale environment of a field dwarf is to measure the distance to the nearest
massive or luminous galaxy. For example, the studies undertaken in Geha et al. (2012) and Wang et al. (2009) use
physical projected distances and projected distances normalized by the virial radii of the hosts, respectively. Geha
et al. (2012) quantifies the environment of a sample of dwarf galaxies with 7 < log(M,/Mg) < 9 drawn from SDSS
DRS8 with the distance to the nearest luminous galaxy dpes;. The luminous galaxies are drawn from a 2MASS sample,
which is complete within My, < —23. Assuming a mean stellar mass-to-light ratio of unity, this limit corresponds to
massive galaxies with stellar mass of > 2.5 x 101%M. Furthermore, based on the quenched fraction of dwarfs, Geha
et al. (2012) identifies field dwarfs as those devoid of a neighboring massive galaxy within 1.5 Mpc, i.e., dwarfs with
Apassive > 1.5 Mpc. The same estimator was further used to explore the quenching of dwarf galaxies in Wheeler et al.
(2014); Christensen et al. (2024).

In this work, we measure 3D distances between the dwarf and massive galaxies in TNG50 simulation. For each
member galaxy of the low-mass halo sample, we find the nearest neighboring massive galaxy with log(M./Mg) > 9.5
and we refer to this density estimator as dyassive- While we note that this mass threshold is almost an order lower
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F1G. 5.— Left: The stellar mass M, versus the total mass Mgy, for the field dwarfs. The primaries (circles), secondaries (diamonds)

and backsplash dwarfs (closed squares) are colored according to their offset from SFMS. The black dashed line shows the best-fit stellar-halo
mass relation (SHMR) from Moster et al. (2013), whereas the black dotted line is the best-fit SHMR from Behroozi et al. (2019). Center:
The gas mass Mgas versus the total mass Mqyy,. Right: The gas fraction fgas versus the total mass Mgqy,. The backsplash and especially
the secondary dwarfs are deficient in Mgy, at fixed M., yet the latter remain gas-rich and star-forming.

than the massive galaxy selection in Geha et al. (2012), we have chosen to stay consistent with the massive galaxy
selection outlined in Sec. 3.1. The results that we present in this work are in agreement with Geha et al. (2012) and
we have tested that our conclusions are robust to the definition here.

3.5.3. Tidal Index

A frequently employed measure of the environmental density of a galaxy is the dimensionless tidal index ©;
(Karachentsev & Makarov 1999; Karachentsev et al. 2004, 2013, 2018; Besla et al. 2018; Mutlu-Pakdil et al. 2024). The
most crucial aspect of this estimator is that it takes into account the dynamical masses of neighboring galaxies. The
Main Disturber (MD) is defined as the galaxy that exerts the maximum tidal force among the neighboring galaxies

and O, is proportional to this force. The tidal index for the j** galaxy is calculated as:

o Mayn /Mo .
Ous = max{log( (djk/MPC)3 k=1,..,5 ¢ ?

The constant C' = 10.96 is chosen in Karachentsev et al. (2013) based on dynamical arguments such that galaxies
with ©; = 0 are situated on the zero-velocity sphere of its MD. A galaxy with a low and negative O, is located in
a low-density environment and vice versa. In that case, ©; < 0 would imply that the galaxy is isolated, whereas a
galaxy with ©1 > 0 is gravitationally coupled to the MD galaxy. We determine the MD from the 5 nearest neighboring
massive galaxies with log(M./Mg) > 9.5 as the one with the greatest tidal influence on a galaxy. We define ©;
using massive galaxies as possible MD instead of all galaxies for two reasons, namely to be consistent with our earlier
definition of dyassive and also because surveys, including SDSS, provide high-completeness samples of massive galaxies
down to this limit. Note that here we use the total dynamical mass Mgy, for all the galaxies while djj is the 3D
distance between the pair of dwarf and massive galaxies.

4. RESULTS

In the previous section, we identified the sample of dwarfs with stellar masses 7.5 < log(M./Mg) < 9.5 that
are situated in low-mass halos with virial masses 9 < log(Mago/Mg) < 11.5 as the field dwarf sample. In this
section, we compare the quenched fractions of this sample with its satellite counterparts residing in massive halos
(log(Mago/Me) > 11.5) and further study the characteristics of this sample. Thereby, we identify how their star-
formation histories and baryonic content depend on their local and large-scale environments.

4.1. Baryonic Content

Before we proceed to the study of star-formation histories and environments of our field dwarf sample, we study
the baryonic contents, i.e., stars and gas, of the galaxies at z = 0. These properties are the primary observables for
galaxies and we define quantities like the halo mass and the quenching timescale from them. First, we study how
the stellar mass M, and gas mass My,s scale with respect to the total dynamical mass Mgy, of the dwarf galaxies.
In Fig. 5, we show scatter plots with Mgy, on all horizontal axes. All the points are colored by the offset from the
SFMS and normalized with respect to this offset in the range of —1 < A log(sSFR/yr~!) < 0. The bluer points are
all star-forming dwarfs and the redder points show those dwarfs which are close to being quenched or are quenched
already. The backsplash dwarfs are the square points with the edges, while the secondaries are the diamond points
with thin edges. The rest of the primary dwarfs in the sample are depicted with the circular points.

In the leftmost panel, we plot the stellar mass M, of the galaxies versus their total dynamical mass Mgy,. We
also show with a black dashed line showing the best-fit stellar-halo mass relation (SHMR) from Moster et al. (2013)
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and the best-fit SHMR from Behroozi et al. (2019) with the black dotted line. We find that the primaries are mainly
star-forming and situated along the central sequence of the SHMR. However, the backsplash and secondary dwarfs
digress from this trend. The backsplash dwarfs are not only quenched, but are offset to the left of the primaries.
Meanwhile, the secondaries are star-forming and are often offset further left of the central sequence. Alternately, at
fixed My, the log(Mgyn/Mg) of the backsplash dwarfs is S 0.5 dex with respect to the primaries. The lower dynamical
mass is due to tidal stripping (Engler et al. 2021) that removes dark matter from the outer regions of the galaxy. This
is present for the secondaries as well, which have been plausibly tidally stripped but are still forming stars. This is
notable because it shows that tidal stripping, which affects the outer halo of galaxies, has left the star-forming gas at
its center intact. We also notice the presence of certain primaries that aren’t backsplash galaxies but have been tidally
stripped through past interaction(s) with a massive galaxy(s).

In the middle panel, we plot the dwarf gas mass Mg,s against the total dynamical mass Mgyn. Once again, we
find that the star-forming primaries occupy a sequence, whereas the secondaries and other quenched primaries and
backsplash dwarfs are offset from it. Below log(Mgas/Mg) ~ 7.5, the galaxies are found to be quenched or are
forming stars at moderately low rates. Here we note that some of the backsplash systems still retain their gas and
are forming stars. Most of the secondaries, on the other hand, are offset from the primaries due to the effect of
tidal stripping on Mgy, that we found earlier. The effects of significant dark matter stripping without gas stripping
for the secondary population are highlighted further in the right panel, where we plot the gas fraction defined as
feas = Magas/(Mgas + M,), against the dwarf mass Mqyn. An interesting observation that we make here is that
81% of the backsplash galaxies have fgas < 0.1, while for the primaries and secondaries this fraction is 7% and 3%,
respectively. Out of these backsplash dwarfs, 96% of them are quenched. This shows that the mass of the host halo
that a dwarf interacts with significantly affects it evolution, because the backsplash dwarfs interact with the massive
hosts in the denser environments, unlike their primary and secondary counterparts.

4.2. Star-formation € Stellar Mass

Here we contrast the field and satellite samples to first resolve any dependence of their star formation on their stellar
mass and also determine how much quenching is driven by the local and large-scale environments. These samples
correspond to dwarfs residing in the SUBFIND-assigned FoF hosts with masses in the ranges 9 < log(Mago/Mg) < 11.5
and log(Mago/Mg) > 11.5, respectively. We define a galaxy as quenched if its sSFR is 1 dex below the SFMS (see Sec.
3.4). The quenched fractions henceforth in this work are evaluated as the ratio of the number of quenched galaxies
with respect to the total number of galaxies in a particular bin. We evaluate and compare the quenched fraction in
bins of stellar mass for the dwarf galaxies in both the field and satellite samples. To estimate the uncertainty, we
perform N = 1000 bootstrap resamplings of the host halos to generate distributions from which we evaluate the mean
and the standard deviation. The lower panel of Figure 3 shows these estimates in bins of log(M./Mg) for the total
sample in black, the satellite and field dwarf samples in red and teal respectively. The shaded regions represent the
bootstrap uncertainties.

For the complete sample, the quenched fraction decreases from about 40% to 20% with increasing M, of the dwarf
galaxy, as has been shown in studies for satellite dwarfs around MW and analogous hosts (Wetzel et al. 2015; Carlsten
et al. 2022; Geha et al. 2024). When we divide the sample by halo mass, we find that the field, or the low-mass host
halo, sample is predominantly star forming, with quenched fraction at < 20% and a very weak dependence on M,.
This is unlike the satellite, or the high host mass halo, sample, for which the quenched fraction strongly varies with
M., from 75% at the low-mass end to 45% at the high-mass end. The field dwarf galaxies favor star-formation due
to the fact that their halos are isolated from the environmental quenching processes prevalent around the massive
galaxies. It is apparent that the dwarfs’ local environment, i.e., membership with respect to their host halos, plays a
significant role in whether a galaxy is still forming stars or not. In the subsequent sections, we explore whether the
larger-scale environment plays an additional role.

4.3. Star-formation & Environment

Here, we study the extremes of star-formation across different large-scale environments for the field dwarfs, and
contrast this to the satellite dwarf sample. By extremes of star-formation, we namely look at the quenched fraction
which we defined earlier in Sec. 3.4 as those dwarfs with A log(sSFR/yr=!) < —1, and also the starburst fraction, which
we define as dwarfs with A log(sSFR/yr~!) > 1. We count these systems in bins of the two large-scale environmental
density estimators dpyassive and ©7 in order to evaluate the quenched and starburst fractions, respectively. For dpassive,
we define logarithmically spaced bins between 0.15 Mpc and 15 Mpc, while for ©; we define linearly spaced bins
between 3 and -3. This choice of binning has been done to accommodate the large dynamic range of dyassive- In
Fig. 6, we plot the quenched fractions for the dwarf subhalos in bins of dyassive and ©1 in the left and right panels,
respectively. The quenched fractions and their uncertainties depicted here are derived from N = 1000 bootstrap
samples among the field dwarf host halos in consideration.

The black points show the quenched fractions for all the dwarf galaxies in the simulation volume. For this sample,
we find an environmental dependence on quenching wherein the dwarfs that are in proximity to a massive galaxy or
in a tidally dense environment have a higher probability of being quenched, with a quenched fraction up to ~ 70%.
This shows the effect of large-scale environments in quenching dwarfs with stellar masses 7.5 < log(M./Mg) < 9.5.
In similar fashion to Fig. 5, the red and teal points represent the satellite and field dwarfs, respectively. The quenched
fraction of the field dwarfs is sensitive to their large-scale environment at dpassive < 1.5 Mpc and ©7 > 0, but is still
reduced compared to the satellites.
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Fica. 6.— The quenched fraction for all the dwarf galaxies in TNG50 box, the field, and the satellite samples, in bins of the large-scale
environmental density estimators, are plotted using the black, teal and red lines, respectively. The horizontal axes in the left panel represents
the distance to the nearest massive galaxy dmassive, While the right panel shows the tidal index ©1. All the axes have been orientated such
that the large-scale environmental density decreases from left to right. The shaded regions represent uncertainties that are estimated using
bootstrap resampling. The dashed vertical lines show the limits dpassive = 1.5 Mpc and ©1 = 0, respectively. We find that the quenched
fraction depends on both the halo-scale and large-scale environments of the dwarf galaxies.
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Fic. 7.— The starburst fractions for all the dwarf galaxies in TNG50 box, the field, and the satellite samples in bins of the large-scale
environmental density estimators are plotted with the black, teal and red lines, respectively. The horizontal axes in the left panel is the
distance to the nearest massive galaxy dmassive, while the right panel shows the tidal index ©;. All the axes have been orientated such
that the density of the large-scale environment decreases from left to right. The shaded regions represent uncertainties that are estimated
using bootstrap resampling. The dashed vertical lines show the limits dpassive = 1.5 Mpc and ©1 = 0, respectively. While starbursts are
completely absent in the field dwarf sample, they are only present in the densest large-scale environment for the satellite dwarf sample.

It is evident that, at fixed large-scale environmental density represented by dpassive and ©1, the quenched fraction
is lower among the field dwarfs than the satellites. This establishes the role of the local environment on the dwarfs’
star-formation. The dwarfs residing in low-mass host halos have a lower quenched fraction, and vice versa. We consider
this as a continuation of the trend in Fig. 3, where this divergence between the quenched fractions of field and satellite
dwarfs was present at fixed stellar mass. Therefore, both the host halo (the local environment) and the large-scale
environments of the dwarf galaxies significantly determine their star-formation rates, as opposed to their stellar masses.

By contrast, the local environment plays the leading role in the starburst fraction, as we show in Fig. 7. We plot
the starburst fractions for the dwarf galaxies in bins of massive galaxy proximity dassive and tidal index ©; in the left
and right panels, respectively. Here we find that starbursts at the threshold of A log(sSFR/yr~!) > 1 are restricted to
satellite dwarfs, and that there are no starbursts among the field dwarfs. The starburst fraction is ~ 0.3% in the bins
closest to the massive hosts of the satellite dwarfs. This shows that the environmental processes necessary for driving
an LMC/SMC analog into a starburst are absent in the low-density environment away from the massive galaxies. We
already saw from the sSFR-M, plot in the central panel of Fig. 3 that most of our field dwarf sample lies along the
SFMS and within £1 dex of it. This further shows that the field dwarfs are isolated from the environmental processes
of the massive galaxies that drive the extremes of states of star-formation, either being quenched or experiencing a
starburst.

We continue our investigation into environment and star-formation in the field dwarfs by focusing on the field dwarfs
and its three sub-samples. In Fig. 8, we analyze the distributions of our field sample in the density estimator spaces
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F1c. 8.— The distributions of the field dwarf sample in dpmassive —10g(1+95) (left) and ©1 —log(1l + d5) (right) spaces. log(1l+ ds5) is the
fiducial density estimator (the overdensity parameter) and we find that this sample corresponds to log(1 + d5) < 2. The primary dwarfs
(circles) and secondary dwarfs (diamonds) and backsplash dwarfs (closed sqaures) are colored according to their sSSFR deviation from the
SFMS, with bluer colors indicating active star-formation as opposed to saturated red color implying a quenched state. The backlsplash
dwarfs are found in relatively high density environments (dmassive < 1.5Mpc; ©1 > 0) and are quenched while the primaries and secondaries
are more isolated and show ongoing star-formation. In the lower panel we plot the cumulative fractions of star-forming and quenched field
dwarfs, respectively, with blue and red lines, respectively.

where we have the overdensity parameter log(1 + J5) along the vertical axes and dpassive and ©; along the horizontal
axes of the left and right columns, respectively. Each point in the distributions is colored according to the deviation
of sSFR from the SFMS in the range of —1 < A(logsSFR) < 0 to visually depict the gradient in sSFR between the
SFMS and the quenching threshold, corresponding to the blue and red ends of the colormap normalization. At the
top, we show the histograms for the distributions of dyassive and ©1 for the three classes of field dwarfs in this work —
primaries, secondaries and backsplash. In the lower panel, we plot the cumulative fractions for the star-forming and
quenched field dwarfs in blue and red, respectively.

We showed earlier, in the right panel of Fig. 4, that field dwarfs occupy the range —2 < log(1 4 d5) < 2. From the
two panels of Fig. 8, we find that this compares to a range 0.2 Mpc < dpassive < 10 Mpc and 3.00 > ©; > —2.39, with
median values of 1.69 Mpc and 0.25, respectively. About 92% of the field dwarfs are star-forming and 8% are quenched.
The quenched backsplash and primary dwarfs mainly occupy overdensities of 1 < log(1 + d5) < 2 and constitutes the
feature in the lower-right panel of Fig. 4 corresponding to host masses log(Mago/Mg) < 10. This roughly corresponds
to the dpassive < 1.5 Mpc and ©1 > 0 regions of the estimator spaces. According to the cumulative fractions, these
regions contain 91% and 93% of the quenched dwarfs in the sample, respectively. On the other hand, the field dwarf
selections with dpassive > 1.5 Mpc and ©; < 0 are predominantly star-forming primaries, with only ~ 1% being
quenched in both cases. These estimates are robust to the definition of the field, as we discover in Appendix B.
Nonetheless, we find that by defining the dwarfs outside the virial volume of the massive hosts as the field sample
(as in Appendix B, and as opposed to our FoF group-based definition for our fiducial field sample) leads to greater
diversity in the density estimators for dyassive < 1.5 Mpc and ©7 > 0.

Nonetheless, it stands out that while the field dwarfs are in majority star-forming and shaped by their local environ-
ment, the gradient in the large-scale environmental density has a non-negligible effect on star formation. This is best
seen in the uppermost and lowermost panels of Fig. 8. The distributions of the three sub-samples and the cumulative
distributions of the star-forming and quenched dwarfs are shown here. The backsplash and secondary dwarfs have
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Fi1c. 9.— The cumulative star-formation histories (SFH) of the three sub-samples of field dwarfs — primaries (top left), secondaries (top
center) and backsplash dwarfs (top right). The solid lines are median of the distributions whereas the upper and lower black dashed lines

represent the 25" and 75" percentiles, respectively. The mean and standard deviation of the epochs 7509 and Tgg in units of Gyr for each
sub-sample (see Table 1)) are plotted with the green and yellow vertical bands respectively. The epochs 750 (center row) and 9o (bottom
row) for the full sample of field dwarfs are plotted against their density estimators dmassive (left column)and ©1 (right column). The
primary dwarfs (circles) and secondary dwarfs (diamonds) and backsplash dwarfs (closed sqaures) are colored according to their offset from
the SFMS. The red and blue profiles show the medians of 750 and 79g for the quenched and star-forming dwarfs in bins of the estimators.
The backsplash dwarfs have larger 750 and 19g by virtue of them being quenched earlier.

similar distributions in djassive and ©1 regardless of their star-formation. On the other hand, the primary dwarfs that
are star-forming and quenched have distributions similar to the secondary and backsplash dwarfs, respectively. This
shows that while the overall populations of primaries and secondaries are similar in terms of star-formation, the subset
of quenched primaries have properties that are similar to the backsplash dwarfs in the regions with dyassive < 1.5 Mpc

and ©; > 0.

4.4. Star-formation Histories
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Class QF (%) [ 750 (Gyr) | 190 (Gyr)

Primaries 2.2 52+ 1.7 [ 1.1 £ 09

Secondaries 4.9 49+ 1.8 | 1.0 £ 0.9

Backsplash 82.4 84+20 | 54+24

Star-forming 0 51+£16 [ 1.0 18

Quenched 100 88+ 19 | 56 19
TABLE 1

QUENCHED FRACTIONS AND THE MEAN AND STANDARD DEVIATION ESTIMATES FOR THE STAR-FORMATION EPOCHS T50 AND 799 FOR THE
DIFFERENT CLASSES OF FIELD DWARF SUBHALOS.

We study the star-formation histories of the three sub-samples of dwarfs and study its variation across large-scale
environment. We compute the cumulative star-formation histories (SFH) by following the formalism of Joshi et al.
(2021). We take the scale-factor of when the star particle was formed, convert this to a lookback time, and compute
the histogram of this time weighted by the masses of the star particles. From the SFHs, we also derive the lookback
times by which these dwarf galaxies assembled 50% and 90% of their present day stellar mass, which are 750 and 79
respectively (Weisz et al. 2015; Joshi et al. 2021; Christensen et al. 2024). In Table 1, we list the summary statistics
for these estimates for each field dwarf sub-sample as well as those that are star-forming and quenched.

The cumulative normalized histograms indicative of the SFH for the three classes of field dwarfs are plotted as a
function for lookback times in the topmost panel of Fig. 9, where each line is coded by the offset from SFMS in the
range of —1 < A log(sSFR/yr~!) < 0. The solid black lines are medians of the curves, whereas the upper and lower
black dashed lines represent the 25" and 75" percentiles of the curves, respectively. In the same panel, we plot the
mean and standard deviation of the epochs 759 and 19 for each sub-sample of field dwarfs with the green and yellow
vertical bands, respectively. We explore the dependence of these timescales on the large-scale environment by plotting
Ts0 and Tgg against density estimators dpassive and ©7 in the center and lowermost panels of Fig. 9. Once again, the
points are colored according to the sSFR offset from the SFMS. In the same plots, we also show with the red and blue
lines the medians of 753 and 79g for the quenched and star-forming dwarfs that are evaluated in bins of the estimators.
We find that there is little environmental dependence on the medians of 759 and 79¢ for the star-forming dwarfs and
the quenched dwarfs residing in the denser region. However around dpassive ~ 1.5 Mpc and ©7 ~ 0, the quenched
dwarf abundance diminishes and with it their medians approach those of their star-forming counterparts, which shows
the large-scale environment modulating the quenched dwarfs’ SFHs at these scales.

We find by inspecting the cumulative SFHs that the primaries and secondaries are mostly star-forming with compa-
rable estimates of 750 ~ 5 Gyr and 799 ~ 1 Gyr, and quenched fractions of 2.2% and 4.9% respectively. The quenched
dwarfs that make up 8% of the field sample mainly dwell in dpassive < 1.5 Mpc and ©1 > 0, and show earlier epochs of
Ts0 ~ 8 Gyr and 199 ~ 5 Gyr. The quenched dwarfs are mainly made up of the backsplash and some primary dwarfs,
with the backsplash dwarfs being largely quiescent with an overall 84% quenched fraction. Although both secondaries
and backsplash dwarfs have been heavily tidally stripped (see Sec. 4.1), it is interesting to note that only the latter
are quenched while the secondaries are mainly star-forming.

The median 759 and 79y is found to be independent on the large-scale environment for the star-forming dwarfs
whereas for the quenched dwarfs there is a weak dependence. This is connected to the fact that the 92% of the
overall field sample is star-forming there is a higher quenched fraction in the denser environments (dpassive < 1.5
Mpc and ©; > 0). Here we also find a greater dispersion of 799 compared to that of 759 between the quenched and
star-forming populations here. This follows our results from Sec. 4.3 and 4.2, that the quenched dwarfs that live in
the denser environment have been processed by their large-scale environment. The median epochs for the quenched
dwarfs approach those of their star-forming dwarfs at dpyassive > 1.5 Mpc and ©7 < 0. Our result is relevant to Fig.
14 of Christensen et al. (2024) where the mean 79 is seen to increase with decreasing distance to a massive neighbor.
However their result pertains to dwarfs with masses down to log(M../Mg) = 6, in the regime where they are quenched
more often and earlier. Furthermore, their trend arises from all the dwarfs, whereas we separate them as quenched
and star-forming. These caveats aside we note that the quenched fraction and star-formation timescales of the field
dwarfs in both studies show a weak dependence on large-scale environment.

4.5. Galactic Conformity

The preceding work aimed at studying the connection between star-formation in field dwarfs and their large-scale
environment, directs us to investigate the presence of two-halo conformity in this sample. This will be measurable
as a higher quenched fraction for the field dwarfs located in proximity to the quenched massive galaxies (Kauffmann
et al. 2013; Olsen & Gawiser 2023). Following the exercise in Sec. 4.3, we plot the quenched fraction in bins of the
density estimators dyassive or ©1 for the field dwarfs, for two cases based on the state of the proximal massive galaxy
as either star-forming or quenched. The massive galaxy is the nearest neighbor and the Main Disturber that is used to
determine the dpassive Or ©1 correspondingly. The result is shown in the upper panel of Fig. 10, with the red and blue
points along with their shaded regions being bootstrap estimates of the quenched fraction of field dwarfs around the
quenched and star-forming massive galaxies, respectively. Noticeably for the dyassive estimator, the quenched fraction
around the quenched massive host is larger at small dyassive and significant given the uncertainties. This shows the
strong clustering of quenched galaxies that is a signature of the two-halo galactic conformity. For the ©; estimator,
the same effect is weaker but still present.

We investigate this effect further by removing the backsplash dwarfs from the field dwarf sample, and again measure
the quenched fraction as functions of the density estimators. We find that the two-halo galactic conformity to be
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F1G. 10.— The quenched fraction for the field dwarf sample simulated in the TNG50 box as a function of the density estimators — left:
the distance to the nearest massive galaxy dmassive, 72ght: the tidal index ©1. All the axes have been orientated such that the density of
the large-scale environment decreases from left to right. The red and blue profiles represent the field dwarfs selected around quenched and
star-forming massive galaxies, respectively. While in the upper left panel we find the effect of two-halo galactic conformity, when we remove
the backsplash dwarfs from our sample the difference in the quenched fractions is removed in the lower left panel. The dashed vertical lines
show the limits dpyassive = 1.5 Mpc and ©1 = 0, respectively.

diminished and not significant given the uncertainties, especially if we characterize the large-scale environment by
dinassive- For both estimators, the magnitude of the quenched fraction is reduced by ~ 50 — 70% upon removing
the contribution from the backsplash dwarfs, but still increases for small dyassive and large ©1. These results, while
highlighting the importance of the two-halo galactic conformity at the scales of dpassive S 1 Mpe, also show that they
are mainly driven by the backsplash dwarfs. However, additional environmental processes are needed to explain the
non-zero quenched fraction of the non-backsplash field dwarfs at these scales. In Appendix B, we find that the two-halo
galactic conformity and its relation with the backsplash galaxies, persists even with a broader sample of field dwarfs,
showing the robustness of our result.

5. DISCUSSION

In this study, we have investigated the low quenched fractions of LMC/SMC analogs, particularly looking at the
role played by their host halos and their large-scale environment. We isolate a sample of dwarf galaxies in the field of
the TNG50 simulation, characterize their environment and star-formation, and study the connection between the two.
In this section, we highlight our results and relate these with the contemporary understanding of such systems in the
literature.

5.1. Field Dwarfs and their Large-scale Environments

To understand the large-scale environments of the halos hosting dwarfs with stellar masses 7.5 < log(M./Mg) < 9.5
we find that dwarfs with hosts having, 9 < log(Mago/My) < 11.5, are LMC/SMC analogs in the field of the TNG50
simulation volume as shown by the values of the overdensity parameter of log(1 + d5) < 2 (see Fig. 4). This sample
still possesses a considerable ~ 2 dex diversity in log(1 + J5), ranging from the filaments to the voids of the simulation
box.

The biggest difference in star-formation properties is between the field dwarfs and their satellite counterparts inside
hosts having, log(Mago/Mg) > 11.5. We find that the field dwarf sample is largely star-forming, with an overall
quenched fraction of 8% (see Fig. 3 and 6). Intriguingly, we do not find starbursts in the field (see Fig. 7). This is in
contrast to the satellite dwarfs of massive galaxies, which have a higher quenched fraction of 2 50% and also account
for all dwarf galaxies undergoing starbursts.

These trends also depend strongly on stellar mass and the density estimators for the satellites, as opposed to their
field counterparts. This shows that, compared to the satellite dwarfs in the denser environments, the field dwarfs have
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less diversity in their sSFR with respect to their low-density environment (Christensen et al. 2024). This is seen in

Fig. 3, where the field dwarfs essentially lie along the SFMS in the sSFR-M, space with sSFR ~ 0.1 Gyr™!, whereas
they are few in the extremes of star-formation, characterized by sSFR > F1 dex of the SFMS. Quenched and starburst
dwarfs are to be mainly found in the environment around massive galaxies in clusters and groups, with the quenched
fractions increasing with decreasing distances toward their centers.

Previous authors have attempted to disentangle the causes of quenching as being tied to either halo-scale environment
or stellar mass (Peng et al. 2010; Kovac et al. 2014). However, in this study, the selection of the field dwarfs is driven by
their host mass My, as seen in Fig. 4. This shows that while the halo mass is the primary driver (Zu & Mandelbaum
2016, 2018), their large-scale environment matters too (Muldrew et al. 2012; Haas et al. 2012; Woo et al. 2013) in
modulating their star-formation.

Another crucial insight that we get is by placing the two density estimators on an equal footing and comparing
them. While dyassive is relatively easy to measure from the positions of neighboring galaxies, the measurement of ©4
explicitly requires the dynamical mass for the neighbors as well, which is calculated from their luminosities by assuming
a mass-to-light ratio. Nonetheless, © traces the mass distribution and thereby the potential of the large-scale matter
distribution better than dyassive- This results in ©1 having greater contrast in the density variations in regions with
01 > 0 and dpassive < 1.5 Mpc. This is why, although the distributions in Fig. 8, 9 and 10 look similar between
dmassive and ©1, they are not exactly the same.

This divergence aside, there is a notable similarity between these two estimators, as they well select samples of field
galaxies that are isolated and star-forming. We find that the field dwarf sample that resides in low-density environments
of dpassive > 1.5 Mpc and ©1 < 0 both have an overall quenched fraction of about 1%. This agreement is remarkable
since the estimators have different motivations (Geha et al. 2012; Karachentsev et al. 2013). Nonetheless, we find that
8% of the field dwarf sample is quenched. Dickey et al. (2021) studied the quenched fractions of isolated galaxies down
to log(M./Mg) = 8 further using the EAGLE, TNG100, and SIMBA simulations and found reasonable agreement
with measurements from the SDSS survey.

Our quenched sample mainly consists of the backsplash dwarfs, along with some primaries and secondaries in dwarf
associations. The large-scale environments corresponding to dyassive < 1.5 Mpc and ©7 > 0 contain 88% and 92%
of the quenched field dwarfs. This also corresponds to overdensities of 1 < log(1l 4 d5) < 2, and here the primaries
are subject to the gravitational influence of massive galaxies, even though they are well outside their virial radius
(Bahé et al. 2013; Diemer 2021; Bhattacharyya et al. 2024). Such environments are greatly relevant for the survey of
quenched LMC/SMC analogs. We continue the discussion on these objects in the following section.

5.2. Backsplash € Quenched Primary Dwarfs

The fraction of the field dwarfs that are quenched in the neighborhood of massive galaxies show some significant
attributes that we discuss here. For example, in Fig. 5, we find that the quenched backsplash dwarfs have stellar masses
spanning the full range 7.5 < log(M.,/Mg) < 9.5, while the quenched primaries are of lower mass 7.5 < log(M./Mg) <
8.0. This connects with the finding of Wheeler et al. (2014); Weisz et al. (2015); Phillips et al. (2015); Geha et al.
(2024) that galaxies with log(M./Mg) 2 8 are difficult to quench environmentally. The scale of log(M./Mg) ~ 8 is
critical, as demonstrated by Simpson et al. (2018); Akins et al. (2021); Pan et al. (2023), because dwarfs less massive
than this are prone to be quenched faster by environmental processes. At the mass scales of our dwarf sample, AGN
feedback is not significant in removing their gas (Donnari et al. 2021b). Rather, stellar-feedback-driven outflows in the
dwarfs are easier to ram-pressure strip than their interstellar medium (Garling et al. 2024). The mass-loading factor
rises dramatically as a function of decreasing stellar mass, which makes dwarfs with log(M.,/Mg) < 8 easy to quench.

We also find that the halos of these dwarfs have been subject to tidal-stripping in the leftmost panel of Fig. 5. For
a more massive backsplash sample with 9.7 < log(M./Mg) < 10.5, Wetzel et al. (2014) show that, on average, halo
mass is reduced compared to non-backplash centrals, primarily due to tidal stripping inside the massive halo (Knebe
et al. 2011). Furthermore, Borrow et al. (2023) show that this affects the density profiles of the backsplash dwarfs.
Probing the weak-lensing profiles of these backsplash dwarfs is a way to investigate the extent of tidal stripping on
their halos. This can ultimately be used to reduce the scatter in the SHMR at scales of log(Mgyn/Mg) < 10 (Munshi
et al. 2021; Christensen et al. 2024).

The neighboring massive galaxies of the quenched backsplash dwarfs in Fig. 11 are mostly located in the cluster-scale
halos with log(Mago/Mg) 2 13. This is complementary to the findings of Wetzel et al. (2014), that backsplash galaxies
with log(M./Mg) ~ 9 make up ~ 50% of the centrals outside cluster-scale halos as massive as this. Upon closely
inspecting the backsplash systems in Fig. 2, we find that the median lookback time for the last pericentric passages
is 3.6 Gyr, which is later than the average 199 = 5.4 Gyr for the same systems. The dynamical times imply that the
backsplash dwarfs have already experienced starvation and ram pressure (Simpson et al. 2018; Garling et al. 2024),
while on infall or previous pericentric passages (Fujita 2004; Roberts & Parker 2017; Donnari et al. 2021b). All these
processes serve to deplete backsplash galaxies’ gas reservoirs, as shown by 81% of their population having < 10% gas
fractions in Fig. 5.

The environments outside the virial radius of a massive halo can play a role in quenching (Benitez-Llambay et al.
2013; Bahé et al. 2013), for example, the filaments in the cosmic web (Aragon Calvo et al. 2019; Pasha et al. 2022).
Hasan et al. (2023) showed that stripping of cold gas out to ~ 1 Mpc from nodes and filaments in the cosmic-web
contributes to the suppression of sSFR of dwarfs with 8 < log(M./Mg) < 9 in TNG100. In a subsequent work
Benavides et al. (2025) have also shown that in the same stellar mass range of TNG50, the quenched primaries are
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subject to stripping while crossing the filaments and sheets in the cosmic-web. These examples of quenched field dwarfs
both in our and contemporary works follow the trend of brighter centrals (Hirschmann et al. 2014; Wetzel et al. 2014;
Ayromlou et al. 2021), that are environmentally quenched yet are found up to a few Mpc from massive galaxies.

This further manifests as the two-halo galactic conformity, wherein the measurements of clustering and star-formation
rates of galaxies are found to be correlated. Observations and simulations (Wetzel et al. 2014; Tinker et al. 2018;
Lacerna et al. 2022; Wang et al. 2023; Ayromlou et al. 2023) show that the conformity effect is found among massive
galaxies in the field, and is a result of quenched backsplash and primary galaxies in the vicinity of massive host halos.
In Sec. 4.5, we show that the backsplash dwarfs can explain most, if not all, of the two-halo galactic conformity
effect for the relevant stellar mass scales. This is because the backsplash dwarfs are largely located near the cluster-
scale halos with log(Mago/Me) > 13 that tend to be assembled earlier and also host quenched massive galaxies. A
residual quenching signal still persists, and is likely from the primaries that have been quenched by other environmental
processes (Benavides et al. 2025).

Our study also highlights that star-formation among the field dwarfs is modulated by the large-scale structure in
the simulation rather than an individual halo of a massive galaxy. The most massive cluster in the TNG50 box has
log(Mapo/Mg) = 14.26, corresponding to which the the virial radius is Ragg = 1.20 Mpec, and the splashback radius
(More et al. 2015) is Ry, = 1.41 Mpc ! We also read from the right panel of Fig. 2 that for this cluster, the backsplash
dwarf with the largest cluster-centric distance is 2.26 Mpc. It is to be noted that this is larger than not only the virial
radius, but also the splashback radius for the cluster. In all, we find that the large-scale environments of massive halos
contribute to the isolation criteria dyassive > 1.5 Mpc, as opposed to it being determined by their individual virial radii
(Wheeler et al. 2014). This needs to be investigated further, but there is only a single cluster with log(Mapo/Mg) > 14
in TNG50. With a larger simulation box at a finer mass resolution, a large number of backsplash galaxies may be
sampled, and therefore the extent of a massive halo’s influence on the isolation threshold can be investigated.

5.3. Dwarf Associations

Our study quantifies the incidence of secondaries alongside the primaries in the range of masses 7.5 < log(M,/Mg) <
9.5. Such groups of dwarfs that are gravitationally bound have been found in the local universe (Tully et al. 2002;
Pearson et al. 2016; Stierwalt et al. 2017). Of these we find that 317 are pairs, 45 are triples and 5 have more than
three dwarfs. It should be noted that we are only able to resolve down to log(M.,/Mg) = 7.5. However, if we were to
resolve below this limit, we expect to find more substructure in the dwarf groups. Dooley et al. (2017) show that 1-6
companions with log(M./Mg) > 5 for LMC sized dwarf can be expected.

Understanding the evolution of dwarfs in associations in the field is of importance given their role in the assembly of
massive galaxies (D’Onghia & Lake 2008; Samuel et al. 2023). For example, we understand that the LMC/SMC group
has, after its infall, contributed to the satellite population of MW (Deason et al. 2015; Nadler et al. 2020; Patel et al.
2020; Erkal & Belokurov 2020; Pace et al. 2022). Compact groups of dwarfs have been studied in the simulations of
Small MultiDark Planck by Yaryura et al. (2023) and TNG50 in Flores-Freitas et al. (2024). Furthermore, TiNy Titans
(Stierwalt et al. 2015), DELVE (Drlica-Wagner et al. 2021), MADCASH (Carlin et al. 2016), and LBT-SONG (Davis
et al. 2021, 2024; Garling et al. 2021) have surveyed such systems in the Local Volume. Investigating these systems
will lead to a better understanding of their contribution to the hierarchical assembly of the large-scale structure of the
universe, and possibly CDM constraints on the smallest scales (Nadler et al. 2024).

We do find from Fig. 8 and 9 that the distributions of the density estimators, as well as the cumulative SFH, are
comparable between the secondaries and primaries. While this shows that the effect of quenching due to the primaries
is minimal for secondaries with log(M./Mg) > 7.5, there is evidence in the literature of quenching mediated by
dwarf-dwarf interactions (e.g., Stierwalt et al. 2015; Pearson et al. 2016; Garling et al. 2020, 2021; Kado-Fong et al.
2024; Carlin et al. 2021). However, doing a thorough analysis of this for the dwarfs in TNG50 simulation is proposed
as a future work.

We do find a divergence in the properties of the secondaries in Fig. 5. We find that these systems are, by and large,
star-forming, showing that the tidal stripping of the dark matter has neither affected star-formation nor significantly
reduced their gas-fractions. Jahn et al. (2022) find tidal structures around satellites with 6 < log(M./Mg) < 7 in
simulated LMC-mass groups. There have been observations of tidal structures in LMC/SMC analogs as well (Martinez-
Delgado et al. 2012; Carlin et al. 2019). With a large enough sample of such tidally stripped satellites of LMC analogs,
weak lensing can be used to investigate their dark matter distribution better, e.g., with the star-forming dwarf sample
of Merian (Luo et al. 2024) and Dark Energy Survey (Thornton et al. 2023), and constrain the galaxy-halo connection
at these mass scales (Read et al. 2017; Munshi et al. 2021; Christensen et al. 2024).

6. CONCLUSION
In this work, we focus on dwarf galaxies in the simulated volume of the TNG50 simulation of the IlustrisTNG project
with stellar masses 7.5 < log(M./Mg) < 9.5 and are analogous to the LMC/SMC galaxies. We study star-formation

in field dwarfs and show their connection to their large-scale environment. We then study the star-formation of these
dwarfs.

e The dwarfs which have low host halo mass 9 < log(Maz00/Mg) < 11.5, mainly exist in the field of the simulation
volume, within overdensities of log(1 + d5) < 2 (see Fig. 4). This is in contrast to the satellite dwarfs occupying
the dense environments up to log(1+ds) ~ 6 near group- and cluster-scale hosts of masses log(Mago/Mg) > 11.5.

! The splashback radius has been calculated using Eq. 7 of More et al. (2015) aided by the COLOSSUS package (Diemer 2018).
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e Nonetheless, there is still great diversity among the large-scale environment of the field dwarfs. At fixed envi-
ronmental density, the field population is less quenched compared to the satellite dwarfs. The phenomenon of
starbursts is absent in the field dwarfs and only take place in the satellites dwarfs within massive hosts.

e The extremes of star-formation, i.e., sSSFR> +1 dex of the star-forming main sequence, is mainly restricted to
environments with dpassive < 1.5 Mpc (Geha et al. 2012) and ©; > 0, containing 88% and 92% of the quenched
field dwarfs, respectively. These are mostly backsplash galaxies, with a fraction of primary dwarfs that have been
processed in the denser environments near the massive galaxies.

e In particular, those dwarfs at dyassive > 1.5 Mpc and ©1 < 0 are well isolated, and there is little to no environ-
mental trend in their sSFR that coincides with the star-forming main sequence at ~ 0.1 Gyr~!. This population
of field dwarfs is composed of primaries and secondaries, only ~ 1% of which are quenched.

e The quenched population is largely made up of backsplash dwarfs that have previously interacted with cluster-
scale host halos of log(Mapo/Mg) 2 13, as we show in Fig. 11. There is also a small number of quenched
primaries that is in proximity to less massive host halos with 11.5 < log(Mago/Mg) < 13.

e This quenched population is also responsible for a two-halo conformity signal at the scales of dpassive < 1.5 Mpc
(see Fig. 10), which is primarily driven by the backsplash dwarfs.

e The backsplash and secondary dwarfs are deficient in dark matter, with lower Mgy, at fixed M, and M,
compared to the isolated primary dwarfs in Fig. 5. This is a signature of tidal stripping due to the neighboring
massive galaxies and dwarf primaries, respectively. While the backsplash dwarfs are found to be gas-poor and
quenched, the secondaries are gas-rich and still forming stars.

To summarize, this study connects the star-formation in the field dwarfs in TNG50 with the local and large-scale
environments that they belong to. This is expedient as we realize the importance of the LMC/SMC galaxies in the
evolution of the MW, and with the growing focus on massive dwarf galaxies in observational work. This has led to
an emphasis to observe such systems and their substructure in the Local Volume, e.g. with DELVE, MADCASH, and
LBT-SONG. Weak lensing studies of these dwarfs will enable mass measurement of their dark matter halos (Thornton
et al. 2023; Luo et al. 2024), which will lead to a better description of their local and large-scale environments. The
measurements will further test the connection between star-formation and environment as highlighted in this work.
Furthermore, we will benefit from a higher resolution simulation in a larger cosmological volume. To get a wider
view on environmental quenching of dwarfs, the simulation should capture star formation reliably in smaller dwarfs
at log(M,/Mg) < 7.5, as well as containing a sufficient number of massive clusters at log(Mago/Mg) > 14. This will
also enable us to model the abundances, orbits and star-formation histories of a larger number of backsplash dwarfs.
Finally, the theoretical expectations can be tested with the datasets arising from the surveys of the current generation,
including DESI (Darragh-Ford et al. 2023) and LSST (LSST Science Collaboration et al. 2009). These will provide a
better understanding of the connection among dwarf galaxies, their star-formation, and environment.
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APPENDIX
EFFECT OF MASSIVE HOST HALOS

Having identified the quenched population of backsplash and primary dwarfs in the denser environment, we inves-
tigate the masses of their neighboring massive galaxies here. In Fig. 11, we plot the histograms for host halo masses
log(Mago /M) of the nearest massive galaxy and the Main Disturber that determined the calculation of dpassive and
O1, respectively. This is done for two cases—ones of the quenched field dwarfs and the star-forming field dwarfs,
respectively, that are shown in the upper and lower panels of the figure, respectively. These histograms in the two
instances are normalized by the total number of quenched and star-forming dwarfs in the field, respectively. We show
the histograms for the classes of primaries, backsplash, and secondaries shown using the solid, dashed, and dotted
lines, respectively.

Among the quenched field dwarfs, we had earlier seen that these were mainly backsplash with a few primaries that
are located at dpyagsive < 1.5 Mpc and ©7 > 0. From the histograms in the upper panel of Fig. 11, we read that
the most of the backsplash dwarfs are found near the cluster-scale massive hosts with log(Mago/Mg) 2 13. However,
the corresponding distributions for the primaries and secondaries do not show any notable trend except for them
being suppressed in two of the highest mass bins. In the lower panel, we find that among the star-forming dwarfs,
the primaries which are most numerous here have increasing abundance with decreasing neighboring host mass across
11.5 < log(Mago/Mg) < 13. Meanwhile, the star-forming secondary and backsplash dwarfs are significantly smaller
in population compared to the primaries.

A BROADER DEFINITION OF THE ‘FIELD’

Throughout this work, we have used a sample of field dwarf galaxies that reside in SUBFIND-assigned FoF groups
with halo masses 9 < log(Mago/Me) < 11.5. This is demonstrated in Fig. 4, wherein we find that with this sample,
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F1G. 11.— Histograms of the host halo mass log(Mago/M@) of the field dwarfs’ neighboring Nearest Massive galaxy (left column) and the
Main Disturber (right column). The upper row shows only the quenched field dwarfs and the lower row shows the star-forming field dwarfs.
These are normalized by the total quenched and star-forming dwarfs, respectively. The primaries, backsplash dwarfs, and secondaries
are represented using solid, dashed and dotted lines, respectively. Among the quenched dwarfs, the backsplash galaxies are prevalent as
neighbors of cluster-scale hosts with log(Ma2go/Me) 2 13. On the other hand, the star-forming field dwarfs are found to be associated
with the group-scale hosts with 11.5 < log(Mao0/Mp) < 13.

we are selecting a clean sample of dwarfs in the low-density environment of TNG50. However, there also exists an
alternative definition of the field, that considers galaxies which are beyond a certain distance from a massive galaxy
to be in the field. The virial radius Rsgp is commonly used as a metric of the extent of a massive galaxy, and thereby
this is used to demarcate the field galaxies from the satellite galaxies around it in both simulations and observations
alike (e.g. Garrison-Kimmel et al. 2014; Geha et al. 2017; Carlsten et al. 2022; Engler et al. 2023).

Here, we present versions of the plots in the main text for an extended sample of field dwarf galaxies. This sample
consists of the fiducial sample, supplemented with dwarf galaxies that reside in SUBFIND-assigned hosts with masses
log(Mapo/Me) > 11.5 yet are beyond their virial radius at distances d > Rggp from the centers of their hosts. For a
backsplash dwarf, d/Rag corresponds to the z = 0 distance to the center of the massive halo inside which it completed
its pericentric passage, normalized with respect to the Rygg of the same halo. With this prescription, we add 1437
dwarfs to the fiducial sample of size 5843. This addition includes 882 backsplash and 555 primary dwarfs that represent
almost two-fold and 11% increase in the size of the sub-samples respectively. However, we were unable to discern if
these primaries were satellites of a massive galaxies but SUBFIND does not provide this information. In Fig. 12, we
show the distributions of this sample in versions of Fig. 1 and 4. The added population of dwarfs are situated beyond
the virial volume of the massive halos with log(Mag0/Me) > 11.5, and occupy the denser large-scale environments of
the box with log(1 + d5) ~ 2.

We find it noteworthy that upon extending our field sample to include the denser regions in proximity to the massive
halos, we add a sample of dwarfs of which about 60% are backsplash galaxies. The radial distributions of these galaxies
are depicted in Fig. 13. The additional systems are dominantly at low d/Rago, and we add relatively more for low
host masses than for higher host masses. In all, we notice that among all the backsplash dwarfs in the simulation,
we select a fraction, i.e., 30% of them in the fiducial sample. Since we determine the fiducial sample using their halo
mass, only those backsplash galaxies which are in relatively under-dense regions are assigned their own FoF groups
by SUBFIND, enter into our sample. In contrast, those backsplash systems that are in the relatively dense regions
around the massive hosts with halo masses of log(Mago/Mg) ~ 12 — 13 are assigned as the latter’s subhalos. We leave
a detailed investigation of these systems, that account for the full sample of the backsplash galaxies across all halos in
different large-scale environments in TNG50, for a future work.

In Fig. 14, we find that the extended field sample has a large scatter in the high-density regions of the parameter
space, mainly in terms of the overdensity parameter, which is now spread over —1.43 < log(1 4 d5) < 6.39, with a
median of 0.8. With the inclusion of the backsplash and infalling dwarfs with d/Ragp > 1 in the massive halo, the
overall quenched fraction also increases to 17% as opposed to 8% for the fiducial sample. However, 97% of quenched
dwarfs are situated at dyassive < 1.5 Mpc and ©1 > 0. Of the dwarfs with dassive > 1.5 Mpc and 01 < 0, only 1% are
quenched. This is in close agreement with the relevant estimates from the fiducial sample, and shows that our results
are robust to the definition of the field dwarf sample. In Fig. 15, we show the host mass distributions for the neighbors
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Fia. 12.— Left: An iteration of the Fig. 1 scatter plot showing the stellar mass M, vs. the host virial mass Magg for all the galaxies
in the box of TNG50. We depict the extended sample of field dwarf galaxy using the points with edges. Right: An iteration of Fig. 4,
showing the galaxies in Magp — log(1 + d5) space, where the vertical solid line defines the limit log(Ma2p0/Me) = 11.5 used to define the
fiducial field dwarf sample on its left, whereas the additional dwarfs in the extended sample are its right.
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Fic. 13.— A version of Fig. 2 that shows the radial distribution of backsplash dwarfs in the extended field sample, with present day
distances normalized with respect to the virial radius of the massive halo where it had its last pericentric passage (left) and present day
distances in units of Mpc (right). A total of 882 backsplash dwarfs have been added to our sample that reside outside the virial radius of
massive hosts with masses log(Mago/Mp) ~ 12 — 13.

of the extended field sample, which is comparable to Fig. 11, especially in the fact that the quenched backsplash and
primary dwarfs tend to be found around the cluster-mass hosts with log(Mago/Me) = 13.

The uppermost panel of Fig. 16 depicts the dependence of the quenched fractions on dpassive and ©1 further. We
find that in the densest regions, the quenched fraction increases to about 50% with the extension of the field dwarf
sample. Nonetheless, the influence of the local and large-scale environment on the quenched fraction that we inferred
from the fiducial sample in Fig. 6 remains the same. Furthermore, in the central and lower panels of Fig. 16, we
show how the two-halo conformity effect that we observed in Fig. 10 manifests in the extended field sample. We find
that the quenched fractions are higher near the quenched massive galaxies and vice-versa in the full sample. When
we remove the backsplash dwarfs from the sample, this trend is suppressed, showing that not only is the two-halo
conformity present, but also that it is driven largely by the backsplash systems.

This paper was built using the Open Journal of Astrophysics ATEX template. The OJA is a journal which provides
fast and easy peer review for new papers in the astro-ph section of the arXiv, making the reviewing process simpler
for authors and referees alike. Learn more at http://astro.theoj.org.
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Fic. 16.— Upper row: The quenched fraction for all the dwarf galaxies in the TNG50 box, the extended field and the satellite samples in
bins of dpmassive and ©1 that is to be compared to Fig. 6. Center row: The quenched fraction for the field dwarf sample in bins of dpassive
and ©1- left: the distance to the nearest massive galaxy dmassive, Ttght: the tidal index ©1, and is to be compared with 16. The red
and blue profiles respectively represent the field dwarfs selected around quenched and star-forming massive galaxies. While in the upper
left panel we find the effect of two-halo galactic conformity, when we remove the backsplash dwarfs from our sample the difference in the
quenched fractions is removed in the lower left panel.
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