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Abstract

The dwarf galaxies comparable to the LMC and SMC, with stellar masses 7.5 < log(M∗/M⊙) < 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
IllustrisTNG project across different environments, focusing on field dwarfs in host halos with virial
masses of 9 < log(M200/M⊙) < 11.5, in contrast to dwarf satellites in hosts with log(M200/M⊙) ≥
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 Λ Cold Dark Matter (ΛCDM). 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∗/M⊙) < 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∗/M⊙) ∼ 9 are quenched through gas depletion, and this occurs over long
timescales relative to galaxies with log(M∗/M⊙) ≲ 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∗/M⊙) < 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∗/M⊙) < 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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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 (sSFR=SFR/M∗) as a function of M∗ for all
dwarfs in the range 7.5 < log(M∗/M⊙) < 9.5. The points are colored according to the color scheme in Fig. 1. In order
to determine the SFMS, we calculate the median sSFR for dwarfs in 0.2 dex bins of log(M∗/M⊙), 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 M200. 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 + δ5), 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 dmassive and the tidal index Θ1 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 M200, 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∗/M⊙) ≥ 7.5, with their colors representing their host halo mass M200. The
red/orange points are the satellite dwarfs that reside in the cluster or group environments with log(M200/M⊙) > 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(M200/M⊙) < 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; Kovač et al. 2010; Peng et al. 2010; Woo et al. 2013) that is defined as:

(1 + δ5) =
18

4πn̄

1

(d5NN )3
. (1)

This is the density of the 6 galaxies contained within the distance to the 5th nearest neighbor D5NN of a galaxy,
contrasted to the mean number density of galaxies n̄ = 0.1 Mpc−3. For identifying the nearest neighbors and calculating
the mean density, we use all the galaxies with log(M∗/M⊙) ≥ 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(M200/M⊙) ∼ 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(M200/M⊙) < 11.5, we are essentially selecting them by their
large-scale environment corresponding to log(1 + δ5) ≲ 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 R200 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 < ∆(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
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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 M⋆, the log(Mdyn/M⊙) of the backsplash dwarfs is ≲ 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 Mgas against the total dynamical mass Mdyn. 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/M⊙) ∼ 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 Mdyn 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
fgas = Mgas/(Mgas + M⋆), against the dwarf mass Mdyn. 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(M200/M⊙) < 11.5
and log(M200/M⊙) > 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∗/M⊙) 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 ∆ log(sSFR/yr−1) < −1, and also the starburst fraction, which
we define as dwarfs with ∆ log(sSFR/yr−1) > 1. We count these systems in bins of the two large-scale environmental
density estimators dmassive and Θ1 in order to evaluate the quenched and starburst fractions, respectively. For dmassive,
we define logarithmically spaced bins between 0.15 Mpc and 15 Mpc, while for Θ1 we define linearly spaced bins
between 3 and -3. This choice of binning has been done to accommodate the large dynamic range of dmassive. In
Fig. 6, we plot the quenched fractions for the dwarf subhalos in bins of dmassive and Θ1 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∗/M⊙) < 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 dmassive < 1.5 Mpc and Θ1 > 0, but is still
reduced compared to the satellites.
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Class QF (%) τ50 (Gyr) τ90 (Gyr)
Primaries 2.2 5.2 ± 1.7 1.1 ± 0.9
Secondaries 4.9 4.9 ± 1.8 1.0 ± 0.9
Backsplash 82.4 8.4 ± 2.0 5.4 ± 2.4
Star-forming 0 5.1 ± 1.6 1.0 ± 1.8
Quenched 100 8.8 ± 1.9 5.6 ± 1.9

TABLE 1
Quenched fractions and the mean and standard deviation estimates for the star-formation epochs τ50 and τ90 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 τ50 and τ90
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 < ∆ log(sSFR/yr−1) < 0. The solid black lines are medians of the curves, whereas the upper and lower
black dashed lines represent the 25th and 75th percentiles of the curves, respectively. In the same panel, we plot the
mean and standard deviation of the epochs τ50 and τ90 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
τ50 and τ90 against density estimators dmassive and Θ1 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 τ50 and τ90 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 τ50 and τ90 for the star-forming dwarfs and
the quenched dwarfs residing in the denser region. However around dmassive ∼ 1.5 Mpc and Θ1 ∼ 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 τ50 ∼ 5 Gyr and τ90 ∼ 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 dmassive < 1.5 Mpc and Θ1 > 0, and show earlier epochs of
τ50 ∼ 8 Gyr and τ90 ∼ 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 τ50 and τ90 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 (dmassive < 1.5
Mpc and Θ1 > 0). Here we also find a greater dispersion of τ90 compared to that of τ50 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 dmassive > 1.5 Mpc and Θ1 < 0. Our result is relevant to Fig.
14 of Christensen et al. (2024) where the mean τ90 is seen to increase with decreasing distance to a massive neighbor.
However their result pertains to dwarfs with masses down to log(M∗/M⊙) = 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 dmassive or Θ1 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 dmassive or Θ1 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 dmassive estimator, the quenched fraction
around the quenched massive host is larger at small dmassive 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 Θ1 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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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−1, whereas
they are few in the extremes of star-formation, characterized by sSFR > ∓1 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; Kovač et al. 2014). However, in this study, the selection of the field dwarfs is driven by
their host mass M200, 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 dmassive is relatively easy to measure from the positions of neighboring galaxies, the measurement of Θ1

explicitly requires the dynamical mass for the neighbors as well, which is calculated from their luminosities by assuming
a mass-to-light ratio. Nonetheless, Θ1 traces the mass distribution and thereby the potential of the large-scale matter
distribution better than dmassive. This results in Θ1 having greater contrast in the density variations in regions with
Θ1 > 0 and dmassive < 1.5 Mpc. This is why, although the distributions in Fig. 8, 9 and 10 look similar between
dmassive and Θ1, 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 dmassive > 1.5 Mpc and Θ1 < 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∗/M⊙) = 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 dmassive < 1.5 Mpc and Θ1 > 0 contain 88% and 92%
of the quenched field dwarfs. This also corresponds to overdensities of 1 ≲ log(1 + δ5) ≲ 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∗/M⊙) < 9.5, while the quenched primaries are of lower mass 7.5 < log(M∗/M⊙) <
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∗/M⊙) ≳ 8 are difficult to quench environmentally. The scale of log(M∗/M⊙) ∼ 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∗/M⊙) ≲ 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∗/M⊙) < 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(Mdyn/M⊙) < 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(M200/M⊙) ≳ 13. This is complementary to the findings of Wetzel et al. (2014), that backsplash galaxies
with log(M∗/M⊙) ∼ 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 τ90 = 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 (Beńıtez-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∗/M⊙) < 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(M200/M⊙) > 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(M200/M⊙) = 14.26, corresponding to which the the virial radius is R200 = 1.20 Mpc, and the splashback radius
(More et al. 2015) is Rsp = 1.41 Mpc 1 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 dmassive > 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(M200/M⊙) > 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∗/M⊙) <
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∗/M⊙) = 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∗/M⊙) > 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∗/M⊙) ≥ 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∗/M⊙) < 7 in
simulated LMC-mass groups. There have been observations of tidal structures in LMC/SMC analogs as well (Mart́ınez-
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 IllustrisTNG project
with stellar masses 7.5 < log(M∗/M⊙) < 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.

• The dwarfs which have low host halo mass 9 < log(M200/M⊙) < 11.5, mainly exist in the field of the simulation
volume, within overdensities of log(1 + δ5) ≲ 2 (see Fig. 4). This is in contrast to the satellite dwarfs occupying
the dense environments up to log(1+δ5) ∼ 6 near group- and cluster-scale hosts of masses log(M200/M⊙) ≥ 11.5.

1 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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• 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.

• The extremes of star-formation, i.e., sSFR> ±1 dex of the star-forming main sequence, is mainly restricted to
environments with dmassive < 1.5 Mpc (Geha et al. 2012) and Θ1 > 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.

• In particular, those dwarfs at dmassive > 1.5 Mpc and Θ1 < 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−1. This population
of field dwarfs is composed of primaries and secondaries, only ∼ 1% of which are quenched.

• The quenched population is largely made up of backsplash dwarfs that have previously interacted with cluster-
scale host halos of log(M200/M⊙) ≳ 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(M200/M⊙) ≲ 13.

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

• The backsplash and secondary dwarfs are deficient in dark matter, with lower Mdyn at fixed M∗ and Mgas

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∗/M⊙) < 7.5, as well as containing a sufficient number of massive clusters at log(M200/M⊙) > 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(M200/M⊙) of the nearest massive galaxy and the Main Disturber that determined the calculation of dmassive and
Θ1, 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 dmassive < 1.5 Mpc and Θ1 > 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(M200/M⊙) ≳ 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(M200/M⊙) < 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(M200/M⊙) < 11.5. This is demonstrated in Fig. 4, wherein we find that with this sample,
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