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Abstract

Field dwarf galaxies not actively forming stars are relatively rare in the local Universe, but are present in
cosmological hydrodynamical simulations. We use the TNG50 simulation to investigate their origin and find that they
all result from environmental effects that have removed or reduced their gas content. Quenched field dwarfs consist of
either backsplash objects ejected from a massive host or of systems that have lost their gas after crossing overdense
regions such as filaments or sheets (“cosmic web stripping”). Quenched fractions rise steeply with decreasing stellar
mass, with quenched systems making up roughly ~15% of all field dwarfs (i.e., excluding satellites) with stellar
masses 107 < M, /M. < 10°. This fraction drops to only ~1% when a strict isolation criterion that requires no
neighbors with M, > 10° M, within 1.5 Mpc is applied. Of these isolated dwarfs, ~6% are backsplash, while the
other ~94% have been affected by the cosmic web. Backsplash systems are more deficient in dark matter, have
retained less or no gas, and have stopped forming stars earlier than cosmic web-stripped systems. The discovery of
deeply isolated dwarf galaxies that were quenched relatively recently would lend observational support to the
prediction that the cosmic web is capable of inducing the cessation of star formation in dwarfs.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Galaxy evolution (594); Field galaxies (533);

CrossMark

Galaxies (573)

1. Introduction

Dwarf galaxies (defined here as systems with M, < 10° M.,
or M, 2 —17) are an important laboratory for studying the
processes responsible for quenching star formation in galaxies.
Unlike massive galaxies, where quenching is believed to be
driven mainly by the feedback effect of central supermassive
black holes, halting star formation in dwarf galaxies is thought to
be due to feedback effects from their own stars, perhaps aided by
environmental effects. At the very faint end (i.e., M, < 10° M),
cosmic reionization is also thought to play a substantial role (see,
e.g., T. Okamoto & C. S. Frenk 2009; M. T. Busha et al. 2010;
M. Boylan-Kolchin et al. 2011; A. Benitez-Llambay et al. 2017;
A. Benitez-Llambay & C. Frenk 2020; M. Pereira-Wilson et al.
2023; and references therein).

An important constraint on these ideas comes from the
observation that essentially all field dwarfs (i.e., those that are
not satellites of a massive host) with 107 < M, /Mg, < 10° are
at present actively forming stars (M. Geha et al. 2012). This has
been taken to imply that quenching in dwarfs results from
environmental effects able to fully or partially remove their gas
content.

In this scenario, only dwarfs that have lost their gas through
ram pressure (J. E. Gunn & J. R. Gott 1972; M. G. Abadi et al.
1999) should be able to quench (see, e.g., M. Park et al. 2023).
Ram pressure is thus expected to affect only dwarf satellites;
i.e., objects that are found today within the virial radius of a
larger galaxy or galaxy system host. These hosts contain
enough gas in their own halos to exert significant ram-pressure
forces on the interstellar medium of the orbiting dwarf.
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Ram-pressure stripping may also be able to generate
quenched galaxies in the field through backsplash
(M. L. Balogh et al. 2000; G. A. Mamon et al. 2004).
Backsplash galaxies are, indeed, a population of objects that are
found today in the field but were in the past within the virial
radius of a massive host, before being ejected to larger
distances via gravitational interactions (see, e.g., L. V. Sales
et al. 2007; A. D. Ludlow et al. 2009; M. Teyssier et al. 2012).

Cosmological hydrodynamical simulations suggest a further
quenching mechanism for field dwarfs, driven by interactions
with the cosmic web, which may, under the right circumstances,
strip much of the gas content of a dwarf. This mechanism,
dubbed “cosmic web stripping” by A. Benitez-Llambay et al.
(2013), operates as low-mass halos travel at high speed through
the cosmic web and are affected by the ram pressure originating
from the diffuse gas in the sheets and filaments of the web. This
leads to the removal of low-density gas from a halo, reducing the
gas reservoir available to sustain star formation. Note that this
mechanism affects only the gas, and not the dark matter
component of a system, and that it is most effective in low-mass
halos, where gas is more weakly bound. Cosmic web stripping
can operate even in low-density environments, far from the virial
boundary of massive galaxies, and predicts the presence of a
(small) number of truly isolated quenched galaxies.

Evidence of the impact of large-scale structures on the gas
content of dwarf galaxies has also been explored in G. Herzog
et al. (2023), I. Pasha et al. (2023), and J. Samuel et al. (2023)
using cosmological simulations. These studies provide further
evidence for a scenario where the interaction of dwarf galaxies
with their gaseous environments can lead to the suppression of
star formation and to the creation of a population of quenched
dwarfs.

The environmental quenching mechanisms affecting field
dwarfs (i.e., backsplash and cosmic web stripping) are a clear
prediction of the hierarchical galaxy assembly process expected
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in the ACDM scenario, and therefore, observational confirmation
is crucial. Tentative evidence in support of both quenching paths
has been reported. For example, in the Local Group, the Cetus
and Tucana dwarf spheroidals are candidate backsplash galaxies
resulting from interactions with the Milky Way (MW; L. V. Sales
et al. 2007) or M31 (I. M. E. Santos-Santos et al. 2023). The
dwarf irregular Wolf-Lundmark—Melotte has also been reported
to show signs of ram-pressure stripping despite its relative
isolation (Y. Yang et al. 2022), suggesting cosmic web stripping
as a possible culprit. Beyond the Local Group, H. Stephenson
et al. (2024) find evidence for environmental suppression of gas
in low-mass galaxies inhabiting filamentary structures.

However, the observational study of quenched dwarfs in the
field is quite challenging, due to their low luminosity and faint
surface brightness. The pioneering study of M. Geha et al.
(2012), for example, is limited only to dwarfs down to masses
exceeding M, = 10’ M. Extending such studies to fainter
systems is crucial to achieving a more complete understanding
of dwarf quenching mechanisms in the Universe. Despite these
difficulties, several such galaxies have been discovered
serendipitously in the past decade (e.g., A. Polzin et al. 2021;
D. J. Prole et al. 2021; D. J. Sand et al. 2022; K. J. Casey et al.
2023; T. Carleton et al. 2024; J. Li et al. 2024) and possibly
even within cosmic voids (e.g., J. Roman et al. 2019; B. Bid-
aran et al. 2025). However, a comprehensive large-scale study
of field dwarfs and their star formation activity is still lacking.

While the focus of this work is on external mechanisms
(primarily backsplash orbits and cosmic web stripping), internal
processes such as supernova feedback, stellar winds, or even
active galactic nucleus (AGN) activity can also significantly
impact the star formation activity of low-mass galaxies.
T. K. Chan et al. (2018), for example, used zoom-in simulations
to discuss the critical role of stellar feedback in regulating the
star formation activity of isolated dwarf galaxies. This scenario,
however, is not expected to lead to the full suppression of star
formation in dwarfs, which is the main focus of our study.

In this paper, we use cosmological hydrodynamical simula-
tions to investigate the mechanisms responsible for star
formation quenching in field dwarfs. We focus on identifying
the relative contributions of backsplash effects and cosmic web
stripping, analyzing their respective signatures in the gas, stellar,
and dark matter content of the dwarfs. By comparing these
simulation predictions with observational constraints, we aim to
provide a framework for differentiating between these quenching
mechanisms in upcoming surveys, and to highlight the role of
the cosmic web (in filaments or sheets) in shaping the
evolutionary paths of star formation activity in dwarf galaxies.
As we were finishing up this study, we became aware of a
similar study by J. Bhattacharyya et al. (2025), which addresses
similar topics but without our emphasis on identifying the
specific quenching mechanisms affecting isolated field dwarfs.

The paper is organized as follows: in Section 2 we briefly
describe the simulation and some details of the sample of
quenched field galaxies used in this work. In Section 3 we
present our analysis of the quenching process of field dwarfs.
Finally, in Section 4 we present and summarize our main results.

2. Simulations and Method
2.1. The TNG50 Simulation

In this study, we use the TNG50-1 (hereafter TNG50 for
short) cosmological hydrodynamical simulation (A. Pillepich
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et al. 2018a, 2018b, 2019; D. Nelson et al. 2018, 2019b).
TNGS50 simulates the evolution of a cosmological volume
approximately 50 Mpc on each side, using the AREPO code
(V. Springel 2010). The simulation adopts cosmological
parameters consistent with the measurements from Planck
Collaboration et al. (2016).° The dark matter particle mass
resolution is mgy = 4.5 x 10° M, while the typical baryonic
element mass (gas cells or star particles) is mp, ~ 8.5 X
10* M. The gravitational softening for both dark matter and
stars is set to € = 0.29kpc at z=0, with the softening
becoming significantly smaller for gas cells in high-density
regions, potentially reaching 50 ™' pc.

2.2. Simulated Galaxies

We use the friends-of-friends (FoF; M. Davis et al. 1985)
and SUBFIND (V. Springel et al. 2001; K. Dolag et al. 2009)
group finding algorithms to identify bound structures (halos
and subhalos) in the simulation. Object evolution over time is
tracked using the SubLink merger trees (V. Rodriguez-Gomez
et al. 2015). Virial quantities, such as mass, radius, and velocity
(M>00, 200, and Voo, respectively), are determined at the radius
where the average density equals 200 times the critical density
of the Universe (pe = 3H”/87G).

In each FoF halo, SUBFIND identifies a “central” galaxy and
“satellite” galaxies that are associated with it. The merger trees
are able to track central galaxies that were, in the past, satellites
of other massive hosts, but are at present outside the virial
boundary of the host today. We shall hereafter refer to these
galaxies as “backsplash” (see, e.g., G. A. Mamon et al. 2004;
H. Muriel & V. Coenda 2014; J. A. Benavides et al. 2021).

Galaxy properties such as stellar mass, gas mass, and star
formation rate are calculated inside a “galactic radius” (7ga),
defined as twice the half-mass radius of the stars (r;,,). Given
the star particle mass of TNG50, we set a minimum stellar mass
of M, = 10" M., in our analysis in order to resolve each galaxy
with at least ~120 star particles. Our study thus shall consider
mainly systems with stellar masses 107 < M, /M, < 107 at
z=0. We shall only consider central galaxies in this study and
will exclude from the analysis any system labeled as a satellite
by SUBFIND. We use the shorthand “field dwarf” to refer to any
central galaxy with 10’ < M, /M., < 10° at z=0.

For star-forming dwarfs today, the total gas content in the
halo (e.g., within their virial radius) is Mg, ~ 10%-10'° M.,
corresponding to 1500+ cells at the low-mass end with
M, ~ 10" M., and up to 100,000+ cells for our most massive
dwarfs with M ,~ 10° M_... The typical sizes (radius) of the gas
cells in these dwarfs are ~0.25 £ 0.12kpc within r, and
~0.89 £+ 0.64 kpc in the gas surrounding the galaxy within
their virial radius. Most importantly, the distribution of cell
sizes is indistinguishable from the one in our most massive
dwarfs, inspiring optimism on the ability of the simulation to
track the evolution of gas across our whole dwarf sample. In
TNGS50, the instantaneous star formation is also recorded for
each simulated galaxy at all times. We define as “quenched”
those galaxies whose specific star formation rate
(sSFR M x/M~) is below <10~"yr™!, as in A. R. Wetzel
et al. (2012).

5 Cosmological constant 2, = 0.6911, total matter content (dark matter +

baryons) 0, = Qux + €, = 0.3089, €, = 0.0486, Hubble constant
Hy = 100 hkms ' Mpc™', h =0.6774, 05 = 0.8159, and spectral index
ng = 0.9667.
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Figure 1. Specific star formation rate (sSSFR) as a function of stellar mass for all
simulated central galaxies in the TNGS50 simulation, split into star-forming
(blue filled circles) and quenched (red filled circles) galaxies, following the
criterion of A. R. Wetzel et al. (2012) at sSSFR = 10~ """ yr~! (dashed horizontal
pink line). We also highlight the sample of backsplash galaxies (green open
circles). Quenched galaxies with SFR ~ 0 have been artificially placed at
SSFR = 10 P yr ',

3. Results
3.1. Sample of Quenched Dwarf Galaxies

Figure 1 shows the specific star formation rate (sSFR) as a
function of stellar mass for all field galaxies in TNGS50 in the
mass range of interest: M, = [10’-10°] M,,. Objects with no
star formation today have been all arbitrarily placed at
sSFR = 10~ " yr~' for visualization purposes. This figure
clearly highlights the presence of two subpopulations of field
dwarfs: a “star-forming” sample (blue) and a “quenched”
sample (red). We flag with green open circles all backsplash
objects as identified by the merger trees.

Backsplash systems make up a fair fraction of all quenched
field dwarfs, with some interesting trends as a function of
stellar mass. Essentially, 100% of massive quenched dwarfs are
backsplash, indicating that encounters with more massive
systems in the past are responsible for quenching dwarfs at the
massive end. However, for less massive objects, many
quenched systems are not backsplash, implying an alternative
origin for their lack of star formation today.

We explore this in more detail in Figure 2, where we show the
fraction of galaxies that are quenched as a function of stellar
mass (solid red line). Note that the results shown include a range
of masses wider than the dwarf regime studied here, mainly to
put the population of low-mass galaxies into context with other,
more massive, counterparts. The fraction of quenched galaxies
steadily decreases with stellar mass, from ~30% for centrals
with M, = 10'%°M_ to only a few percent at the scale of
M, ~ 10°7 M. Surprisingly, this decreasing trend with smaller
M, reverses for less massive dwarfs (M, < 10° M..)), which show
an increase in quenching fraction that starts at M, < 10® M, and
(becoming steeper) reaches ~35% at M, ~ 10" M.

Observational studies of field quenched galaxies using the
Sloan Digital Sky Survey (SDSS) are added in Figure 2 for
comparison. In particular, we include results presented in J. Tinker
et al. (2011; orange squares) and in M. Geha et al. (2012; orange
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Figure 2. Fraction of quenched galaxies as a function of stellar mass. The solid
red line denotes all simulated central galaxies in TNGS50, while the dashed
green line corresponds to backsplash galaxies. For comparison, observational
data of quenched isolated galaxies from SDSS are shown using orange symbols
(J. Tinker et al. 2011; M. Geha et al. 2012). The focus of this work is on low-
mass galaxies with stellar masses in the range M, = 10—=10° M., below the
shaded vertical region. The top panel presents the y-axis on a linear scale, while
the bottom panel uses a log scale.

circles). In observations too, the quenched fraction is seen to be
relatively high at large galaxy masses and to decline steeply with
decreasing galaxy mass, a behavior that has been interpreted as
reflecting the increasing importance of AGN feedback in
regulating the star formation activity in more massive galaxies.

Encouragingly, the simulated results track the decreasing
trend in quenched fraction when moving from M, ~ 10'° M to
dwarfs with M, ~ 10°M.. At smaller masses, however,
the simulation shows an upturn in the quenched fraction so that
the quenched fraction at M, ~ 10’ M. matches that of
M, ~ 10" M, galaxies. Interestingly, the upper limits reported
in M. Geha et al. (2012) do not rule out a slight increase in the
quenched fractions after a minimum at M, ~ 10° M. At the
same time, we note that the isolation criteria used in simulation
and observations differ, so a precise match would be unexpected.

The main takeaway point from Figure 2 is that the TNG50
simulation predicts robustly that the quenched fraction should
increase toward lower stellar masses, after a minimum at
M, ~ 10° M., a prediction that should be testable observa-
tionally. Understanding the reason for this increase involves
exploring the quenching mechanisms that affect these objects,
an issue we turn to next.

As discussed in the Introduction, backsplash orbits are
thought to be responsible for the existence of quenched galaxies
in the field. We therefore split in Figure 2 the contribution of
backsplash objects to the quenched galaxy fraction (green
dashed line), finding that, while backsplash orbits account for all
quenched dwarfs in the range M, = 10°-10°M_, lower-mass
dwarfs show the need for an alternative quenching mechanism
that leads to the cessation of star formation in nearly half of
quenched dwarfs at M, = 10" M....

Careful examination of the nonbacksplash cases reveals that
cosmic web stripping (e.g., A. Benitez-Llambay et al. 2013;
G. Herzog et al. 2023) is the additional mechanism responsible
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Figure 3. Spatial distribution of the gas content (first and third rows) in specific snapshots showing the evolution of two examples of isolated dwarf galaxies quenched
through cosmic web stripping (A. Benitez-Llambay et al. 2013), and the large-scale environment (second and fourth rows) with the orbit followed by each galaxy over
time, indicated by the thin red line. In all cases, the arrows represent the direction of the instantaneous velocity vector (V) of the galaxies, relative to the simulated
cosmological box coordinates. In both examples, the galaxies are quenched due to cosmic web stripping, which removes almost all of their gas content (completely in

the first case, a few Gyr after crossing the high-density gas region).

for quenching low-mass field dwarfs. Figure 3 shows the
evolution of two systems chosen to illustrate this mechanism.
In this figure, each row presents a set of snapshots, chosen to
highlight the main event that led to the quenching of the
system. The first row shows the gas distribution around one of
the dwarfs; the second row shows, at the same times, its motion
across the cosmological box (indicated by the dashed line). In
the latter, the blue dots indicate the position of other galaxies in
TNGS50, in a cubic box centered on the dwarf.

The bottom two rows depict the same, but for a different
system. In each of the panels, the arrows (white or black)
indicate the direction of the galaxy peculiar velocity in the
reference rest frame of the full cosmological box. The evolution
of the star formation rate, baryonic mass, and halo mass of
these two objects is shown in Figure 4.

The examples shown in Figure 3 highlight how cosmic web
stripping occurs in these systems, leading to their quenching.

Two dwarfs of similar mass, M, ~ 5 X 107M@, Cross a
filament-like region where the ambient gas ram pressure strips
much of the gas content of the dwarf (A. Benitez-Llambay
et al. 2013; 1. Pasha et al. 2023). The tails of stripped gas
extending in the direction opposite to the velocity of each
galaxy (little arrows) is the smoking-gun signature of ram-
pressure stripping taking place.

The interaction with the diffuse gas in the filament leads to
the removal of a significant fraction of the gas from the dwarfs,
a process that is more pronounced in the case of the dwarf
shown in the top two rows of Figure 3. Cosmic web stripping is
responsible for removing much of the gas reservoir from the
dwarf before fully quenching it by ¢ ~ 9.5 Gyr. In the case of
the second dwarf, the removal of gas (and its effect on star
formation) is more gradual; this system becomes fully
quenched only by ¢ ~ 10.5 Gyr (see top rows in Figure 4).
The bottom panels in Figure 4 show, as expected, that cosmic
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Figure 4. Examples of the evolution parameters for the same two isolated quenched galaxies showed in Figure 3. The top panels show the specific star formation rate

(sSFR) in blue, with the threshold for quenching criteria (sSFR yr~' =

10~"") indicated by the gray horizontal line. The vertical blue arrows indicate the snapshots

shown in Figure 3. In the middle panels showing the evolution of baryonic components, stars and gas within r4, are represented by the red solid line and green dashed
line, respectively, while the total gas in the halo is shown by the green dotted line. The bottom panels show the evolution of the halo mass, represented by the gray line.

web stripping has little to no impact on the dark matter content
of the dwarfs.

We emphasize that cosmic web stripping affects mainly
systems at the low-mass end; indeed, the large majority of
nonbacksplash quenched dwarfs have M, < 10°M.. We
expect this mechanism to become more prevalent in lower-
mass systems (in agreement with previous work, A. Benitez-
-Llambay et al. 2013; G. Herzog et al. 2023), where the lower
potential depth would facilitate the removal of gas via these
environmental mechanisms. An important caveat is that, at low
masses, numerical effects due to limited resolution are expected
to be stronger. We have explicitly checked that our sample of
quenched dwarfs had, before the interaction that left them
quenched, a minimum of ~3000 gas cells within the virial
radius, with typical (mode) cell radii ~220 and ~710 pc within
their galaxy or halo gas components. This is sizable, but
substantially below the resolution achieved in modern idealized
wind-tunnel or satellite-in-orbit experiments that can recover
the process of gas removal in exquisite detail (e.g., D. Steinh-
auser et al. 2016; S. Tonnesen 2019; N. Akerman et al. 2023).

Such experiments have shown that several factors play a role
in and during gas removal, including (i) compression of the gas
against the underdense media, leading to an increase in star
formation (J. Zhu et al. 2024), (ii) mixing of the stripped gas
with the hot media (A. Franchetto et al. 2021), or (iii) properly
capturing the relative motion between the stripped galaxy and
the ambient media exerting the ram pressure (S. Tonne-
sen 2019). At the resolution of simulations like TNGS50, effects
like (iii) are reasonably well represented. Compression of gas
triggering star formation like in (i) might marginally be
captured (P. A. Mistani et al. 2016; satellites might increase
their star formation in pericenter passages due to gas
compression). However, details associated with the mixing
and turbulence of the stripped gas remain largely unresolved.
While the exact fraction of quenched dwarfs may be impacted
by such effects, it is still interesting to study the mechanisms
and imprints on dwarfs that have stopped forming stars

compared to the majority of their field counterparts that
sustained a healthy level of star formation until today.
Ultimately, the detection of a population of quenched, isolated
dwarfs would provide the best proof of the idea that the cosmic
web is able to modulate the star formation of isolated dwarfs.

3.2. Properties of Quenched Isolated Dwarfs

As discussed earlier, the quenching of backsplash galaxies is
relatively simple to understand, as most dwarfs that venture into
the virial boundary of a more massive system are likely to have
their gas ram-pressure stripped by the gaseous atmosphere of the
host. These systems are also likely to lose dark matter in the
process, through tidal stripping. Backsplash systems are there-
fore expected to be outliers in the scaling relations between
stellar mass, gas mass, and halo mass. In the case of cosmic web
stripping, tidal effects are relatively minor and should not lead to
significant removal of mass in the interacting halos.

We see this difference clearly in Figure 5, where backsplash
systems (green open symbols) are clearly offset from the main
M,—Myy, trend outlined by most star-forming dwarfs (blue
symbols). At given stellar mass, backsplash objects have in
general lower halo masses, in some cases by more than one
dex. On the other hand, quenched nonbacksplash objects (red
symbols without green circles) tend to outline the stellar mass—
halo mass relation of the normal star-forming dwarf population
(blue), highlighting the different impact of cosmic web
stripping on halo mass compared to backsplash orbits.

The gas content of quenched field dwarfs is shown in
Figure 6. Typical star-forming dwarfs in this mass range (blue
symbols) have ~80% of their baryonic mass in the form of HL
Quenched objects (red) show a diverse gas content: while they
are systematically below the star-forming population, some
objects show gas fractions consistent with the lower tail of star-
forming dwarfs, while others are fully devoid of gas. This is
better quantified in the distributions shown in the right panel of
Figure 6. The median H I fraction in quenched field dwarfs (red
thin line) is 0.28 compared to the 0.77 shown in the star-
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Figure 5. Halo mass—stellar mass relation (Moo—M,) for all central galaxies in
TNGS50, separated into star-forming (blue filled circles) and quenched (red
filled circles) galaxies, with backsplash galaxies highlighted as green open
circles (as in Figure 1). The black thick dashed line is the median of all central
galaxies in TNG50, while the yellow solid line represents the B. P. Moster et al.
(2013) abundance matching relation. Backsplash galaxies tend to lose a
significant amount of dark matter, while quenched nonbacksplash galaxies
remain closer to the median M,y0—M, relation.

forming sample (blue thin line). Note that the gas depletion in
backsplash objects (green thick line around thin red) tends to be
more significant than in the rest of quenched dwarfs affected by
cosmic web stripping.

3.3. Backsplash or Nonbacksplash?

How would one decide observationally whether a particular
field dwarf has been quenched as a result of backsplash effects
or of the cosmic web stripping discussed in the previous
subsection? Backsplash leads to a reduction of the halo mass,
which does not occur in the other cases, but measuring the total
mass of a dwarf galaxy halo is exceedingly difficult.
Empirically, we find that the time of quenching provides a
relatively straightforward way to discriminate between quench-
ing mechanisms.

We illustrate this in Figure 7, where we show when a
particular galaxy has formed 50% and 90% of its final stellar
mass (fso and tog, respectively). The first timescale corresponds
roughly to the median age of stars in a galaxy, and the latter is a
crude but simple approximation of the quenching time (i.e., the
time when a given galaxy stopped forming stars).

Field dwarf galaxies in TNGS50 typically have 75 ~ 6.5+
2.7 Gyr ago and f9y < 1Gyr ago (i.e., most are still actively
forming stars). As expected, quenched systems have, on average,
older stellar populations with 755~ 10 £ 1.8 Gyr and
fgg ~ 6.5 = 2.5 Gyr. When restricting the sample to quenched
dwarfs that are backsplash, the median 75y and zo0 are 4.0717 and
7.4731 Gyr, respectively, while for nonbacksplash dwarf
galaxies these values are 3.7°04 and 8.5 Gyr. (The
uncertainties in the numbers quoted above indicate the 25th—
75th percentile range.) Therefore, dwarfs that have been
quenched by cosmic web stripping have, on average, similar
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150 to their backsplash counterparts, but they show a slight but
systematic shift toward later times for 9. The preference for
later quenching times in cosmic web stripped dwarfs is also
evident from the right panel in Figure 7, showing the quenching
timescale distribution A = tgq — t59, Which presents a median
value of At = 4.287 4 Gyr for cosmic web stripped dwarfs in
comparison with the Ar = 2.6979% Gyr for quenched back-
splash galaxies.

The interpretation seems clear. For a backsplash galaxy to be
in the field at present, the interaction with the massive host
must have happened sufficiently early to allow the dwarf to
reach a low-density location. This favors earlier quenching
times for backsplash dwarfs compared with systems that have
been quenched by cosmic web stripping. Quenching in these
cases can happen more gradually, favoring later quenching
times The overall effect is, however, small, and unlikely to
provide a clean test to discriminate between backsplash and
nonbacksplash systems.

An additional criterion that can be used to help assess the
origin of quenched dwarfs is their degree of isolation. Figure 8
shows the fraction of dwarfs whose closest massive neighbor
(defined as a system with M, = 10° M, or above) is beyond a
given distance Dy. A solid black line indicates the results for all
field dwarfs, showing that 90% of them have their closest
massive galaxy within ~500 kpc. One half of them have the
closest massive companion located within 1.25Mpc. By
contrast, only <7% of dwarfs are so isolated that the closest
massive companion is at >4 Mpc.

Most field dwarfs are star-forming, and therefore the results
for all field dwarfs (solid black) and star-forming dwarfs (solid
blue) are similar. On the other hand, quenched systems (solid
red) behave differently. Most quenched dwarfs have nearby
massive companions, as expected given the importance of the
backsplash mechanism discussed earlier. Half of all quenched
field dwarfs have a massive neighbor within ~700kpc, and
only 10% of them have its closest massive neighbor beyond
~1.25 Mpc. Adopting stricter isolation criteria reduces these
fractions even further. Only about 1% of quenched dwarfs have
their closest companion at a distance greater than 4 Mpc,
compared to ~8% for star-forming dwarfs.

The dashed red and dotted red lines in Figure 8 split the
quenched dwarf sample into backsplash objects and cosmic
web stripped systems, respectively. This shows that back-
splash becomes subdominant for Dy > 1 Mpc and that its
importance decreases further with increasing Do. Note that
there is a strong drop-off around the ~1.5 Mpc mark for
quenched systems, which is similar to the isolation distance
criteria used in M. Geha et al. (2012). For quenched systems
without a massive neighbor closer than 1.5 Mpc, only ~6%
are backsplash. This implies that, in practice, deeply isolated
quenched dwarfs (i.e., Dy > 1.5 Mpc) are in all likelihood the
result of cosmic web stripping. However, only ~1% of deeply
isolated dwarfs are quenched, so searching for this smoking-
gun evidence of the effects of cosmic web stripping will prove
challenging.

3.4. Comparison with Previous Works

Our work extends and complements previous studies of the
subject using cosmological simulations. It is in good agreement
with I. Pasha et al. (2023) in the sense that the web stripping
mechanism affects significantly more low-mass galaxies
WM, < 108 M.) compared to more massive galaxies
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(M, > 10°M.), where the predominant mechanism is the
interaction with another host halo (through backsplash orbits). On
the other hand, although the box size and resolution level differ
greatly from the work of J. Samuel et al. (2023; Ly of a few
Mpc with my, ~ 3500-7100 M), it is observed that ram-
pressure quenching is highly effective in high-density regions
(even in host halos comparable to the MW). This is in

comparison with less dense environments, where quenching
can still occur on longer timescales. It is also important to note
that, despite significant similarities to the box size and resolution
of G. Herzog et al. (2023; Ly,x ~ 20Mpc with
Mg ~ 4.5 x 10°M.), our results differ in the fraction of
quenched galaxies (either by backsplash or web stripping),
although these differences occur mainly in the range of less
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Figure 8. Fraction of dwarfs whose closest massive (M, > 109M@) neighbor
lies beyond a distance Dy. The black thin line corresponds to all central dwarf
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galaxies are highlighted with thick solid blue and red lines, respectively. In the
case of quenched dwarf galaxies, we also indicate the contribution of
backsplash (dashed red line) and nonbacksplash (dotted red line) galaxies to the
quenched fraction (solid red).

massive halos, where differences in the implemented models
(such as feedback or external ultraviolet background radiation)
can play an important role in this type of larger volume
simulation.

4. Summary and Conclusions

We have used the cosmological hydrodynamical simulation
TNG50 to study the quenched fraction of dwarf galaxies as a
function of galaxy mass and environment, with particular
emphasis on the mechanisms that lead to the quenching of star
formation in field dwarfs. This is an important issue because it
is fairly well established observationally that most, if not all,
quenched dwarfs are satellites or former satellites of more
massive hosts, and that few, if any, quenched dwarf galaxies
exist in the field.

Our analysis of TNGS50 shows that quenched field (i.e., not
satellites) dwarfs are relatively rare, reaching on average 15%
of the population in the M, = 10’—10° M, range studied here.
Most field dwarfs are quenched by backsplash and therefore
lie typically in close proximity to a massive host. Restricting
the analysis to deeply isolated systems, defined as those
whose closest neighbor exceeding M, = 10° M, is farther
away than Dy = 1.5Mpc, reduces further the quenched
fraction to ~1%, in general agreement with observational
constraints.

In the simulation, the field dwarf quenched fraction increases
toward lower masses, from a minimum of 2.2% at
M, ~ 10° M. This increase is seen even after excluding all
backsplash systems, which hints at the presence of an
additional mechanism responsible for the cessation of star
formation in low-mass systems.

We show here that nonbacksplash isolated dwarfs quench
because of environmental effects, namely ram-pressure
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stripping by the cosmic web, as field dwarfs join or pass
through filaments or other overdense regions. These systems
may, as a group, be distinguished from backsplash dwarfs
because of their relatively late quenching times and because of
their isolation. Of all quenched dwarfs with Dy > 1.5 Mpc,
only ~6% are backsplash objects. The latter also quench
earlier: their median quenching time (#o¢) is 7.4 Gyr, compared
with 8.5 Gyr for those affected by cosmic web stripping.

The efficiency of cosmic web stripping is expected to
increase toward lower masses and may very well be an
important quenching mechanism in very faint systems, whose
quenched fractions and timescales are not yet well known,
either in simulations or in observations.

The main conclusion of our analysis is that some quenched
dwarf galaxies are expected to exist in the field, and that their
numbers should increase toward fainter systems. Detecting
such systems in samples of deeply isolated dwarf galaxies, or in
regions of extremely low galaxy density, such as cosmic voids,
would provide support for this interpretation, and for the idea
that the cosmic web may actually be responsible for shaping
the evolutionary history of the faintest galaxies.
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