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ABSTRACT

The dust content of star-forming galaxies is generally positively correlated with their stellar mass. However, some recent James
Webb Space Telescope (JWST) studies have shown the existence of a population of dwarf galaxies with an unexpectedly large dust
attenuation. Using Cosmic Evolution Early Release Science Survey (CEERS) data, we identified a sample of 1361 highly extincted
low-mass (HELM) galaxies, defined as dwarf galaxies (M, < 10%) with Ay > 1 mag or more massive galaxies with an exceptionally
high dust attenuation given their stellar mass (i.e. Ay > 1.6log;o(M./Mg) — 12.6). The selection was performed using the multi-
parameter distribution obtained through a comprehensive spectral energy distribution fitting analysis, based on optical to near-infrared
data. After the exclusion of possible contaminants, such as brown dwarfs, little red dots, and high-z (z > 8.5) and ultra-high-z (z > 15)
galaxies, the sample mainly includes sources at z < 1, with a tail extending up to z = 7.2. The sample has a median stellar mass of
10’ M, and a median dust attenuation of Ay = 2 mag. We analysed the morphology, environment, and star formation rate of these
sources to investigate the reason behind their large dust attenuation. In particular, HELM sources have sizes (effective radii, R,) similar
to non-dusty dwarf galaxies and no correlation is visible between the axis ratios (b/a) and the dust attenuation. These findings indicate
that it is unlikely that the large dust attenuation is due to projection effects, but a prolate or disc-on oblate geometry is still possible, at
least for a sub-sample of the sources. We have found that the distribution of HELM sources is slightly skewed towards more clustered
environments than non-dusty dwarfs and tends to be slightly less star-forming. This finding, if confirmed by spectroscopic follow-up,
indicates that HELM sources could be going through some environmental processes, such as galaxy interactions.
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1. Introduction mass (see Draine 2003). Indeed, it is central to the formation

. . . and cooling of the molecular gas, and therefore to the forma-
DUSt. is a key and qblqultous component of the 1nt§rstellar tion of new stars. Moreover, dust profoundly impacts our under-
medium (ISM), despite accounting for only ~1% of its tofal standing of galaxy evolution, given that it absorbs ultraviolet

(UV) and optical radiation coming from stars re-emitting it at
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infrared (IR) wavelengths, impacting the observed spectra and
the derived physical properties. Therefore, the dust content and
its evolution with cosmic time remain a key topic in extragalactic
astrophysics.

Dusty galaxies have been extensively studied from the local
Universe to the early cosmic epochs, showing that these systems
seem to dominate the cosmic star formation budget at least out to
7z =4 -5 (Zavala et al. 2017; Magnelli et al. 2024; Traina et al.
2026). The existence and importance of deeply obscured objects,
which are extremely faint or completely undetected in the rest-
frame optical and UV, have been pointed out by several studies
(e.g. Simpson et al. 2014; Franco et al. 2018; Wang et al. 2019;
Talia et al. 2021; Gruppioni et al. 2020; Fudamoto et al. 2021;
Enia et al. 2022; Gentile et al. 2024). In recent years, the launch
of the James Webb Space Telescope (JWST) has allowed obser-
vations of the stellar continuum of these objects in the near-
IR to deeply investigate their physical properties. Before its
advent, the majority of dusty galaxies were massive and lumi-
nous systems, but their stellar continuum was poorly known or
impossible to study as only far-IR or radio observations were
available for these objects. Now, with JWST, we are not only
investigating the stellar continuum of the brightest dusty galax-
ies but also pushing back their redshift and stellar mass fron-
tiers (e.g Pérez-Gonzdlez et al. 2023; Rodighiero et al. 2023;
Williams et al. 2024; Gentile et al. 2025).

It has been observed that the dust attenuation (Ay) of star-
forming galaxies has a positive correlation with stellar mass. On
the one hand, more massive star-forming galaxies are generally
dustier and are dominated by sources detected in the mid-IR (e.g.
Spitzer; Pérez-Gonzalez et al. 2005, 2008) and far-IR (Herschel,
Rodighiero et al. 2010; Barro et al. 2019; Mérida et al. 2023).
On the other hand, low-mass star-forming galaxies (with M, <
1083 My) have a negligible dust content (Pannella et al. 2015;
McLure et al. 2018; Shapley et al. 2023; Liu et al. 2024). This
relation is shaped by the many complex mechanisms responsi-
ble for the creation and destruction of dust (see Draine 2009;
Salim & Narayanan 2020; Schneider & Maiolino 2024). First,
dust is produced by mass loss from asymptotic giant branch
stars and supernova ejecta (e.g. Gall et al. 2011; Sarangi et al.
2018). Therefore, the correlation between dust attenuation and
stellar mass can be seen as a by-product of the correlation
observed between stellar mass and the star formation rate (SFR;
Brinchmann et al. 2004; Noeske et al. 2007). At the same time,
dust in low-mass systems can be reduced due to stellar feedback-
driven outflows, which can easily expel metal-enriched gas given
their low gravitational potential (Dayal et al. 2013). Moreover,
it has been argued that supernova explosions could heat up
the surrounding gas, reducing the amount of condensed dust
(Nozawa et al. 2011; Bocchio et al. 2016; Bianchi & Schneider
2007). Finally, dust can also grow directly around ISM met-
als, with the growth depending on the local gas density, tem-
perature, and elemental abundance (Draine 1990; Mancini et al.
2015; Schneider et al. 2016; Popping et al. 2017; Graziani et al.
2020).

All these phenomena that play a role in the formation of
dust indicate a positive correlation between stellar mass and
dust content and, as a consequence, dust attenuation. However,
given the complexity and timescale of these mechanisms, we
can also expect to observe galaxies deviating from such a rela-
tion. Indeed, Rodighiero et al. (2023), Bisigello et al. (2023),
and Gandolfi et al. (2025) have revealed an unexpected popu-
lation of low-mass galaxies with M, < 10%°M, and a non-
negligible dust attenuation (Ay> 1) mainly, but not only, located
at z < 2, by looking for galaxies detected at 4um but unde-
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tected at A < 2um. This population of highly extincted low-
mass galaxies (HELM galaxies hereafter) is too faint in the
optical and far-IR to be observed with past and current facil-
ities, such as the Hubble (HST) or Herschel space telescopes,
but can now be explored in the near-IR with JWST. Moreover,
some HELM galaxies, being faint and red, mimic the colour
expected of ultra-high redshift galaxies at z > 15 (Gandolfi et al.
2025; Pérez-Gonzalez et al. 2025; Castellano et al. 2025), mak-
ing them a poorly characterised class of interlopers when study-
ing the extremely high-z Universe.

In this work, we take a step forwards with respect to the pio-
neering studies by Bisigello et al. (2023) and Rodighiero et al.
(2023) to explore the nature of HELM galaxies using a larger
and purer sample based on physical properties instead of colour
selections. The paper is organised as follows. In Section 2 we
describe the data used and sample selection. Given the faintness
of HELM galaxies, we perform some preliminary analysis on
the stacked photometry in Section 3, while we discuss differ-
ent scenarios for the large dust attenuation of HELM galaxies in
Section 4. Throughout the paper, we consider a A cold dark mat-
ter cosmology with Hy = 70kms™ Mpc™!, Q. = 0.30, Q, =
0.70, and a Chabrier initial mass function (IMF, Chabrier 2003).
All magnitudes are in the AB system (Oke & Gunn 1983).

2. Data

In this work, we used data from the Cosmic Evolution Early
Release Science Survey (CEERS Finkelstein et al. 2025), which
covered ~90 arcmin® of the Extended Groth Strip (EGS) with
both spectroscopy and photometry. In particular, we considered
the public release of the imaging data (v.0.6) presented in detail
in Bagley et al. (2023), which include both observing epochs
and six broad bands (F115W, F150W, F200W, F277W, F356W,
F444W) and one medium-band Near Infrared Camera (NIR-
Cam) observation (F410M). For ~70% of the EGS field, there
are also Mid-Infrared Instrument (MIRI) data with various filter
combinations. On the one hand, the CEERS programme includes
sparse MIRI coverage (Yang et al. 2023), with a filter combi-
nation that may include only two deep short-wavelength filters
(F560W and F770W) or six broad-band filters covering 5.6 um
to 21 wm with a shallower depth, depending on the pointing.
On the other hand, observations from 7.7 um to 21 um are also
available as part of the MIRI EGS Galaxy and AGN (MEGA
Backhaus et al. 2025). However, the depths of MIRI observa-
tions are not enough to match the faintest galaxies detected with
NIRCam. Deep HST observations are also available in the entire
field of CANDELS (Koekemoer et al. 2011; Grogin et al. 2011)
in six filters (ACS/WFC F606W, F814W and WFC3/IR F105W,
F125W, F140W, F160W) from a variety of different programmes
and were all combined into mosaics at a scale of 30 mas/pixel.

Finally, we verified whether any of the sources of inter-
est have available spectroscopic data, coming from the CEERS
NIRCam grism observations and derived using a custom extrac-
tion and contamination modelling similar to Pirzkal et al. (2018),
or Near Infrared Spectrograph (NIRSpec) Multi-Object Spec-
troscopy observations with medium grating or the PRISM (Arra-
bal Haro et al., in prep.), or from the DAWN JWST Archive
(DJA"). More details are given later for specific objects.

' https://dawn-cph.github.io/dja
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2.1. Photometric catalogue

This work is based on the source catalogue described by
Finkelstein et al. (2024) and based on the NIRCam mosaic.
Briefly, short-wavelength HST and NIRCam filter images
(F606W, F814W, F115W, F150W, and F200W) were all matched
to the point-spread function (PSF) of the F277W filter. At the
same time, for bands with larger PSFs, such as the redder NIR-
Cam bands and all HST/WFC3 bands, they were corrected for
missing flux using correction factors derived by convolving the
F277W image to the larger PSF and measuring the flux ratio
in the native image to that in the convolved image. Photom-
etry was then performed with Source Extractor (v2.25.0
Bertin & Arnouts 1996) in two-image mode, using as the detec-
tion image the inverse-variance weighted combination of the
native-resolution F277W and F356W band images. Fiducial
fluxes were measured in small elliptical Kron apertures, but later
corrected for missing flux (see Finkelstein et al. 2023, for more
details).

Given the sparsity and depth of MIRI data, we decided not
to include the fiducial fluxes in the catalogue and the spectral
energy distribution (SED) fitting, but to check a posteriori for
the detection of single objects or in the stacked images. The final
catalogue includes 101 808 sources.

2.2. SED fitting

We fitted the 13 HST and NIRCam filter observations with
the Bayesian Analysis of Galaxies for Physical Inference and
Parameter EStimation (BAGPIPES Carnall et al. 2018) code to the
entire sample of 101 808 galaxies extracted in Sect. 2.1. We also
included in the fit filters with non-detections — that is, S/N < 3 —
including the measured fluxes and uncertainties directly in order
to include all available photometric information without impos-
ing strong upper limits. We added in quadrature 5% of the flux
to the flux uncertainties to avoid small errors to dominate the fit
and to include unknown uncertainties, such as uncertainties in
SED modelling.

We considered the 2016 version of the Bruzual & Charlot
(2003) single stellar population models with metallicity rang-
ing from 5% solar to 2.5 times solar. As a first run, we con-
sidered a delayed star formation history (SFH) model, ot e,
with 7 varying between 10 Myr and 10 Gyr and the age, ¢, rang-
ing from 1Myr to 15Gyr (or the maximum age of the Uni-
verse at a given redshift, automatically included in the code).
The redshift ranged from z = 0 to z = 15, with a flat uninforma-
tive prior, while stellar masses were allowed to vary between
10° and 10'>3 M considering a flat and uninformative prior.
We included nebular continuum and emission lines from a pre-
computed model grid considering an ionisation parameter (i.e.
dimensionless ratio of densities of ionising photons to hydrogen)
between log,,(U) = —4 and —2. Finally, for dust attenuation, we
considered the reddening law by Calzetti et al. (2000), leaving
the optical dust attenuation free to vary between 0 and 6 mag-
nitudes. In addition, we performed an additional run that forced
the dust attenuation to be below Ay = 1 mag.

We also performed three other runs, varying the SFH or
the dust attenuation law and leaving all the other parameters
unchanged. In particular, first we considered the Small Magel-
lanic Cloud (SMC) attenuation curve (Gordon et al. 2003), vary-
ing the Ay between 0 and 6 magnitudes and keeping a delayed
SFH. Second, we kept the reddening law by Calzetti et al. (2000)
and changed the SFH to an exponentially declining one (that is,
o ¢~/), with T varying between 10 Myr and 10 Gyr. Finally,

@ Alcade Pampliega (2019)
@ Pérez-Gonzalez (2023), HST-faint

% Arrabal Haro (2023)
< Gandolfi (2025)

W Pérez-Gonzalez (2023), HST-dark 4p HELM-10
2 Gentile (2024) O HELM-20
< Bisigello (2023) 0 HELM-30

P> Rodighiero (2023)
¥¢ Bisigello (2025)

— HELM selection
¥ Castellano (2025)

log10(M«/Mg)

Fig. 1. Unexpected population of HELM galaxies, as visible in the stel-
lar mass and dust attenuation plane. Black dots represent the entire
CEERS sample (before any selection), derived from the first SED fit-
ting run described in Sect. 2.2 and considering the median value of both
Av and stellar mass. Contour lines show the 20 (yellow) to 90% (dark
blue) of the distribution, in steps of 10%. Coloured symbols show other
samples of dusty objects from the literature (Alcalde Pampliega et al.
2019; Pérez-Gonzilez et al. 2023; Gentile et al. 2024; Rodighiero et al.
2023; Bisigello et al. 2023; Gandolfi et al. 2025; Castellano et al. 2025;
Arrabal Haro et al. 2023b) and the one analysed in this paper (see Sect.
2.3). Bisigello et al. (2025) is a HELM galaxy confirmed spectroscop-
ically and is also part of the HELM-20 sample, while the source
by Castellano et al. (2025) has been confirmed spectroscopically but
is on another field. The dashed green line shows the known relation
between dust attenuation and stellar mass (McLure et al. 2018) derived
at 2 < z < 3, while the solid red line shows the selection criterion of
HELM sources.

we changed the SFH to a double power law (that is, o [(¢/7)* +
(¢t/7)P11), with 7 varying between 10 Myr and 10 Gyr and the
two power law exponents, o and S, ranging from 0.01 to 1000,
with logarithmic priors.

2.3. Sample selection

From the results of the previously mentioned BAGPIPES runs,
we removed objects with a bad fit (i.e. y*> > 20, 13398 objects)
and objects below the 5o detection limit in the F444 W filter (i.e.
28.7 mag, Finkelstein et al. 2025, 34795 sources). We consid-
ered the F444W for a detection given the red nature of the HELM
sources. Looking at the stellar mass versus dust absorption plane
for the all CEERS sample (Fig. 1), we selected HELM galaxies
as objects with

log,o(M./Mg) <85ANAy >1V
log,o(M./Mg) > 8.5 A Ay > 1.6log,((M./Mp) — 12.6,

ey

using the complete multi-parameter distributions of all SED fit-
ting runs. This selection was chosen to separate all objects with
a dust attenuation above the expectation given their stellar mass.
Therefore, we selected dwarf galaxies with some dust attenu-
ation (first criterion), but also more massive galaxies with an
extreme dust attenuation (second criterion).

With the above selection, we identified 3955 plausible, 203
robust, and 19 very robust HELM candidates, with 68% to 95%
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Table 1. Summary of the steps considered for the sample selection.

Selection Number of objects

HELM-1o0 HELM-20 HELM-30

Initial HELM selection” 3955 203 19
Brown-dwarf? 3 0 0
Y (Av < 1) < y?*(Av free) 1326 28 1
7> 8.5 3 1 0
Spectroscopic data? 9 1 1
Visual inspection 1425 15 3
Final HELM sample 1189 158 14

Notes. “See Eq. (1); "Matching with the sample by Holwerda et al.
(2024); “Matching with the sample by Finkelstein etal. (2024);
4Sources that are removed from the HELM sample thanks to spectro-
scopic data (Sect. C).

(10), 95% to 99.7% (20), and more than 99.7% (30 of the
output multi-parameter distributions within the HELM selection,
respectively. In the following, we call these sub-samples HELM-
1o, HELM-20, and HELM-30. These percentages were derived
averaging the percentages of the four single SED fitting runs, and
therefore indicate how frequent is the HELM solution among all
other possibilities. For example, the minimum percentage of the
multi-parameter distribution that is within the HELM selection
for a single SED fitting run is 98.8% for the HELM-30" sample
and 80% for the HELM-20- sample. On the other hand, one of
the four SED runs could be completely outside the HELM selec-
tion for the HELM-10 sources, as long as the others are inside
for >90%.

We cross-matched these catalogues with the sample of brown
dwarfs by Holwerda et al. (2024), which was derived using
the same dataset. We found three objects in HELM-1o- with
a probability higher than 0.7 of being a brown dwarf (see
Holwerda et al. 2024, or the details on the classification). We
removed these brown dwarf candidates from the catalogue,
reducing the sample size to 3952 objects.

We then removed objects for which the fit forcing Ay <
1 mag has a lower x* than the run with a free-to-vary dust atten-
uation. For this comparison we considered the results obtained
with the delayed SFH. We remind the reader that the HELM
selection in Eq. 1 is based on the multi-dimensional probabil-
ity distribution and not on the best point estimates. Therefore,
this additional criterion verifies that the HELM solution is not
only the one most represented in the multi-dimensional proba-
bility distribution, but also the one with the lowest y2. With this
additional criterion, we removed one object from the HELM-30
sample, while for all the other objects in the same sample the
difference in y? is Ay?> > 1.6, with a median value of Ay’ = 6.6.
In the HELM-20 sample, we removed 28 objects for which the
Ay < 1 mag solution is preferred, suggesting the possibility that
their red nature is not due to reddening. Around one third of
the HELM-10 sample has a non-dusty solution with a lower
x2. This is in line with the fact that these sources are the less
robust HELM candidates. The HELM-10 sample was therefore
reduced to 2626 objects.

We also cross-matched all HELM samples with the sample
of z > 8.5 galaxy candidates by Finkelstein et al. (2024). There
are no matches with the HELM-30-, while there is one with the
HELM-20-, and three with the HELM-10. On the one hand, the
source in the HELM-20- (CEERS_90671) has a spectroscopic
redshift of z = 8.638 Arrabal Haro et al. (2023a), confirming

A363, page 4 of 17

its high-z nature. The wrong HELM identification is possibly
link to the degeneracy between redshift and dust attenuation,
which is strengthened by the relative faintness of this source
(F277W = 28.1 mag) and the presence of some dust attenu-
ation, Ay = 0.2-0.9 (Arrabal Haro et al. 2023a). On the other
hand, there is no spectroscopic confirmation of the ten candidate
high-z sources in the HELM-10" sample. Given that our purpose
is to obtain a sample as pure as possible, we decided to remove
these high-z candidates from our samples anyway, but we per-
formed further comparisons to investigate if there are any other
possible high-z candidates in Sect. 4.1. In addition, there was no
overlap, by construction, between the HELM samples presented
here and the z > 15 catalogue by Gandolfi et al. (2025). We also
verified that there was no overlap with the z > 15 catalogue
by Castellano et al. (2025), as these sources had less than 20%
of their multi-parameter distribution inside the HELM selection
(see Section 2.3).

We also verified the availability of spectroscopic data to con-
firm or disclaim the HELM nature of our sources. The objects
with spectroscopic data are discussed in detail in Appendix
C, but the analysis allowed us to remove one object from
the HELM-30 sample, one from the HELM-20- sample, and
nine from the HELM-10, while one HELM source from the
HELM-20 was confirmed (Bisigello et al. 2025). The spectro-
scopic data were not sufficient to confirm or reject the HELM
solution for the other two HELM-10 sources, as no evident
features were observed in the spectra. We highlight that these
spectroscopic follow-ups were fine tuned to high-z or mas-
sive galaxies, so an unbiased spectroscopic follow-ups of the
HELM galaxies is necessary to verify the level of contamina-
tion. The spectroscopically confirmed HELM source CEERS-
93316 Arrabal Haro et al. (2023a), whichis at z = 4.912+0.001,
was removed in our selection procedure, having > > 20. In this
paper we aim for a selection that is as pure as possible, at the
expense of completeness.

As a final step, we visually inspected all remaining sources
to remove artefacts, which are more frequent in the HELM-10
sample. Given that many sources are detected in only a few
bands, imposing a low y? does not guarantee that the source is
real and without photometric issues. In Appendix B we show
some examples of the objects that we removed, which include
sources with strange shapes, sources at the edge of images or
outside the field of view in some filters, and also cases in which
no source is visible at the expected position due to issues with the
extraction procedure. The final HELM samples consist of 1189
plausible sources in the HELM-10-, 158 robust objects in the
HELM-20, and 14 very robust candidates in the HELM-30 sam-
ple. A summary of the selection steps is reported in Table 1. The
stellar mass and dust attenuation (median values of the median
outputs of all SED runs) for all the HELM sources is shown in
Fig. 2. Of all these sources, only two HELM-10 galaxies are
detected in MIRI. One source, which is part of the CEERS sur-
vey (Yang et al. 2023), is detected at 12.8 wum with a S/N = 7.7
and undetected at 18 pm. The other source has been observed in
the MEGA survey (Backhaus et al. 2025). It has S/N > 40 in
the 7.7 um filter, but is undetected (S/N < 1) in the other bands
at A = 10, 15, and 21 um. However, the first object has a suspi-
cious annulus shape, indicating that there is probably an artefact
in the F1280W image, while the second is close to the edge of
the MIRI images. Therefore, neither object can be identified as
a secure MIRI detection.

We also identified a control sample of low-z non-dusty dwarf
galaxies to compare their physical properties with the ones of
HELM galaxies to investigate the reasons of their large dust
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attenuation. This control sample was selected as galaxies hav-
ing a good fit (i.e. > < 20), a median redshift of z < 1,
negligible dust attenuation, Ay < 1, and a low stellar mass,
log,o(M./Mg) < 8.5, considering a confidence of 84% on the
first SED fitting run (i.e. delayed SFH and Calzetti et al. (2000)
reddening law). The control sample consists of 15045 galax-
ies, with Ay = 0.29 £ 0.14 and log,,(M./My) = 6.8 £ 0.6 on
average.

2.4. Comparison between the HELM samples

In Fig. 1 we report the dust attenuation and stellar mass derived
for the entire CEERS sample considering the first SED fit-
ting run (i.e. delayed SFH, Calzetti’s reddening law) and the
HELM selection criterion. From this plot, it is evident how
the two-dimensional distribution shows a bimodality, with the
majority of galaxies following the expected relation between
stellar mass and dust attenuation, and others (forming our
HELM samples) being well above the expectation. In the same
figure we also report, for comparison, the median stellar mass
and dust attenuation of the three HELM samples analysed in
this work and other samples of dusty sources from the litera-
ture (Alcalde Pampliega et al. 2019; Pérez-Gonzélez et al. 2023;
Gentile et al. 2024; Rodighiero et al. 2023; Bisigello et al. 2023;
Castellano et al. 2025; Arrabal Haro et al. 2023b). The first four
samples were selected for being faint or dark in the optical, but
bright in the near-IR or at radio frequencies and are more mas-
sive than the bulk of the HELM population. The sample pre-
sented in Bisigello et al. (2023) is generally more dust-obscured
than our HELM sample. It is based on the first epoch of the
CEERS survey, but it was selected for having S/N > 3 at 4.4 um
and S/N < 2 at 4 < 2um. Rodighiero et al. (2023) considered
a similar sample selection, but it is based on deeper data, which
results in a sample with dust attenuation similar to the bulk of
our HELM galaxies, but slightly less massive. The sample by
Gandolfi et al. (2025) consists of three HELM candidates that,
however, have some probability of being at z > 15. The five
galaxies presented in Bisigello et al. (2025), Arrabal Haro et al.
(2023b) and Castellano et al. (2025) are the only spectroscopi-
cally confirmed HELM galaxies.

We verified that there are no strong biases between the differ-
ent SED fitting runs for the HELM samples (see Appendix A).
The redshift and stellar mass distributions of the HELM samples
are shown in Figure 3. The HELM samples present similar red-
shift distributions, with a median value ranging from z = 0.29
to z = 0.40. However, all galaxies in the HELM-30 sample are
at z < 0.6, while the HELM-20- sample presents one source at
z > 1, with a spectroscopic redshift of z = 4.883 (Bisigello et al.
2025). The HELM-10 sample instead extends up to z = 7.2.
Therefore, the large majority (90%) of HELM sources are at
z < 1. As for the stellar mass, all samples have median val-
ues between log;,(M../Mg) = 6.9 and log,,(M../Mg) = 7.2, but
the HELM-1o presents a tail at log;,(M,/Mg) > 8.5 that corre-
sponds to the galaxies at the highest redshift. We performed the
two-sided Kolmogorov-Smirnov (KS) test to exclude the possi-
bility that the HELM samples are extracted from the same dis-
tributions. We can exclude with 90% (80%) confidence that the
HELM-10 sample is extracted from the same redshift distribu-
tion as the HELM-20- (HELM-30) sample. We cannot exclude
the possibility that the HELM-20- and HELM-30 samples are
drawn from the same redshift distribution, or that any of the three
HELM samples originate from the same stellar mass distribu-
tion. Given the redshift distributions of the samples, we concen-
trate our analysis on z < 1, corresponding to 1053/1189 of the

[ Starting sample
0 Final sample

o
[N]

— 1

Number density
[=)
=
I

o
o
|

HELM—-1¢ © HELM-20 @ HELM-30

6 7 8 9 00 01 02
log10(M+/Mg) Number density

Fig. 2. Stellar mass and dust attenuation plane showing the HELM
sources and the HELM selection criterion (solid red line). For the stel-
lar mass and dust attenuation, we show the median value of the median
outputs of each SED set-up. The HELM selection was performed on
the multi-parameter probability distribution and not on the point esti-
mates of the physical properties, so the median value shown here can be
slightly out of the selection if one of the SED runs has a median output
distant from the HELM selection. The two side panels show the number
density of the HELM samples before and after the selections of Table 1.

HELM-10 sample, 157/158 of the HELM-20 sample, and all 14
objects of the HELM-30 sample.

It is worth noticing that HELM galaxies overall represent the
minority with respect to the whole sample of observed galax-
ies, as they are 1.5% of the entire CEERS sample with a good
SED fit. Their faint nature and their rarity, perhaps linked to a
short-lived evolutionary phase, are probably the reason behind
their absence in previous studies of dusty objects. They are also a
minority among galaxies with a similar stellar mass and redshift
(Fig. 4); therefore, their IR flux would be missed even in a stack-
ing analysis based on stellar mass selections. Indeed, HELM
sources account at maximum for fewer than 6% of all sources at
z < 1 and with a stellar mass of around 10”7 My, while their frac-
tion decreases at higher stellar masses and redshifts. For exam-
ple, HELM sources are <1% of all the galaxies at z > 1. It is
necessary, however, to consider that we did not correct for com-
pleteness and we expect the sample of HELM sources to be more
incomplete than the one of non-dusty dwarfs, considering their
faintness at short wavelengths.

3. Stacked photometry

As a first step, we performed a stacking analysis on the photom-
etry of the HELM samples to verify their red nature. Indeed, the
faint nature of these galaxies makes them undetected in many
bands, as, on average, sources in the HELM-10, HELM-20, and
HELM-30 have S/N > 3 in the 4.5, 6.8, and 8.8 filters, respec-
tively, out of the 13 HST and NIRCam bands available, but also
no detections in the MIRI bands. The stack was performed in
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Fig. 3. Normalised redshift (top) and stellar mass (bottom) distributions
of the HELM samples. Coloured arrows indicate the median of the three
samples and are slightly shifted vertically for clarity. In the top panel,
we limit the plot to z < 3.5 for visual clarity, but we show the entire
range in the inset for the HELM-10 sample.

the rest-frame, combining all three samples and splitting them in
redshift binsup to z = 1.1.

We started by verifying that the source is inside the observa-
tion footprint of the considered band, as it varies from filter to fil-
ter. Then, we extracted an area of 3" X3”" centred on each source.
We stacked 11 objects at z < 0.11,206 at 0.11 < z < 0.24, 414 at
0.24 <7<0.38,341 at 0.38 < 7 < 0.53, 140 at 0.53 < z < 0.71,
66 at 0.71 < z < 0.90, and 28 at 0.90 < z < 1.11. Redshift
bins were chosen considering the rest-frame wavelength traced
by each filter at different redshifts. The same stacking procedure
was also applied to the control sample of not-dusty dwarfs.

3.1. Background removal

Before performing the stack of each object, we removed any
residual local background, following the procedure presented in
Rodighiero et al. (2023). In particular, we modelled the 1D pixel
intensity distribution with the sum of a Gaussian function, whose
mean corresponds to the background, and a Schechter function,
which is a minor component accounting for sources within this
region. The fit was performed using as initial values the maxi-
mum, the median, and 70% of standard deviation of the 1D pixel
intensity distribution for the amplitude, mean, and standard devi-
ation of the Gaussian function. For the Schechter function, we
considered as initial values an amplitude of 10% the maximum
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Fig. 4. Fraction of HELM sources, considering all samples, with respect
to all galaxies with a similar redshift (top) and a similar redshift and
stellar mass (bottom). We consider only galaxies in the entire CEERS
sample with a good SED fit (i.e. y* < 20).

of the 1D pixel intensity distribution for the amplitude, a knee
equal to the standard deviation of the 1D pixel intensity distribu-
tion, and a slope of 2. The fit is stable against reasonable changes
in these initial values.

3.2. Photometric extraction and comparison

We normalised each object by its flux in the F356W filter and
then we combined all images and derived the median pixel by
pixel, after performing a 30" clipping. We extracted the photom-
etry associated with each cut-out using a 0”3 aperture radius,
which is larger than the stacked sources. Uncertainties on the
photometry were derived from the root mean square of the flux
in four empty regions with a 0’3 aperture radius located at the
corners of each stacked image.

In Figure 5 we report a comparison between the photometry
of the HELM sample and the control sample, all normalised to
the flux observed at rest-frame 2.5 pm. The coherent behaviour
of both stacks support the validity of the majority of the photo-
metric redshifts, despite the faint nature of these objects. Some
discrepancies are visible in the short-wavelength slopes of each
stack. However it is evident that the HELM galaxies not only
have a redder continuum at 4 < 2um but also show a flatter
continuum at longer wavelengths. Moreover, there is a tentative
emission feature right at the position of the 3.3 um polycyclic
aromatic hydrocarbon (PAH) feature. We performed a linear fit
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Fig. 5. Comparison between the stacked rest-frame photometry of the
combined HELM samples (top) and the sample of non-dusty dwarfs
(bottom) at different redshifts. Stacked photometry is normalised at
2.5 um. We show the HELM SED (solid black lines), convolved using a
top-hat function over seven data points, in both panels for comparison.

of the continuum bluewards and redwards the tentative PAH fea-
ture to derive an estimate of its equivalent width (EW). In par-
ticular, we considered the excess with respect of the continuum
from z = 0.1 to z = 0.3, when the tentative feature is traced
by the F356W, F410M, and F444W filters. The EW varies from
298 £ 5nm (z = 0.2) to 659 = 6nm (z = 0.3). Spectroscopic
follow-ups are fundamental to verify if the 3.3 um is indeed
present and so prominent.

4. The nature of HELM galaxies

In this section we investigate some possible scenarios to explain
the high dust attenuation observed in HELM galaxies. In these
comparisons, except when analysing colours, we limit the analy-
sis to objects at z < 1, as the limited number of sources at higher
redshifts precludes the study of any redshift evolution.

4.1. Contamination by ultra-high-z galaxies

As has been highlighted by several works (e.g.
Euclid Collaboration: Bisigello et al. 2023; Zavala et al. 2023;
Gandolfi et al. 2025; Castellano et al. 2025), dusty galaxies
at z < 6 can be misinterpreted as ultra-high-redshift sources
beyond z > 15, particularly when they are highly star-forming.
To test whether this is a possibility for our HELM sources, in
Fig. 6 we report the selection criteria for galaxies at z = 15 — 20
and z = 20 — 30 by Castellano et al. (2025). None of our sources
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Fig. 6. Colour-colour F277W-F356W vs F200W-F277W (top) and
F277TW-F356W vs F356W-F444W (bottom) diagram of the HELM
samples. The shaded grey area and the dashed black lines are the golden
and silver selection criteria for z = 15 — 20 (top) and z = 20 — 30 (bot-
tom) by Castellano et al. (2025). We show only HELM galaxies with
S/N > 3 in the considered filters. Median errors are reported in the top
right of the plot.

are inside the stricter selection criteria for z = 15 — 20 and
z = 20 — 30 galaxies (shaded region), while one HELM-20
source and four HELM-1o0 galaxies are inside the less conser-
vative selection (dashed black line). However, it is necessary to
consider that our sources have S/N > 2 in bands that should
be bluewards of the Lyman-break, showing that they are likely
not ultra-high-z sources. One HELM-10 galaxy is instead at the
edge of the less conservative selection criteria for z = 20 — 30
selection. All our HELM-30 sources are outside the selection
criteria, but the large photometric errors could make some of
our sources scatter inside the colour selection. In this regard,
future spectroscopic follow-ups are fundamental to distinguish
between HELM and z > 15 sources and further improve their
selection.

From the same figure, it is evident that sources that are red in
the F200W-F277W colour are blue in F277W-F356W and red
in F356W-F444W (and vice versa). This behaviour is caused by
the tentative 3.3 um PAH feature, as is visible from the stacked
photometry in Fig. 5.

4.2. Contamination by passive galaxies

There is a well-known degeneracy between dust attenuation
and stellar age; therefore, we investigate the possibility that we
were misinterpreting passive galaxies as sources with large dust
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criteria by Barro et al. (2024, top) and by Greene et al. (2024, bottom).

We show only HELM galaxies with S/N > 3 in the considered filters.
The median errors are shown in the top right.
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attenuation. To do so, we performed an additional SED fitting
run whereby we forced a passive solution using BAGPIPES. In
particular, we considered a burst of star formation with an age
range between 1 Gyr and the age of the Universe at the fitted red-
shift. The remaining parameters were the same as the main run
described in Section 2.2. After this run, we find that all HELM-
30 sources, 156 out 158 (99%) HELM-20 galaxies, and 1105
out of 1189 (93%) HELM-10 objects are still selected as HELM
sources, even if they are completely passive. This suggests that
these sources are too red to be described simply as passive galax-
ies and anyway they require a large amount of dust attenuation.

4.3. Contamination by faint little red dots?

In the past couple of years, JWST has revealed a new
population of red, compact sources possibly hosting an
active galactic nucleus and mainly present at z > 4
(e.g. Kocevskietal. 2023, 2025; Harikaneetal. 2023;
Matthee et al. 2024; Greene et al. 2024; Labbe et al. 2025,
2024; Killietal. 2024; Furtaketal. 2023; Taylor etal.
2025; Durodolaetal. 2025; Pérez-Gonzalez etal. 2024),
but with a possible sub-population extending to lower redshifts
(Euclid Collaboration: Bisigello et al. 2025; Maetal. 2025).
The nature of these sources, called little red dots (LRDs), is
still highly uncertain, but due to their red colour, faintness, and
compactness they may partially overlap with HELM galaxies.
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In particular, LRDs constitute around 1% of the population of
galaxies with Myy ~ —19 at z ~ 5 (see, e.g. Kocevski et al.
2025), which is similar to the percentage of HELM galaxies
at lower redshift. Here we want to verify whether we are
misinterpreting our sources, verifying if they could instead be
the faint tail of z > 4 LRDs.

First, we compared our samples with the sample of LRDs
identified by Kocevski et al. (2023) based on the rest-frame UV
and optical slopes to identify objects with the ‘v-shape’ SED
characteristic of LRDs. This sample was derived from the same
CEERS dataset used in this work and we found no source in
common. Second, we considered the possibility that our sources
are so faint that we do not observe the blue UV rest-frame con-
tinuum, but only the red rest-frame optical one. To do so, we
considered colour selections found in the literature. In particu-
lar, we compared our sample with the LRD selection criterion by
Barro et al. (2024), which correspond to F444W—-F277W > 1.5,
selecting therefore objects with a red rest-frame optical slope.
As is visible in Fig. 7 (top), sources in all three HELM sam-
ples occupy a completely different colour space, showing a flat
or blue F277W-F444W colour, which is consistent with a simple
stellar continuum at z < 1. In the HELM- 10 sample, there are 32
objects (2.6% of the sample) that are too faint (S/N < 3) in the
F277W filter to efficiently derive the F277W — F444W colour
and that could be a even fainter counterpart of the known LRDs.
If we instead considered the selection criterion by Greene et al.
(2024), which is based on two colour selections (i.e. F277W-
F444W and F115W-F200W), we found that no HELM sources
are LRD candidates (Fig. 7, bottom).

Overall, we can exclude that any of the robust HELM sources
are z>4 LRDs, while a minority of the HELM-10 sources may
be, but it highly depends on the selection criteria considered.
Moreover, the overall physical properties of the HELM popula-
tion seem also to exclude a direct evolution of the LRDs into the
HELM.

4.4. Comparing the compactness of HELM and non-dusty
dwarfs

In this section we investigate the possibility that HELM galax-
ies are more compact than galaxies of similar stellar mass.
This would cause a large dust attenuation even if the overall
dust content remained similar. To investigate this possibility, we
first derived the full width at half maximum (FWHM) of both
HELM galaxies and non-dusty dwarfs, fitting the radial profile
of each source with a Gaussian profile using the Photutils
Python package (Bradley et al. 2023). We performed the anal-
ysis with the F277W filter, as non-dusty dwarfs are generally
faint at longer wavelengths, while HELM galaxies are faint or
undetected at shorter wavelengths. We verified, however, with
smaller number statistics, that results are consistent when using
the F150W and the F444W filters.

As can be seen in Fig. 8, the three distributions are generally
similar. The median values are 0’28 for the non-dusty dwarfs
and the HELM-10 sample, 0729 for the HELM-20 sample, and
0”30 for the HELM-30 sample. We performed the one-sided and
the two-sided KS test to exclude the possibility that the HELM
samples are extracted from a distribution smaller than or coming
from the same one as the control sample. On the one hand, the
number statistics and the difference between the HELM-10 sam-
ple and the sample of non-dusty dwarfs are large enough that we
can exclude that the distribution of the control sample is the same
or larger than the HELM-10 sample, with a confidence above
99%. This implies that 100 HELM galaxies are not statistically
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smaller than the non-dusty dwarfs. On the other hand, the other
two HELM samples, which suffer from low number statistics,
have a p value of 0.41 and 0.69 to exclude the possibility they
are extracted from the same distribution of the non-dusty galax-
ies, and a p value of 0.20 and 0.36 to exclude that the non-dusty
galaxies have a greater distribution. These results indicate that
we cannot exclude that HELM-20 and HELM-30 galaxies are
statistically smaller than non-dusty sources.

To validate our analysis further, we also considered the effec-
tive radius (R,) estimated by McGrath et al. (in prep.) using
GALFIT (Pengetal. 2010), converting it to a physical scale
using the photometric redshift. Single-component Sérsic profiles
were fitted to all sources with F356W < 28.5, using empiri-
cal PSFs generated by stacking isolated stars across all CEERS
fields (Finkelstein et al. 2023). The magnitude cut selected all
sources in the HELM-30-, 95% of HELM-20 galaxies, 81% of
the HELM-10 sample, and 59% of the control sample of non-
dusty dwarfs, considering only sources with z < 1. The Sérsic
profile fit was reliable (flag 0 and 1) for six HELM-30 galaxies,
66 HELM-20 sources, 445 HELM-10 objects, and 35% of the
control sample. We show the distribution of the effective radius
for the three HELM samples and the control sample in Fig. 9.
The median effective radius is 0.9 kpc for the non-dusty dwarfs
and the HELM-10 sample, 1.0kpc for the HELM-20- sample,
and 0.5 kpc for the HELM-30 sample. We can exclude, using
the one-sided KS test, that the HELM-10 and HELM-20 sam-
ples are extracted from a distribution smaller than the non-dusty
dwarfs with a probability larger than 89%, in both cases. The
statistic is too small to obtain meaningful constraints for the
HELM-30 sample, but the hints point to these sources indeed
being generally smaller. Moreover, the two-sided KS test cannot
discard with a high significance the possibility that all samples
are extracted from the same distribution, as the comparison with
the control sample gives a p value of 0.21, 0.23, and 0.16 for the
HELM-10, HELM-30, and HELM-30 samples, respectively.

Therefore, we can exclude that the large dust attenuation
observed in HELM galaxies is driven by HELM galaxies being
more compact than average for the HELM-10 sample and even
for the HELM-20 one. The sample size is instead too small
to exclude this possibility with high confidence for HELM-30.
These results are also limited by the spatial resolution of JWST
images, as 46—50% of the sources are barely resolved, having
sizes below three times the FWHM of the filter PSF.

4.5. Testing if HELM galaxies preferentially edge-on

Another possibility is that HELM galaxies are preferentially
edge-on galaxies, making the large dust attenuation a result of
the line of sight. To verify this possibility, we considered the
axis ratio b/a, where b and a are the minor and major axis of
each source, derived as part of the Sérsic profile fit mentioned in
the previous section.

Figure 10 shows the distribution of the axis ratio for the
HELM samples as well as the control sample. As for the sizes,
we show the results using the F277W filter, as dusty dwarfs are
generally undetected at shorter wavelengths. The median axis
ratio of the control sample is b/a = 0.51, with the HELM sam-
ples having similar median values, that is b/a = 0.47 for the
HELM-10, b/a = 0.51 for the HELM-20-, and b/a = 0.62 for
the HELM-30. We verified the statistical significance of these
differences using the one-sided and the two-sided KS tests, but
we can only exclude that the HELM- 10 sample is extracted from
a greater or similar distribution than the control sample with a
confidence of 98%. The absence of a correlation between the
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Fig. 8. Comparison between the sizes of HELM galaxies and non-dusty
dwarfs. We show the distributions of the FWHM in the F277W filter
for the control sample of non-dusty dwarfs (filled dark blue histogram),
for the HELM-10 sample (dashed green histogram), for the HELM-20
sample (dash-dotted yellow histogram), and for the HELM-30 sample
(solid orange histogram). All samples are limited to z < 1. Coloured
arrows indicate the median of the three samples and are slightly shifted
vertically for clarity. The shaded grey area shows the FWHM of the
F277W filter PSF.
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Fig. 9. Comparison between the effective radius in physical scale of
HELM galaxies and non-dusty dwarfs. We show the distributions in the
F277W filter for the control sample of non-dusty dwarfs (filled dark
blue histogram), for the HELM-10 sample (dashed green histogram),
for the HELM-20 sample (dash-dotted yellow histogram), and for the
HELM-30 sample (solid orange histogram). All samples are limited to
z < 1. Coloured arrows indicate the median of the three samples and are
slightly shifted vertically for clarity.

dust attenuation and the axis ratio (Fig. 11) supports that the
HELM galaxies are not preferentially edge-on galaxies.

Pandya et al. (2024) have shown that disc-on oblate sys-
tems preferentially have larger dust attenuation. We can exclude
this possibility only for 30—-40% of the HELM samples, as the
derived axis ratio is larger than the one expected for disc-on
oblate systems (b/a > 0.4). However, the same fraction of the
b/a ratio is also present among the non-dusty dwarfs.

Another possibility is that these galaxies are prolate systems,
with the major axis pointing towards us. Studies have shown
that dry major mergers could originate prolate galaxies, but their
fraction seems to also strongly decrease with decreasing stellar
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Fig. 10. Comparison between the axis ratio of HELM galaxies and
non-dusty dwarfs. We show the distributions of the ellipticity in the
F277W filter for the control sample of non-dusty dwarfs (filled dark
blue histogram), for the HELM-10 sample (dashed green histogram),
for the HELM-20 sample (dash-dotted yellow histogram), and for the
HELM-30 sample (solid orange histogram). All samples are limited to
z < 1. Coloured arrows indicate the median of the three samples and are
slightly shifted vertically for clarity.

mass (e.g. Tsatsi et al. 2017; Li et al. 2018). There are some rare
cases of dwarf spheroidal galaxies showing prolate shapes in the
local Universe (e.g. Ebrova & Lokas 2015), while their fraction
seems to increase with redshift. However, we cannot test these
scenarios for HELM galaxies using only photometric data, due
to the degeneracies when converting projected shapes into intrin-
sic ones and their faintness.

We can therefore conclude that with the current data it seems
that an inclination effect is probably not the primary cause of
the large dust attenuation observed in HELM galaxies. How-
ever, observations with a higher angular resolution are necessary
to have more robust conclusions and spatially resolved spectro-
scopic data are necessary to investigate possible prolate shapes.

4.6. Investigating if HELM galaxies linked to galaxy
interactions

A galaxy interaction could potentially increase the SFR of a
galaxy, and also boost metal and dust production. Another pos-
sibility is that HELM galaxies are tidal dwarfs (e.g. Zwicky
1956; Duc & Mirabel 1999), forming from debris in interact-
ing or merging galaxies. While these scenarios differ in many
aspects, such as the absence of non-baryonic dark matter in
tidal dwarfs (Lelli et al. 2015), they both require HELM galax-
ies to be in over-dense regions. A good estimation of the galaxy
environment of HELM galaxies would require one to measure
their spectroscopic redshift and the one of their neighbours over
a large area. At the moment this is not available, so we esti-
mated the projected distance of the 57 neighbour (ds;) as a
proxy for a galaxy environment. For this estimation, we consid-
ered all reliable galaxies in the catalogue with photometric red-
shifts consistent with the one of HELM galaxies, within the 1o
uncertainties.

As is shown in Figure 12, there is little difference in
the median of the four distributions, that is ds = 25.7kpc,
27.6kpc, 22.6kpe, and 25.7 kpc, for the sample of non-dusty
dwarfs, HELM-10, HELM-20, and HELM-30, respectively.
Howeyver, the distributions of HELM-10- and HELM-20 sources
are slightly more skewed to lower ds. Indeed, the one-sided
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Fig. 11. Dust attenuation vs ellipticity of the HELM galaxies, as derived
considering the F277W filter. There is no evidence of a correlation
between the dust attenuation and the ellipticity. We limited each sample
toz< 1.

and two-sided KS tests discarded with a confidence higher than
99.9% that the distribution of non-dusty dwarfs is smaller or
the same as the ones of the HELM-10- and HELM-20 samples.
Again, perhaps because of the limited statistics, we cannot draw
similar conclusions for the HELM-30 sample.

Given the dependence of clustering on stellar mass, we more
carefully verified that this discrepancy is not driven by variations
in the stellar mass or redshift distributions of the non-dusty and
HELM samples. For this reason, for each source in the HELM
samples we selected three non-dusty dwarfs that have the mini-
mum difference in redshift and stellar mass. The median distance
of the 5" neighbour of these non-dusty dwarfs is similar to the
previous ones, as they become ds = 26.5 kpc, ds = 23.3 kpc, and
ds = 25.7kpc for the sub-samples matched to the HELM-1o,
HELM-20, and HELM-30 samples, respectively.

Based on the results on the HELM-10 and HELM-20" sam-
ples, some HELM galaxies could be more clustered than their
non-dusty counterparts. In this case, we need to understand if
they are going through an interaction or if they are the prod-
uct of interactions, such as tidal dwarfs (e.g. Zwicky 1956;
Duc & Mirabel 1999). Dynamical studies to verify the pres-
ence or absence of a dark matter halo and spectroscopic stud-
ies to derive gas abundances are beyond the possibilities of this
work and JWST’s angular resolution limits any detailed mor-
phological study. However, we can analyse if these galaxies are
going through a burst of star formation, possibly induced by
galaxy interactions. Bisigello et al. (2023) have already shown,
although using a selection based on colours and not on phys-
ical properties, that this scenario seems to be excluded. We
confirm their finding in Fig. 13. Indeed, the median sSFR of
the HELM samples is smaller than the value of the non-dusty
dwarfs, being log,,(sSFR/yr™") = —9.1 for the non-dusty dwarfs
and from log,,(sSFR/yr™') = =9.6 to log,,(sSFR/yr™') = 9.4
for the HELM samples. The two-sided KS test shows that we
can exclude with a confidence larger than 99.9% that the HELM
samples are derived from the same distribution as the non-dusty
dwarfs. Therefore, we can exclude that the large dust attenuation
of HELM galaxies is driven by a burst of star formation. It is
necessary, however, to take into account that the sSFR estima-
tion is based on SED fitting with limited photometry, given that
both the non-dusty dwarfs and the HELM galaxies are generally
faint. In addition, considering the available data, the possibility
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Fig. 12. Distance of the 5" neighbour, used as a proxy for galaxy clus-
tering. We considered all sources with photometric redshift consistent
with the photometric redshift of HELM galaxies, within 1o~ uncertainty.
We considered the photometric redshift of HELM sources to convert
from an angular to a physical scale. Histograms are shown for the con-
trol sample of non-dusty dwarfs (filled dark blue histogram), for the
HELM-10 sample (dashed green histogram), for the HELM-2¢ sample
(dash-dotted yellow histogram), and for the HELM-30 sample (solid
orange histogram). All samples are limited to z < 1. Coloured arrows
indicate the median of the three samples and are slightly shifted verti-
cally for clarity.
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Fig. 13. HELM galaxies are generally less star-forming than their non-
dusty counterparts. We show the sSFR histograms of the control sam-
ple of non-dusty dwarfs (filled dark blue histogram), of the HELM-
1o sample (dashed green histogram), of the HELM-20 sample (dash-
dotted yellow histogram), and of the HELM-3¢" sample (orange solid
histogram). Coloured arrows indicate the median of the three samples
and are slightly shifted vertically for clarity. All samples are limited to
z<1.

that these objects are instead post-starburst galaxies is still totally
open.

5. Conclusions

Using CEERS data, we selected three classes of HELM galaxies,
considering the fraction of their multi-parameter distributions

that fall within the HELM selection, derived through SED fitting
and using a variety of configurations. We then cross-matched
these samples with catalogues of z > 8.5 galaxies and brown-
dwarfs to remove possible contaminants. We also removed any
sources for which the SED fitting preferred a Ay < 1 mag
solution and we visually inspected all remaining sources. We
obtained 14 very robust HELM candidates (HELM-30) with a
probability of >99.7% of being HELM sources, 158 robust can-
didates (HELM-20-) with a probability between 95 and 99.7%,
and 1189 plausible HELM galaxies (HELM-10) with a proba-
bility between 68 and 95%.

The large majority (90%) of the HELM sources are at z < 1,
indicating they are mainly a low-z population. They have a
median stellar mass of 10’ My and a median dust attenuation
of Ay = 2 mag. However, the only galaxies confirmed spectro-
scopically are at z > 4. This may be due to selection biases, as
these were previously identified as z > 10 candidates, or indi-
cate a general failure in the SED fitting analysis to systemati-
cally derive their redshifts. Spectroscopic follow-ups are there-
fore pivotal to clarify the redshifts of these galaxies.

The stacked photometry of HELM sources, compared with
a control sample of non-dusty dwarfs, reassured us of the red
nature of these galaxies, showing also a tentative 3.3 um PAH
feature. At the same time, the use of various colour selections
can exclude the possibility that the majority of these sources are
bright LRDs, while we cannot exclude that they are faint ones.
We can also exclude the possibility that the majority of these
sources are strong candidates at z > 15.

Examining the morphology of HELM sources, while bearing
in mind that they are faint and relatively compact, we can rule out
that the inclination is a major factor contributing to the high dust
attenuation observed in HELM galaxies. Moreover, the size distri-
butions of the HELM sub-samples and the control sample do not
show any statistical difference. At the same time, with the current
data we cannot investigate if HELM sources are prolate systems.

The analysis of the environment shows that the distribution
of HELM galaxies (HELM-20- and HELM-10") may be slightly
skewed towards denser environments, although it has a similar
median to the control sample. While spectroscopic follow-ups
are fundamental to confirm this statement, this may indicate that
HELM galaxies are the result of galaxy interactions (e.g. tidal
dwarfs, stripped galaxies, merger-triggered starbursts). However,
there seems to be no indication of a burst of star formation, as
HELM sources are on average less star-forming than non-dusty
dwarfs, but there is still the possibility that they are post-starburst
galaxies.

HELM galaxies represent only 1.3% of the entire CEERS
sample and at maximum 5% of the galaxies with a similar red-
shift and stellar mass. Therefore, they could also represent a
short-lived evolutionary phase: AGB stars may have saturated
these galaxies with carbon-based dust, while not enough super-
novae have gone off to blow all the dust out, or at least to create
enough holes in it.

To conduct a more in-depth analysis of the morphology of
HELM galaxies and unveil any possible signature of galaxy
interactions we need to wait for the upcoming Extremely Large
Telescope (ELT), which will have a PSF =~ 6 times sharper than
that of JWST. At the same time, to verify that dust attenua-
tion is not purely a geometrical effect, it will be necessary to
observe these galaxies in the far-IR to trace their dust contin-
uum. HELM sources are expected to be too faint to be observable
with the Northern Extended Millimetre Array (NOEMA), hav-
ing an average flux of 0.55um at 1.1 mm and 0.03 pum at 3 mm.
At least for the brightest HELM candidates, follow-ups should
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instead be possible with the future NASA Probe far-IR Mission
for Astrophysics (PRIMA, PI. J. Glenn), as has been shown by
Bisigello et al. (2025), or with the Atacama Large Millimeter
Array (ALMA) for HELM sources in southern fields. Finally,
a more in-depth study of these intriguing populations is also piv-
otal to get a better handle on the main contaminants of ultra-
high-z galaxies (Gandolfi et al. 2025; Castellano et al. 2025).
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Appendix A: Comparison between different SED
fitting runs

In this Appendix we report on the comparison between the stellar
mass and redshift derived with the different SED fitting configu-
rations (see Sec. 2.2) for the three HELM samples. The compar-
ison is shown in Fig. A.1.

On average, the delayed SFH produces the lowest stellar
mass, while the double power-law SFH produces the highest, but
the average difference remains below 0.09 dex. On the contrary,
the double power-law SFH corresponds to the smallest redshift,
while the delayed SFH with the SMC reddening laws results in
the highest one. Also in this case the differences are negligible
(i.e. Az < 0.09).

Is is worth noticing that in the case of the HELM-10 sample
there are some solutions with z > 7. This happens for 2 objects
with the double power-law SFH.

Appendix B: Visual inspection

In Figures B.1 and B.2 we reported, as example, the cut-outs of
the sources in the HELM-30 and HELM-20 that we removed
after visual inspection. We do not report the cut-outs for the
HELM-10 given the size of the sample. As visible in the Figures,
there are different reasons that motivate our choice to remove
these sources. In some cases no source is visible at the expected
position, while in other cases the source has a strange shape
which sometimes varies between filters. In other, more simple
cases, the source is simply outside the field of view of some NIR-
Cam filters.

Appendix C: Available spectroscopic data

As mentioned in Section 2.3, we matched our photometrically
selected samples with the available spectroscopic data to remove
possible contaminants or validate HELM sources. This step was
performed before creating the final HELM samples and we dis-
cussed in this Section the analysed sources. Spectroscopic data
is available as part of the CEERS survey and from the DAWN
JWST Archive. The first spectroscopic data consist of slitless
NIRCam WESS spectra (N. Pirzkal, private communication; see
Pirzkal et al. 2018, for grism data reduction details) and NIR-
SPEC MSA PRISM and medium resolution spectra taken as part
of programme DD-2750 (P.I. Arrabal Haro Arrabal Haro et al.
2023b). Given the faintness of our sample, we do not expect
many galaxies to be present in the NIRCam WFSS sample,
which includes only galaxies with F356W < 25 mag. Indeed,
only three HELM candidates, which are in the HELM-10 sam-
ple, have slitless spectra, but the signal-to-noise ratio is so low
that neither spectral lines nor continuum features are detectable.

There are instead ten objects that have NIRSpec PRISM data,
one in the HELM-30 sample, one in the HELM-20 sample,
and eight in the HELM-10. From the DJA we retrieved other
eight NIRSpec spectra, seven from the Red Unknowns: Bright
Infrared Extragalactic Survey (RUBIES; de Graaff et al. 2025)
and one from the Cycle 1 GO-2565 (P.I. K. Glazebrook), which
however is not among the massive quiescent galaxies described
by Nanayakkara et al. (2025). Of these sources, seven are in the
HELM-10 sample and one is in the HELM-20 one. Overall,
we have spectroscopic data for one HELM-30 source that was
rejected, two HELM-20 sources, one of which was confirmed
while the other was rejected, and eleven HELM- 10 sources, nine
of which were rejected, while the data were not discriminating

enough for two galaxies. We discuss them in more detail in the
rest of this section.

C.1. HELM-30 spectrum

Figure C.1 shows the only object in the HELM-30" sample with
spectroscopic data, which is CEERS-71266. As visible, there are
no evident line emissions, suggesting moderate star formation,
but the stellar continuum is visible at 4 > 1.4 um. There are
some faint absorption features, which combined with the vis-
ible continuum break suggest that the galaxy may be located
at z = 2.35. While more data are necessary to more robustly
validate this possibility, when performing a photometric fit with
BAGPIPES, using a set-up similar to the one in Section 2.2 with
a delayed SFHs and fixing the redshift to z = 2.35, we obtained
a stellar mass of log;o(M./Mgy) = 9.3 + 0.1 and a dust atten-
uation of Ay = 0.4 + 0.2 mag. Given that this galaxy is out-
side the HELM selection we removed it from the final HELM
sample.

C.2. HELM-20 spectra

There are two sources with spectroscopic data that were origi-
nally in the HELM-20 sample, one of them has been confirmed,
while the other is a contaminant.

CEERS-14821

The first source we discuss in the -20- sample is CEERS-
14821, which has been observed as part of the Director’s Discre-
tionary Time programme JWST-DDT 2750 (PI Arrabal Haro;
Arrabal Haro et al. 2023b) and has been presented in detail in
Bisigello et al. (2025). The object has a spectroscopic redshift of
Zspee = 4.883 £ 0.003 based on the [O III]5007/°\ line, which is

the brightest. The H,,, Hg, H, and [O III]49591°\ nebular emission
lines are also detected. A careful spectro-photometric fit of the
available data is presented in Bisigello et al. (2025) and confirms
the HELM nature of this source, which has Ay = 2.2f8:g mag,
considering the reddening law by Calzetti et al. (2000), and a
stellar mass of log o(M. /M) = 8.17*00:.

CEERS-14821 is at very high-z with respect to the rest of
the HELM population, so it may be not representative of the
entire population. It however advocates on the necessity of spec-
troscopic follow-ups, to verify the nature and properties of these
intriguing sources.

CEERS-46775

The second galaxy in the HELM-20 sample with spectroscopic
data is CEERS-46775. This galaxy has been observed as part
of the RUBIES survey with the G395M/F290LP grating and fil-
ter. This source has a spectroscopic redshift of z = 4.81353 +
0.00008 derived from the [0 11]5007A and H, emission lines
(Fig. C.2). The [OI]4959A is at the edge of the spectrum,
while Hg is outside the wavelength coverage, preventing us
from measuring the dust extinction directly from the Balmer
decrement. We performed a spectro-photometric fit with bag-
pipes, fixing the redshift to the spectroscopic one and con-
sidering a non parametric SFH. We this set-up, we derived a

stellar mass of log;o(M./My) = 9.13f8:§i and a dust attenu-

ation of Ay = 0.03*)95 mag, completely outside the HELM
selection. We therefore remove this object from the HELM-20
sample.
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C.3. HELM-10 spectra

Eleven sources originally present in the HELM-10 have NIR-
Spec spectroscopic data. None of them were confirmed as
HELM sources.

CEERS-45809

This object was part of the HELM-10 sample, has visible Hg and

[0 11]5007A lines (Fig. C.3, first panel) and is inside the sample
of extreme line emitters by Llerena et al. (2024). The spectro-
scopic redshift is zyp.. = 7.49, but given that a single Hydro-
gen line is visible, it is not possible to derive the dust attenu-
ation from the spectrum. We performed a spectro-photometric
fit using BAGPIPES and a set-up similar to the one presented
in Section 2.2, but considering a non-parametric SFH which
is possible given that the spectroscopic redshift is available, as
done by Bisigello et al. (2025). From the fit we derived a stel-
lar mass of log;o(M./Mg) = 7.94’:8:(1)3 and a dust attenuation
Ay = 0.9f8:} mag, so this galaxy is just outside the HELM
definition defined in eq. 1 and we removed it from the final
sample.

CEERS-45766

The NIRSpec PRISM spectrum of CEERS-45766, which is
shown in Fig. C.3 (second row), shows a tentative detection of
a single line, which is not sufficient to derive a robust spectro-
scopic redshift. In particular, the line is located at 1 = 3.3 um
with an observed flux of (2.66 + 0.32) x 10710 erg/s/cmz, but
there are no other robust lines. If the visible line is H,, the galaxy
should be at z = 4.0, while if the line is the [O 111]5007 A nebular
line, the galaxy should be at z = 5.6. In the first case, the noise is
too high to derive any stringent lower limit in the dust attenua-
tion from the non detection of Hg. In the second case, we would
expect to observe H, at 4 = 4.33 um, but nothing is visible in
that part of the spectrum, which is however quite noisy. Another
possibility is that the line is Pa, at a z = 0.76, which would be
consistent with the photometric redshift that ranges from z = 0.2
to z = 1.4, depending on the SED fitting set-up. In this case we
would expect to observe the H, line at 1.15 pm, if the galaxy
does not have an extreme dust attenuation, but no lines are visi-
ble in that area of the spectrum.

If we repeat the SED fitting described in Section 2.2, but fix-
ing to one of the possible redshifts, we retrieved a dwarf galaxy
logio(M./Mg) ~ 8.0, but not a dusty one as Ay = 0.3 £ 0.2 mag
for the z > 4 solutions. If instead we fixed the the redshift to
z = 0.76 we retrieved a less massive galaxy log;o(M./Mg) ~ 7.2
with Ay = 1 = 0.5 mag, which is however not enough to
justify the completely absorb the H, line. Considering these
results, we decided to remove this source from the HELM-1o
sample.

CEERS-29979

This spectrum was obtained from the Cycle 1 GO-2565 program
(P.I. K. Glazebrook). We derived a spectroscopic redshift of z =
3.788 +0.004 from the [O III]5007A emission line. While the H,
line is also visible in the spectrum (Fig. C.3), the Hg line is not
detected. Given the spectrum’s low S/N ratio, we proceeded by
performing the SED fit at a fixed spectroscopic redshift, includ-
ing only the photometric data. From this fit, we derived a stellar

mass of log;o(M./Mg) = 8.1f8f11 and Ay = O.ng:}, placing this
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galaxy outside the HELM selection. We therefore remove this
source from the sample.

CEERS-30063

CEERS-30063 has been observed as part of the RUBIES
survey with the medium resolution PRISM/CLEAR and
G395M/F290LP disperser-filter combinations, but the latter is
to noisy to identify any feature. The spectroscopic redshift is
z = 5.307 £ 0.006 derived from the [O III]50071°\ line. The H,
is also visible, but the S/N is quite limited (Fig. C.3) preventing
us to derive the dust attenuation directly from the spectrum. We
performed a spectro-photometric fit, including only the part of
spectrum around fluxes with S/N> 3. From the fit we derive a
stellar mass of logo(M./Mg) = 8.4f8:} and Ay = O.Zf%%, which
move this galaxy outside the HELM selection.

CEERS-19613

CEERS-19613 has been observed as part of the RUBIES survey
with the PRISM/CLEAR and G395M/F290LP disperser-filter
combinations. The spectroscopic redshift is z = 5.9828 + 0.0001
derived from the [O 111]5007A line in the hi ghest resolution spec-
trum, but many other nebular line are visible, among with both
H, and Hpg. From their ratio in the G395M/F290LP spectrum,
we derived that the dust attenuation is Ay = 3.4%)) using the
Calzetti et al. (2000) reddening law, but it remains large (Ay =
2.5f(1)'§) even considering the maximum contribution from the
stellar absorption below the Hp line. We performed a spectro-
photometric fit, fixing the redshift to the spectroscopic value,
allowing the dust-extinction to varies between the 10~ uncertain-
ties derived from the spectrum and considering a non parametric
SFH. We obtained a stellar mass of log;o(M./Mg) = 9.6f8:},
which would place this galaxy just outside the HELM selection.
However the code struggle to fit the data hitting the upper bound-
ary for the ionisation parameter. We remove this source from the
HELM sample.

CEERS-65042

This source has been observed as part of the RUBIES sur-
vey only with the G395M/F290L configuration. It has a spec-
troscopic redshift of z = 7.0332 + 0.0005 derived from the
[O III]50071°\. In the spectrum it is visible a faint Hg line, while
the H, is outside the wavelength range covered. We perform
a spectro-photometric fit with non-parametric SFH obtaining a
stellar mass of log1o(M./Mg) = 8.9’:8:; and a dust attenuation of

Ay = l.lfgé, which move this object slightly outside the HELM

selection.

CEERS-73265

This source has been observed as part of the RUBIES survey
with the PRISM/CLEAR and the G395M/F290L configurations.
However, the first one is affected by contamination issues, while
the spectra of the second is affected by artefacts only at long
wavelengths. We obtain a redshift of z = 7.793 + 0.001 from the
[O III]5007/°\, but only the [O 111]5007 doublet is clearly visible.
We perform a spectro-photometric fit with non-parametric SFH
obtaining a stellar mass of log;o(M./Mg) = 8.7’:82% and a dust

attenuation of Ay = O.ngi%, which move this object outside the
HELM selection.
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CEERS-81024

This source has been observed as part of the RUBIES sur-
vey only with the PRISM/CLEAR configuration. It has a spec-
troscopic redshift of z = 7.189 + 0.002 derived from the
[O III]5007A and only the [O 1IT]5007 doublet is clearly visible.
We perform a spectro-photometric fit with non-parametric SFH
obtaining a stellar mass of log;o(M./Mg) = 8.8f8:§ and a dust
attenuation of Ay = 0.6f8:;, which move this object outside the

HELM selection.

CEERS-45630

This source has been observed as part of the RUBIES survey
with the PRISM/CLEAR configuration. Only a single line is vis-
ible in the spectrum and if it corresponds to the [O11]5007A
line it would place the galaxy at z = 8.772 + 0.002. We perform
a spectro-photometric fit with non-parametric SFH obtaining a
stellar mass of logo(M./Mg) = 8.3f8'3 and a dust attenuation of

2
Ay = O.6f8:5, which move this object outside the HELM selec-
tion.

CEERS-87502, CEERS-19610

The NIRSpec PRISM spectra of CEERS-87502 and CEERS-
19610, which are shown in Fig. C.3 (third and fourth rows),
show no evident nebular emission lines nor stellar continuum,
so no conclusive statements can be made on the nature of these
objects.
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Fig. A.1. Comparison between the redshift and the stellar mass obtained
with the different SED runs. The comparison is performed for the
HELM-10 (top), the HELM-20 (centre), and the HELM-30 samples.
Different colours indicate different SED fitting configurations: delayed
SFH (pink circles), declined SFH (grey squares), double power-law
SFH (olive hexagons), and delayed SFH with SMC dust attenuation law
(cyan triangles). For the HELM-20 we did not show, for clarity, three
data points at z = 4.5 and z = 10.6, obtained with the delayed SFH with
both reddening laws and the double power-law SFH, respectively.
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Fig. B.1. NIRCam cut-outs of the three HELM-30 sources removed
after visual inspection. Each cut-out is 1”5 X 1”5 and the white circle
indicates the position of the source.
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Fig. B.2. NIRCam cut-outs of the fifteen HELM-20" sources removed
after visual inspection. Each cut-out is 1”5 x 1”5 and the white circle
indicates the position of the source.
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Fig. C.1. The only source in the HELM-30- sample with NIRSpec spec-
troscopic data. No emission lines are clearly visible, while there are
some possible absorption features.
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Fig. C.2. CEERS-45766, a source in the HELM-20- sample with
medium resolution (G395M) NIRSpec data. The other source in the
HELM-20 catalog was presented in Bisigello et al. (2023).
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Fig. C.3. Sources in the HELM-10 sample with NIRSpec spectroscopic
data. Vertical lines show nebular emission lines present in the spectra.
In two objects (CEERS-45766 and CEERS-45630), only one emission
line is visible preventing us to securely identify it. Other two spectra
(CEERS-87502 and CEERS-19610) show no evident features. In the
top left of each panel we report the source identification number and
the derived spectroscopic redshift, if available.
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