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ABSTRACT

We study the fraction of the intra-cluster light (ICL) formed in-situ in the three most massive
clusters of the TNG50 simulation, with virial masses ~ 10'* M. We find that a significant fraction of
ICL stars (8%-28%) are born in-situ. This amounts to a total stellar mass comparable to the central
galaxy itself. Contrary to simple expectations, only a sub-dominant fraction of these in-situ ICL
stars are born in the central regions and later re-distributed to more energetic orbits during mergers.
Instead, many in-situ ICL stars form directly hundreds of kiloparsecs away from the central galaxy, in
clouds condensing out of the circum-cluster medium. The simulations predict a present-date diffuse star
formation rate of ~1 Mg /yr, with higher rates at higher redshifts. The diffuse star forming component
of the ICL is filamentary in nature, extends for hundreds of kiloparsecs and traces the distribution of
neutral gas in the cluster host halo. We discuss briefly how numerical details of the baryonic treatment
in the simulation, in particular the density threshold for star formation and the equation of state, may
play a role in this result. We conclude that a sensitivity of 1.6 x 10719 — 2.6 x 107!® erg s~ cm =2
arcsec”2 in H, flux (beyond current observational capabilities) would be necessary to detect this
diffuse star-forming component in galaxy clusters.

Subject headings: galaxies: clusters: intracluster medium — Galaxy: formation — Galaxy: evolution

1. INTRODUCTION

mal star formation in galaxies, with consequences for the

The simplest models of galaxy formation suggest that
most stars in a cluster should form in the high-density re-
gions of individual galaxies. These models imply that the
majority of stars in the intra-cluster light (ICL) originate
from the tidal removal of stars from luminous galaxies
with mass similar to the Milky Way (MW) (Puchwein
et al. 2010; Cui et al. 2014; Cooper et al. 2015a; Con-
tini et al. 2013, 2018; Contini et al. 2019; Montenegro-
Taborda et al. 2023), with relatively small contributions
from dwarf mass galaxies, particularly in group environ-
ments with halo virial masses < 10'3 Mg, (Ahvazi et al.
2024). Nevertheless, observational studies (Barfety et al.
2022; Hlavacek-Larrondo et al. 2020) and some numer-
ical simulations (Puchwein et al. 2010) indicate that a
non-negligible fraction of ICL stars are formed in-situ.

In-situ ICL stars could have formed in the brightest
cluster galaxy (BCG) galaxy and been later pushed onto
highly energetic orbits by mergers. An alternative, more
intriguing, possibility is that stars form directly in the
intra-cluster medium (ICM), far away from the high den-
sity regions of the BCG. This low-density mode of star
formation is potentially interesting, as it might occur
under very different physical conditions than the nor-
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multi-phase nature of the ICM and its metallicity, as well
as for the age distribution of ICL stars, especially if in-
situ star formation continues to the present day. From
an observational perspective, if a substantial amount of
stars form outside galaxies, this would have strong im-
plications for wide-field surveys in the UV or H,, which
are especially sensitive to the presence of young stars.

Several mechanisms have been suggested to explain in-
situ ICL star formation. One of the most commonly
cited is the compression of gas associated with the ram-
pressure trails of infalling galaxies, a phenomenon that
has been detected in both observations (Smith et al.
2010; Mihos et al. 2016; Boselli et al. 2018a; Gullieuszik
et al. 2020) and some numerical simulations (Kronberger
et al. 2008; Kapferer et al. 2009; Tonnesen & Bryan 2012;
Lee et al. 2020; Calura et al. 2020; Steyrleithner et al.
2020; Vollmer et al. 2021; Goller et al. 2023, for a detailed
discussion see section 5.3.1 in review paper by Boselli
et al. 2022). Another possible mechanism is star forma-
tion within the tails of stripped material formed during
gravitational fly-by encounters of gas-rich systems (see
see NGC 4254 in Virgo, Boselli et al. 2018b; VCC 1249,
Battaia et al. 2012; IC3418, Hester et al. 2010; Fumagalli
et al. 2011; Kenney et al. 2014).

In-situ star formation in the ICM is also predicted to be
widespread at high-redshift, where AGN feedback might
be less powerful and unable to offset the short timescales
for cooling in the dense regions of the ICM (Webb et al.
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2015b). In such a scenario, spontaneous run-away cool-
ing in the ICM might lead to an increase of density high
enough to trigger violent star-formation events in loca-
tions outside galaxies (Hlavacek-Larrondo et al. 2020).

Interestingly, observations of off-center star formation
at large distances from the BCG are consistent with this
scenario for a few high-z clusters (Webb et al. 2015a;
Hlavacek-Larrondo et al. 2020; Barfety et al. 2022), in
some cases predicting as much as a MW-worth of stars
contributed to the ICM by such cooling events.

Some observations of isolated HII regions in nearby
clusters, such as the Virgo cluster, may also hint at a
more sustained but lower-level star formation activity
taking place directly in the ICM/ICL region (Gerhard
et al. 2002; Bellazzini et al. 2018). However, it is not
always trivial to disentangle whether these isolated star-
forming clouds are ICM-born material or belong to some
older ram-pressure or interaction events in the cluster
(Junais et al. 2021; Jones et al. 2022).

Numerical simulations therefore emerge as valuable
tools to explore this mode of star formation within
the realistic framework of the ACDM model. For in-
stance, Puchwein et al. (2010) estimate that approxi-
mately ~ 30% of the ICL stars formed in their clusters
(with masses between 2 x 10'® and 1.5 x 10'® M) origi-
nated at distances consistent with being ICM-born. The
presence of in-situ formed stars in extended stellar halos
is also documented extensively in the literature on the
scale of MW-mass halos (Zolotov et al. 2009; Font et al.
2011; Tissera et al. 2012; Cooper et al. 2015b; Pillepich
et al. 2015).

Various numerical methods have been employed to
study the formation of cold gas in the ICM, which could
give rise to star formation outside galaxies. Runaway
local production of cold gas in the ICM, as well as ther-
mal instability, have been shown to lead to multi-phase
structures in idealized hot haloes (Maller & Bullock 2004;
Kaufmann et al. 2006, 2009; McCourt et al. 2012; Sharma
et al. 2012).

Given that the cold-phase ICM resulting from such
processes is a small-scale phenomenon, it has been stud-
ied largely in idealized numerical experiments (Fielding
et al. 2020). Previous work by Oppenheimer et al. (2018)
demonstrated a relatively significant abundance of cold,
low-ionization gas in the circum-galactic medium (CGM)
of EAGLE galaxies (for MW and group mass halos), al-
beit with uncertainties regarding the numerical robust-
ness of the hydrodynamical technique in this regime (see
also Ford et al. 2013). Similarly, Butsky et al. (2019)
demonstrated evidence for the presence of cold gas in
the outskirts of the galaxy clusters (in the ICM) using
the high-resolution hydrodynamical galaxy cluster simu-
lation, RomulusC.

Semi-analytic models have also been developed to ex-
plain the unique, possibly drag-induced sub-virial kine-
matics of cold gas flowing through luminous red galaxy
host haloes (Afruni et al. 2019). In the context of II-
lustrisTNG, Nelson et al. (2018b) showed that TNG is
consistent with empirical OVI constraints in the CGM of
MW and group mass halos.

The cold gas content of galaxies themselves (both neu-
tral HI and molecular H2) has also been favorably com-
pared against data in several regimes, although simpli-
fying assumptions are needed to derive these cold-phase

fractions which are not self-consistently followed in typ-
ical galaxy-scale simulations. Nelson et al. (2020) also
demonstrated that group mass haloes hosting massive
galaxies are filled with a hot, virialized plasma at ~ 107
K, and that they contain a large abundance of cold gas
with a characteristic temperature of ~ 10* K. This cold
phase of the ICM takes the form of thousands of small,
~ kpc-sized clouds, which fill the inner halo out to hun-
dreds of kpc (similar to predictions by Maller & Bullock
2004 for MW-mass halos).

There are, however, several important caveats when
studying the formation of star-forming clouds in the
ICM, mostly connected with limitations of numerical
techniques. Approaches such as SPH have been shown
to be unable to track the evolution of instabilities, such
as the Kelvin-Helmholtz instability, leading to the for-
mation of more dense clouds that are artificially long-
lived compared to similar numerical experiments run
with grid-base techniques (Agertz et al. 2009; Torrey
et al. 2012).

The lack of, or inadequate treatment of other impor-
tant physics, such as heat conduction, magnetic fields or
metal diffusion might also complicate the interpretation
of results from simulations (see the discussion in Puch-
wein et al. 2010). It is clear that, for any numerical
technique chosen, high resolution becomes key to study
in-situ star formation in low-mass clouds embedded in
the hot ICM of clusters, especially considering the low
masses of these clouds.

In this context, we present here a study of the in-situ
formation of stars and their contribution to the ICL using
the three most massive groups/clusters in the TNG50
simulations (Pillepich et al. 2019; Nelson et al. 2019b),
one of the highest-resolution cosmological simulations of
low-mass clusters with virial mass ~ 104 Mg, at z = 0.

This article is organized as follows: in Section 2, we
provide a comprehensive overview of the simulation em-
ployed, including some definitions crucial for the subse-
quent sections. Section 3 presents our findings, together
with an in-depth discussion. Finally, Section 4 summa-
rizes the key conclusions drawn from this study.

2. SIMULATION

‘We use the cosmological hydrodynamical simulation I1-
lustrisTNG (Pillepich et al. 2018b; Springel et al. 2018a;
Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018a, 2019a). The IlustrisTNG project!! is a suite
of state-of-the-art cosmological galaxy formation simu-
lations that come in different physical sizes and mass
resolutions. In this work we use the highest resolu-
tion baryonic run TNG50-1 (TNG50 for short) (Pillepich
et al. 2019; Nelson et al. 2019b), which has a volume
of approximately 503 Mpc3. It has 2 x 21603 resolu-
tion elements, and the baryon and dark matter particle
masses are 8.5 x 10*Mg, and 4.5 x 105M,, respectively.
The NlustrisTNG cosmological parameters are consistent
with ACDM model determined by Planck XIIT (Planck
Collaboration et al. 2016) to be ,, = 0.3089, Q, =
0.0486, Q4 = 0.6911, Hy = 100 hkms™ 'Mpc™! with
h =0.6774, 0g = 0.8159, and ns = 0.9667.

Gravity and baryons are followed using the AREPO
moving mesh code (Springel 2010). The baryonic treat-

I https://www.tng-project.org


https://www.tng-project.org

] 2
Z‘x . sat [M <;;./kpC ]
10* 10° 10° 107 108 10° 10%°10° 10°

500

-500

-500 0

kpc

500 -500

Y+, accreted [M<;;./kpC2]

E:’s. in —situ [MG:-/kch]

108 10° 10%%10° 10° 107 10® 10° 10%°
il I [ [

0 500 -500 0 500

kpc kpc

F1G. 1.— Projected density maps for different stellar components in Group 1 at z = 0: bound satellites (left), accreted ICL (middle),
and in-situ formed ICL (right). The magenta and orange circles indicate twice the stellar half-mass radius of the stars in the central host
galaxy (2ry, ) and the virial radius (r200), respectively. These are the bounds used to define the ICL component in our study.

ment is based on the code used for its predecessor simu-
lation suite, Illustris (Vogelsberger et al. 2013a, 2014a,b;
Genel et al. 2014; Nelson et al. 2015), with modifications
implemented to better track the formation and evolution
of galaxies (as described in Pillepich et al. 2018a; Wein-
berger et al. 2017).

The updated IustrisTNG sub-grid models account for
star formation, radiative metal cooling, chemical enrich-
ment from SNII, SNIa, and AGB stars, stellar feedback,
and super-massive black hole feedback (Weinberger et al.
2017; Pillepich et al. 2018a). The star formation in the
Interstellar Medium (ISM) is treated in a sub-resolution
fashion following a variation of the Springel & Hernquist
(2003) with the adoption of a Chabrier (2003) initial
mass function, and model the star-forming dense ISM
gas using an effective equation of state where stars form
stochastically above a gas density of psp = 0.13 em ™3
with a star formation time-scale of tg, = 2.2 Gyr (re-
fer to Vogelsberger et al. 2013b for detailed explana-
tions). These models were calibrated to reproduce a set
of observational constraints that include the observed
z = 0 galaxy stellar mass - size (Genel et al. 2018),
the color bimodality (Nelson et al. 2018a), galaxy clus-
tering (Springel et al. 2018b) and stellar mass function
(Pillepich et al. 2018a).

Galaxies in the simulations are identified using
SUBFIND (Springel et al. 2001; Dolag et al. 2009) on
Friends-of-Friends (FoF) groups (Davis et al. 1985) iden-
tified with a linking length set to 0.2 times the mean
interparticle separation. The object at the center of
the gravitational potential of each group is called the
“central” galaxy, while all other substructures are “satel-
lites”. The time evolution of galaxies and halos through
the 99 snapshots of the simulation is followed using the
SubLink merger tree algorithm (Rodriguez-Gomez et al.
2015).

2.1. Defining ICL and cleaning method

We focus the analysis on the 3 most massive systems
included in the TNG50 box, which fulfill Msgo /Mg > 5 X

TABLE 1
QUANTITIES RELATED TO THE 3 MOST MASSIVE GROUPS.

Group 0 Group 1 Group 2
Mago Me] 1.8x 104 9.4 x 1013 6.5 x 1013
Ra200 kpc]  1198.91 959.61 846.68
Mg [Me] 3.6 x 102 9.7 x 101 1.1 x 1012
Th, [kpc] 43.25 11.75 18.79
Mo,  [Me] 1.8x10' 58x 10 59x 10
Mg o [Me] 1.4 x 10 1.6 x 1011 1.3 x 10!
fioL 0.48 0.60 0.56
Fre s 0.08 0.28 0.23

10'3, comparable to nearby systems such as the Fornax
and the Virgo clusters. Virial masses for these systems
are listed in table 1, where virial quantities are defined
at the virial radius rygg, corresponding to the distance at
which the enclosed density is 200 times the critical value.

To define the particles that are considered part of the
ICL we proceed as follows. For each of our groups, we re-
move all stars that SUBFIND considers bound to surviving
satellite galaxies. The left panel of Fig. 1 shows an illus-
tration of this component for our Group 1. Furthermore,
to avoid possible contamination by stars in the outskirts
of the surviving satellites that are wrongly assigned to
the host halo by SUBFIND, we further apply a “cleaning”
of our ICL: we remove any stellar particle within 41y,
of the center of any subhalo with M, > 108 Mg, where
rp, refers to the stellar half mass radius of the subhalo.
This ensures that any stars from satellites and their sur-
rounding stellar halo are not considered part of the ICL.

This leaves us with a sample consisting of all the re-
maining stellar particles in the FoF group that are be-
yond 21}, of the central galaxy and within the virial
radius 7999 of the host cluster, which we call ICL. Stars
in the ICL are further divided into those born “in-situ”
and those “accreted”. Following Rodriguez-Gomez et al.
(2016), our algorithm checks if the star is bound to the
main progenitor of the central galaxy at the time of birth
(or the closest snapshot to it), in which case it is la-
beled as in-situ, or it is otherwise associated by SUBFIND
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F1G. 2.— Projected density profiles of distinct components within the three most massive groups in TNG50 (including the BCG and

ICL region and excluding satellites). The solid black curves represent the total stellar component, while the red curves depict the ex-
situ (merged) stellar component, and the blue curves illustrate the in-situ stellar component. Dotted black lines trace the dark matter
component, and purple dotted lines represent the median stellar mass surface density profiles from Cooper et al. (2013), based on a simplified
particle tagging method. These profiles are shown only in the middle and right panels, where the halo masses match their sample. The
shaded area delineates the region associated with the BCG, defined within 27, for the central of each group. Arrows in matching colors

indicate twice the half-mass radius of each component.

to a different substructure in the SubLink merger tree,
in which case it is labeled as accreted. The catalogs
for in-situ/accreted are provided within the IllustrisTNG
database. As an illustration, the middle and right panels
of Fig. 1 show the accreted and in-situ components of the
ICL in Group 1, respectively.

To quantify the mass within the ICL and, specifically,
the in-situ stellar component, we introduce the fractions
fict, and g ®*™". Various definitions of these fractions
exist in the literature, and for the purpose of our study,
we adopt the following definitions:

*

ICL
JicL =~ (1)

BCG

and
) ) M*,infsitu

—situ __ ICL

Feog™ = —r— (2)
ICL

where My, refers to the mass of the stellar component

in the ICL, M;27 """ represents the mass of the in-situ
stellar component in the ICL, and Mg is the stellar
mass within 21y, of the central galaxy. The values for
these quantities in the three most massive systems in
TNGH0 are presented in table 1.

2.2. H, predictions

In order to compare results with the recent observa-
tions of the ICL in nearby clusters (i.e. Virgo), we use
the calibration of Kennicutt & Evans (2012) to convert
the star formation rates to H, luminosities. These cali-
brations are based on evolutionary population synthesis
models, in which the emergent spectral energy distribu-
tions (SEDs) are derived for synthetic stellar populations
with a prescribed age mix, chemical composition, and
Kroupa (2001) initial mass function (IMF). The result-

ing relation is

log Ly = log(M.. /Mg yr™") + log Ck, (3)

where Ly denotes the H, luminosity in units of erg s7L,

M, represents the star formation rate in units of
Mg yr~ 1, and Oy is the logarithmic SFR calibration con-
stant which we set to be 41.27 (Kennicutt & Evans 2012;
Murphy et al. 2011; Hao et al. 2011).

3. RESULTS

We begin by characterizing the mass distribution
within our groups, focusing on the projected radial pro-
files to facilitate comparison with observational studies.
Fig. 2 illustrates the projected radial distribution of stars
(solid thick black line), and dark matter (black dotted
line) after projecting each group along the x axis. The
stellar component is predicted to fall off more steeply
than the dark matter component. For comparison, the
purple dotted line represents the stellar mass surface den-
sity profiles from Cooper et al. (2013), based on a sim-
plified particle tagging method, averaged for halos with
10135 < Mygo/Mg < 10, These results align closely
with our stellar profiles (solid black lines) within the
ICL region for the two less massive clusters (as shown
in the right and middle panels). However, in the case
of our most massive cluster, having a halo mass twice
that of the most massive halo in their sample, differences
with the predictions in Cooper et al. (2013) are expected
(as a result the dashed purple line is removed from this
panel). Note that the tagging method in Cooper et al.
(2013) does not properly account for the in-situ star for-
mation in the BCG, therefore giving a flatter slope in
the inner regions. We further divide the stars accord-
ing to their origin: in-situ (represented by the thin blue
dot-dashed curve) and accreted (depicted by the thin red
long-dashed curve). The relatively substantial contribu-
tion of the in-situ population to the ICL at hundreds of
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kpc is intriguing. In our systems, in-situ born stars con-
tribute between 8% and 28% of the stellar mass in the
ICL (refer to the top right corner of each panel for the
specific percentage of each group).

An inspection of the birth place of the in-situ labelled
stars in the ICL shows that the majority of them are
formed already at large distances from the BCG (al-
though not associated with substructures) and are not
stars from the central galaxy kicked-off by mergers, a
common formation path for in-situ stars in the diffuse
stellar halos of MW-like galaxies, and as is the case for
our most massive cluster (which experienced a recent ma-
jor merger in its formation history). However, for the
remaining groups in our sample, over 60% of the in-situ
ICL is formed at r > 40 kpc or r > 21y, (where distance
is in physical kpc and is measured with respect to the
BCG or its main progenitor at the time of birth of the
star). This suggests that gas in the ICM must somehow
become available for star formation beyond the inner re-
gions dominated by the BCG. This star formation mode
is thus happening in unconventionally diffuse conditions,
very different from the star formation resulting from the
dense interstellar medium of galaxies.

We calculate the total SFR of ICM gas at z = 0 for
our groups and compare this to the level of star formation
ongoing in the central BCG as well as in other galaxies.
Fig. 3 highlights that, taken as a unit, the ICL (inte-
grated within the virial radius) is forming stars at rates
comparable to that of the BCG and other massive galax-
ies. For this comparison, we assign a stellar mass to the
ICL equal to the sum of all in-situ and accreted stellar
particles that lie beyond 21}, and up to the virial radius
and that are not associated to any satellite or identi-
fied substructure by SUBFIND. Similarly, we compute its
SFR by summing the star formation rates of all gas cells
that are not gravitationally bound to any substructure
within the same region. Fig. 3 shows that while the ICL
lies systematically below the extrapolation of the “main
sequence” defined by lower-mass star forming galaxies

(magenta points show central galaxies within the TNG50
box), its SFR is comparable to many of the massive satel-
lite galaxies in the group (gray circles) and above the
SFR of the central BCG in the case of Group 0 and Group
1 (left and middle panels). For comparison, we present
the extrapolated “main-sequence” relation derived from
the galaxies in the Virgo cluster (see Boselli et al. 2023),
for a sample with normal HI gas content (HI-normal)
and deficient HI gas content (HI-deficient); the mean
values and standard deviations for Hl-normal and HI-
deficient objects are shown by blue and red markers. We
are also presenting results from late-type nearby galaxies
in the Herschel Reference Survey by Boselli et al. 2015
(dashed green line), a large statistical sample of SDSS
galaxies from Peng et al. 2010 (dashed brown line), and
the extrapolated time-dependent main-sequence relation
derived by Speagle et al. 2014 (dashed orange line). One
should also keep in mind that the fraction of quenched
galaxies produced by the TNG model might overestimate
the star formation in massive galaxies (e.g., see Fig. 8 in
Donnari et al. 2021).

The ongoing star formation in the ICM shows a de-
creasing trend with distance from the center of the clus-
ter. Fig. 4 presents the surface density of star formation
rate (Xsrr), computed by projecting our groups along
the x-axis and integrating star formation within square
bins of 2 kpc on each side. Different colors represent dif-
ferent groups, while individual points of the same color
depict the scatter between various regions within a given
group. Bins with no star formation at all are not shown
and not considered for calculating the median and the
corresponding dipersion. The thick solid curve corre-
sponds to the median trend (considering all groups col-
lectively) of Xgrr as a function of clustercentric distance,
highlighting that the inner regions of the ICM exhibit
more prominent star formation compared to the out-
skirts. We have checked that the vertical magenta struc-
tures in group 0 correspond to a few dominant clumps in
the ICL with a wide range in predicted SFR.
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sion of Xgpr as a function of clustercentric distance for all groups
(the median and dispersion are only calculated from regions that
have non-zero star formation).

To ease comparison with observations, we convert
Ysrr into a surface density of H, luminosity (right ver-
tical axis) as explained in detail in Sec. 2.2 and following
Kennicutt & Evans (2012). Typical values in the ICM of
our sample span Y, ~ 103 — 1036 ergss=! kpc=? with
considerable scatter. These values are lower than the
average measured Xy, ~ 100 ergss~tkpc=? in central
regions of disk galaxies, but comparable to the values in
the outskirts of MW- and LMC-like objects (Tacchella
et al. 2022; Bundy et al. 2015). Beyond clustercentric
distances R > 0.8 rogg diffuse star formation is rare in all
our systems.

Projected maps of our halos in Fig. 5 show in more de-
tail where the star formation in the intracluster space is
happening. Panels on the first row show the star-forming
gas in the region 2r,, < r < rogp (bounds shown with
magenta and orange circles) color coded by SFR (color
map on the right). Star formation at z = 0 is widespread
in these systems and follows filament-like patterns. We
highlight that special care was taken to remove any ma-
terial gravitationally associated with surviving satellites,
as described in Sec. 2.1, and this star formation is oc-
curring in gas seemingly associated to the central host
halo and not to bound substructures. In fact, further in-
spection of 3D projections for each system revealed that
the filamentary nature of the star-forming gas follows the
distribution of neutral gas in the main host halo (bottom
row), and looks loosely linked to the dark matter distri-
bution (middle row) for at least 2 of the systems (groups
1 and 2).

To gain further insight, we zoom into smaller regions of
group 1 in Fig. 6. The gray color map shows the distribu-
tion of the stellar component in each box and reveals the
presence of several galaxies, some with associated stellar
tails—most prominently observable in the two innermost
regions (red and green panels). We highlight the presence

of star forming gas colored in magenta by their estimated
H, flux (refer to the color bar on the side of the main
panel). For the zoomed-in panels, the color maps are
calculated in ~ 0.24 x 0.24 kpc bins to align with the 3
arcsec spatial resolution of the VESTIGE survey of the
Virgo cluster (Boselli et al. 2018a), while the main panel
is smoothed to 1 arcmin.

The zoomed-in regions in Fig. 6 show that the majority
of the star forming gas is mostly unrelated to the distri-
bution of stars or galaxies. Star forming regions are also
not obviously associated to ram-pressure tails from gas-
rich galaxies. Note that this is different from what has
been observed in cases such as Smith et al. (2010); Mi-
hos et al. (2016); Boselli et al. (2018a); Gullieuszik et al.
(2020), where the association of the star-forming region
to tails of ram-pressure stripped galaxies is clear upon
visual inspection. While these ram-pressure tails have
been found in simulations including TNG50 (Rohr et al.
2023), they are not the main contributor to the star form-
ing gas in our systems. Instead, stars seem to be forming
in cloudlet-like objects with kpc typical size, which con-
densate along filamentary structures in the ICM.

This is not the first time that small-scale cold clouds
in the ICM have been reported in TNG50. In a detailed
analysis of the ICM in z = 0.5 halos, Nelson et al. (2020)
highlighted this fundamental prediction from the TNG
model in combination with the high resolution achieved
by TNG50. These small-scale cold clouds seem consistent
with being seeded by local inhomogeneities in gas density
that later grow due to increased cooling. While the role
of magnetic fields in forming these clouds is not clear,
the magnetic pressure in these clouds is large and ex-
ceeds the thermal pressure, providing support and mak-
ing these features long-lived, on the scale of several Gyrs.
Interestingly, the results in this work show that some of
these cold clouds manage to become star-forming and
contribute a non-negligible fraction of the stars to the
diffuse ICL component.

In agreement with the findings of Nelson et al. (2020),
the metallicity of in-situ born ICL stars (with rporn >
21y, ) is relatively high, registering a median value of
[Fe/H] ~ —0.77 with a substantial scatter of approx-
imately 0.39 dex, comparable to the accreted ICL, the
metallicity of dwarf galaxies with M, ~ 108 Mg, and
the outskirts of more luminous, MW-like galaxies. This
suggests that the gas seeding these density perturbations
has galaxy-like abundances and it likely comprises gas
that has, a long time ago, been stripped from infalling
galaxies. Obvious associations to those satellites do not
seem to persist until z = 0 in our simulations, suggesting
that the timescales for the clouds to form and become
star-forming are comparable to the orbital times of the
satellites. The similarity between the metallicities for the
in-situ and accreted components complicates the chances
of observationally distinguishing these two populations.

The physical conditions for the star-forming clouds
seem comparable to those of normal star-forming regions
in the ISM of galaxies. The median density of the star-
forming cells flagged as part of the ICM is ~ 0.2 cm ™3,
which is just above the density threshold for star for-
mation in the TNG baryonic treatment n ~ 0.1 cm™3
(Please see Appendix A for a more detailed comparison
of density and temperature for star-forming cells in the
ICL compared to those in satellite galaxies.) Interest-
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ingly, the fraction of stellar mass born in-situ in the ICM
seems only weakly dependent on numerical resolution,
as some of the clusters selected in TNG100 show similar
levels of star formation rate in the ICM (see Appendix
B). The presence of these in-situ born stars in the ICL is
therefore a fundamental consequence (or prediction) of
the model in several resolution levels.

At z=0, the velocity distributions of both the in-situ
and accreted stellar components are found to be remark-
ably similar, suggesting significant virialization within
the cluster. This hints at the possibility that the in-situ
component must also be relatively old, comparable in age
to the accreted stars. We also note that at the current in-

tegrated star formation rates shown in the intra-cluster
region of our simulated clusters, SFR ~ 1 Mg /yr (see
Fig. 3), it would take ~ 100 Gyr to form the total mass of
the in-situ ICL stars listed in Table 1. This diffuse mode
of star formation must therefore have also been present
at earlier times, and with higher intensity. We confirm
this by showing the distribution of stellar mass formed
in-situ in a given time-bin in Fig. 7. This is calculated
by adding all the stellar mass of the in situ-labeled stars
in the ICL with a given age divided by the size of the
time-bin to provide an average star formation rate. The
blue shaded histograms indicate that the in-situ intra-
cluster star-formation is a rather continuous phenomenon
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over time and was, on average, stronger around z ~ 2-3
(i.e., cosmic times 2-4 Gyr). As an illustration, we show
in Fig. 8 the predicted SFR maps for our highest mass
group at three different redshifts: z = 3.7, 2.3and 0.9.
In all cases, extended star forming areas appear out to
almost the virial radius of the cluster progenitor. An ex-
amination of the birthplaces of the in-situ stars in the
ICL reveals that a fraction of these stars may have origi-
nated in the central galaxy and were subsequently ejected
due to merger events. This phenomenon is especially no-
ticeable in one of our groups, which experienced a recent
major merger in its formation history. However, for the
rest of our sample, we estimate that the majority (over
60%) of the in-situ ICL stars formed at r > 40 kpc or
r > 2ry,, relative to the BCG or its main progenitor at
the time of their formation.

These stars are forming from the cool gas present in
the ICM of the clusters, as shown in the star-forming
gas distributions at higher redshifts in Fig. 8. The exis-
tence of cool gas in filamentary structures around these
clusters at higher redshift (z 2 2) has also been recently
reported in the study by Rohr et al. (2024), which ex-
amines more massive clusters (with masses ranging from
103 to 1054 M) from the TNG-Cluster simulation
suite (Nelson et al. 2024). This suite employs the same
baryonic physics as TNG50 but at a lower resolution.
Our measured SFRs in the ICM for the mass range of
our three systems are roughly in agreement with their
reported SFRs at z ~ 0.5 where the mass range of their
more massive clusters overlaps with our systems.

Have these star-forming regions been detected in ob-
servations? In the nearby universe, ongoing star forma-
tion in the tails of ram-pressured stripped galaxies has
been observed in the past, for example in the Virgo clus-
ter (Mihos et al. 2016; Boselli et al. 2018a). However,
the predictions from TNG50 are different in nature from
these observations, since the star-forming cloudlets are
currently not associated with any satellite. In that sense,
they are closer to a recently identified class of young, iso-
lated, and star-forming clouds in Virgo, see Jones et al.
(2024); Beccari et al. (2017). We cannot rule out that
this gas originated as ram-pressure tails stripped from
galaxies in the distant past, where any possible correla-
tion with the galaxy distribution has been long erased.
However, if that is the case, the timescale for turning this
gas into stars seems too long compared to observations of
ram-pressure tails which can still be traced back to their
original galaxy. Therefore we consider this a different
process than what is observed in ram-pressure tails.

The color coding of the gas in Fig. 6 indicates that,
at z = 0, the expected H, surface brightness for the
intra-cluster gas is rather modest, Y ~ 1.6 x 1071%—
2.6 x 1078 erg s7! em™2 arcsec™2, which could par-
tially explain why this phenomena has so far escaped
detection®2. For comparison, the most extended and
deepest surveys available, such as VESTIGE, have a sen-
sitivity Yp, ~ 2 x 107 erg s7! ¢cm™? arcsec™? at 3

2 These quoted values for H, brightness are derived from
Fig. 6, where we binned the star-forming gas at similar spa-
tial resolution as VESTIGE (3 arcsec) and measured the Hg
flux within each ’pixel“. If we analyze the results and com-
pute the median and dispersion, we obtain a median value of
6.8 x 10~ Yerg s~ cm~2 arcsec™2 and a dispersion ranging from
1.6 x 10719-2.6 x 10718 erg s~ cm™2 arcsec™2.
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arcsec angular resolution (Boselli et al. 2018a)%3. On
the other hand, there are claims of detection of runaway
cooling of the hot gas in high-z clusters leading to star
formation events with SFR ~ 900 Mg, /yr offset from the
main host galaxy by ~ 25 kpc for the coolest gas and
~ 50 kpc for the X-ray peak (Hlavacek-Larrondo et al.
2020) that might be comparable to some of the in-situ
formed stars in our simulations.

Finally, we must also consider the possibility that these
in-situ formed ICL stars are a numerical effect born out
of specific choices made for the baryonic treatment in the
simulation. While the multi-phase nature of the gas in
the outskirts of groups and clusters has been reported
before by several simulation groups (Nelson et al. 2018b;
Butsky et al. 2019; Oppenheimer et al. 2021), whether
warm/cold gas cells in the ICM can form stars is less ro-
bustly predicted by numerical codes. The fact that most
star-forming clouds sit near the density threshold for star
formation suggests that increasing the value of that pa-
rameter might significantly lower the occurrence of stars
born in the in-situ ICL component, but more rigorous
tests must be performed to quantify this effect. More
detailed baryonic prescriptions that explicitly resolve the
multiphase structure of the gas in the ISM of galaxies
advocate for larger density thresholds for star formation,
n ~ 1-100 cm™3, more in line with the typical densi-
ties of molecular clouds with active star formation (Hop-
kins et al. 2011; Agertz et al. 2013; Dutton et al. 2019).
Our study points out that baryonic treatments that are
able to successfully reproduce many of the properties of
galaxy populations, might not be as well attuned to per-
form well in environments where the typical conditions
of the gas differs from that in the ISM of galaxies, for
example in the ICM. As shown in Fig. 8, the potential
limitations of these treatments might worsen at inter-
mediate to high-redshifts, where the associated higher
densities translate into larger numbers of gas cells be-
ing eligible to become star-forming in prescriptions based
on a low density threshold for star formation. In other
words, while baryonic treatments such as the one em-
ployed in the TNG model, do predict the presence of
overdense pockets of gas within the ICM, it is insufficient
to uniquely determine which fraction of that gas is dense
and cold enough to form stars, a limitation that may
scale with redshift as gas is more abundant and dense
at high-z. As more data become available for low- and

3 The stacking of pixels to increase image sensitivity of the im-
ages should be limited to reasonable scales. The 3 arcsec scale
( 0.24 kpc at the distance of the Virgo cluster) mentioned in the
VESTIGE paper is optimized for detecting structures associated
with the tails of stripped gas in galaxies. While stacking pixels
on 100 kpc scales could theoretically increase sensitivity as \ﬂN )
(where N is the number of pixels), this assumes a perfectly flat
background, which is rarely the case. Issues such as large-scale
structures from flat fielding imperfections and correlated noise due
to bright stars and unwanted gradients from non-uniform illumi-
nation can affect the results (see Fig. 4 of Boselli et al. (2018a),
VESTIGE paper I). Moreover, narrow-band filters centered on the
rest-frame H,, line are also sensitive to H, emission from Galactic
cirrus. Hence the contribution of the Galactic cirrus in the direction
of the Virgo cluster can complicate measurements (see Fig. 16 of
the same VESTIGE I paper). While IFU spectroscopy could help
confirm these features, technical limitations exist. For instance,
MUSE/VLT can achieve X, ~ 10718 erg s~ cm™2 arcsec ™2 on
~1 arcsec scales in ~1h integration, but its 1 arcmin FoV is insuffi-
cient for mapping large areas like the Virgo cluster (~100 sq.deg),
necessitating pre-selection of observation targets.
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even at earlier redshifts.

high-z groups and clusters, their imaging in wavelengths
where young stars are mapped might help understand
the applicability of such star formation recipes to these
environments.

4. SUMMARY AND CONCLUSIONS

We use the cosmological hydrodynamical simulation
TNG50 to study the formation of in-situ ICL in Virgo-
like systems. We select the 3 most massive clusters in the
box with virial masses Magp = 6.5 x 1013-1.8 x 1014 M.
We find that a significant fraction, ~ 8%-28% of the
present-day mass in the ICL, was formed in-situ. When
analyzed in detail, and contrary to what is commonly

believed, the majority of these in-situ stars are born di-
rectly into the diffuse light component at hundreds of
kiloparsecs from the main host and directly from the ICM
gas, rather than brought in and dispersed during merger
events. This diffuse star-formation proceeds in cloudlets
that condense along filamentary-like structures that are
aligned with the neutral gas and dark matter distribu-
tions and are not clearly associated with ram-pressure
stripping of gas in infalling galaxies.

At z = 0 the expected H, surface brightness due to
this diffuse mode of star formation reaches ~ 6.8 x 10719
erg s~ cm ™2 arcsec™2, just below the detection limits of
the ongoing surveys in Virgo when smoothed on scales of



3 arcsec. In the simulated clusters, star formation maps
at higher redshift suggest that extended star formation
is present throughout the history of the cluster, making
it an interesting target for discovery with facilities such
as JWST.

One interesting application of our results is that or-
phan core-collapse supernova events would be expected
to occur in relative isolation in the ICL. While such
events have not yet been reported, with a predicted av-
erage SFR of ~ 1 Mg /yr, we expect only ~ 1 SN per
~ 200 yr in a Virgo-like system®*, suggesting that a con-
current survey of hundreds of clusters might be needed
for detecting such rare events.

If ongoing star formation in the intra-cluster region
of observed clusters is really lacking, then this would
signal shortcomings in the treatment of star formation
in simulations like TNG50, especially in low-density re-
gions. The formation of stars in these extended and dif-
fuse structures is possible because of the condensation
of denser clouds embedded in the more diffuse ICM, as
reported by Nelson et al. (2020). Numerical techniques
such as that used in AREPO have been shown to lead
to less artificial formation of clouds compared to other
techniques such as SPH (Agertz et al. 2009; Torrey et al.
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2012), but it is possible that other numerical effects are
still at play. We emphasize that further studies of the
effect of the star formation threshold in models such as
those of TNG would be desirable to determine their role
in the formation of stars in such unexpected conditions.
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APPENDIX
PHYSICAL CONDITIONS FOR STAR FORMATION

In this section we provide additional information on the gas density of the star-forming gas. We show in Fig. 9
the normalized distribution of gas density of star-forming gas in different environments: ICM (blue), satellites(gray)
and central cluster galaxies (orange) in our clusters. The classification of cells as either belonging to the ICM or
to satellites has been done consistent with the classification of stars, following membership of cells as assigned by
SUBFIND and “cleaning” the ICM of particles close in distance to surviving satellites (see Sec. 2.1). Fig. 9 shows that
the star formation in the ICM occurs with densities biased slightly low with respect to the star formation in the ISM
of galaxies, but there is considerable overlap in the distributions.

EFFECT OF RESOLUTION

To assess the impact of resolution on the star formation rates found within the ICL regions in our studied groups
in TNG50, we turn our attention to the results obtained from TNG100 and TNG50-2. TNG100-1, part of the same
suite of cosmological hydrodynamical simulations, represents a larger baryonic run with a volume of 110.7 Mpc® and
2 x 1820% resolution elements (lower resolution compared to TNG50, which features 2 x 2160% resolution elements).
In this run, the baryon and dark matter particle masses are 1.4 x 10° Mpand 7.5 x 10 Mg, respectively. TNG50-2
has the exact same volume as TNG50 but simulated at the resolution of TNG100.

For the comparison, we exclusively consider groups with virial masses similar to those examined in our study
(Magg £ 6.5 % 10'3), resulting in a subset of 26 groups in TNG100 and 3 groups in TNG50-2.

In Fig. 10, we juxtapose the star formation rates in TNG50 and TNG100 for both central and ICL regions. The
results of TNG50 seem within the scatter of those for the larger sample of TNG100 groups, perhaps slightly biased
to the upper half of the SFR distribution. For a more direct comparison, we also show the 3 most massive groups in
the TNG50-2 run, close in resolution to TNG100. These comparisons suggests a weak dependence of the results with
numerical resolution which is in line with the resolution trends found in the formation of clouds in Nelson et al. (2020):
better resolved runs seem more prone to form clouds and also will result in a larger chance to have star-forming gas
in them.

This paper was built using the Open Journal of Astrophysics WTEX template. The OJA is a journal which provides
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F1G. 9.— Normalized distribution of star-forming gas cells that belong to the ICM (shown by the blue line), massive subhalos (presented
by the gray line), and central cluster galaxies (depicted by the orange line).
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F1G. 10.— Star formation rate (SFR) plotted against stellar mass for different groups in in TNG100, TNG50, and TNG50-2 simulations.
Results for central galaxies are represented by stars, with orange denoting centrals in TNG100, red for TNG50, and unfilled red stars for
TNG50-2. The ICL component is illustrated by squares, with light blue indicating ICL in TNG100, navy blue for TNG50, and unfilled
navy blue representing TNG50-2.
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