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ABSTRACT

We present the first results of a series of studies based on James Webb Space Telescope (JWST) observations of the globular cluster
(GC) 47 Tucanae (47 Tuc, or NGC 104) obtained with the Near Infrared Camera (NIRCam). By combining new data with earlier
JWST observations, we derive high-precision proper motions (PMs) over a multi-year baseline (of ~ 3 years) and construct a clean
sample of cluster members extending to very faint magnitudes (mpsaw ~ 24.25 mag, corresponding to ~ 0.077 M, slightly above
the estimated hydrogen-burning limit of 47 Tuc, ~ 0.074 M) along the main sequence (MS). We investigated the presence of the
low-mass MS kink previously identified in 47 Tuc using the new FO90W and F444W photometry. No significant signature of the
feature is found using these filters, consistent with its proposed physical interpretation as a consequence of the transition in carbon
chemistry toward a methane-dominated equilibrium in very low-mass stars. A comparison with theoretical isochrones indicates that
the stellar population near the bottom of the MS is likely dominated by oxygen-poor stars, in agreement with previous findings. Using
artificial-star tests, we quantify the completeness of our sample and show that the requirement of PM-based membership significantly
limits the detection of the faintest objects, indicating that current JWST observations of 47 Tuc are not sufficiently deep to reliably
trace the cluster’s brown dwarf (BD) cooling sequence. The mass function (MF) of 47 Tuc shows a structured behaviour, with a break
at ~0.15 M,, not associated with the onset of convection, and a mild but systematic radial variation consistent with mass segregation.
Our analysis indicates that the MF shape in this mass regime is more complex than a simple power-law description. This feature in the
MF may point to a presently unrecognised mechanism affecting the formation or dynamical evolution of low-mass stars in globular

clusters.
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1. Introduction

Globular clusters (GCs) have long been recognised as funda-
mental laboratories for studying stellar evolution and dynami-
cal processes in dense stellar systems. While the most massive
stars in GCs have been extensively investigated over the past
decades, the lowest-mass stars remain comparatively poorly ex-
plored. This is primarily due to their intrinsic faintness and to
their typical distances of a few kiloparsecs (Harris||1996, 2010;
Baumgardt & Vasiliev|2021), which make the detection of very
faint objects extremely challenging even with the most advanced
facilities, including the Hubble Space Telescope (HST; see e.g.
King et al.|2005} Richer et al.|2008} |[Kalirai et al.|2012; Dieball
et al.[2016}2019).

Despite these observational challenges, the low-mass end of
the main sequence (MS) offers unique insight into stellar physics
and cluster evolution. The photometric colours of very low-mass
stars are highly sensitive to variations in elemental abundances,
owing to the dominant role of molecular chemistry and opacity
in their cool atmospheres (Lunine et al.| 1986} [Tsuj1 et al.|[1996;
Allard & Hauschildt|1995; Marley et al.[|2002; [Choi et al.|[2016
Phillips et al.[2020; |Gerasimov et al.|2022b), 2024b)).

* e-mail: mscalco@iu.edu

At the same time, stars below ~ 0.35 M, are expected to be
fully convective and experience minimal internal chemical pro-
cessing, as a result of the long timescales associated with hy-
drogen burning (Chabrier & Baraffe|[1997; MacDonald & Gizis
2018 |[Baraffe & Chabrier|2018; |Feiden et al.|[2021; Mansfield &
Kroupal 2021} |Gerasimov et al.[2022a; Boudreaux & Chaboyer
2023). Their surface abundances largely preserve the chemical
composition of the gas from which they formed, making them
valuable tracers of the formation and chemical evolution of GCs.

At fainter magnitudes, the stellar sequence transitions into
the substellar regime populated by brown dwarfs (BDs), which
have masses below the minimum required to sustain stable hy-
drogen fusion (the hydrogen-burning limit, HBL, >0.07 M, for
solar composition [Kumar{|1962; Hayashi & Nakano||1963}; [Ku-
mar 1963} [Saumon et al.|[1994)). This transition gives rise to a
characteristic feature in the luminosity function (LF), commonly
referred to as the stellar—substellar gap (Chabrier & Meral[1997;
Silvestri et al.||1998; Burgasser||2004; |Gerasimov et al.||2024b).
The properties of this gap, including its depth and extent, are
closely related to the age of the cluster, making the LF a poten-
tially powerful age diagnostic.

The present-day GC mass function (MF) provides key con-
straints on both the initial conditions of star formation and the
subsequent effects of dynamical evolution (Djorgovski et al.
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1993}, [Vesperini & Heggie|[1997; [Baumgardt & Makino|[2003;
Sollima & Baumgardt|2017}; Webb et al.|2017} Vesperini et al.

2018 [Ebrahimi et al.|[2020; |Cadelano et al.| 2020; [Hénault-
Brunet et al.[2020; [Dickson et al.[2023)). Extending MF measure-

ments down to the very low-mass regime, and into the substellar
domain, is therefore essential for obtaining a complete census of
the cluster mass spectrum. Furthermore, in GCs hosting multiple
stellar populations, differences in the MF among populations at
low stellar masses may arise from variations in their initial mass
distributions or from their distinct dynamical evolution, offer-
ing an additional probe of the formation and assembly history of

these systems (see[Scalco et al|[2024bj [Cibralato et al.|2024] and
references therein).

While thousands of BDs of solar metallicity have been iden-
tified and studied in the solar neighbourhood and in nearby
young clusters and associations (see e.g. Nakajima et al.|[1995
[Rebolo et al[1995} Basri et al.|[1996; Boudreault et al.|[2010
Kirkpatrick et al]2012} 2019} 2021} Best et al|2021), the sub-
stellar regime of GCs remains much less explored. The advent
of the James Webb Space Telescope (JWST) has opened a new
observational window on the low-mass regime of GCs. Its un-
precedented sensitivity and angular resolution in the near- and
mid-infrared allow the MS to be traced to significantly lower
masses than previously accessible, approaching the HBL and the
BD regime. At the same time, JWST provides high-precision
astrometry. As JWST has now been operating for several years
and has accumulated repeated observations of the same fields,
the available temporal baselines are becoming sufficiently long
to allow precise proper-motion (PM) studies based entirely on
JWST data, enabling robust membership determination even at
faint magnitudes.

The GC 47 Tucanae (NGC 104; hereafter 47 Tuc) is one of
the nearest and most massive clusters in the Milky Way, and
has long served as a benchmark for studies of stellar evolution
and cluster dynamics (e.g. [Cottrell & Da Costal [T98T}, [Frogel
et al.|1981f; [Hesser et al.[1987; (Cannon et al.[|1998} McLaughlin
et al.|2006). With a metallicity of [Fe/H]~ —0.75 dex (Cordero
et al.|[2014}; [Thygesen et al|[2014; [Marino et al.|2016), it is
among the most metal-rich GCs. Owing to its proximity, rich-
ness, and relatively high metallicity, 47 Tuc has been extensively
studied across a wide range of wavelengths, particularly with
HST, providing key insights into its stellar populations and in-
ternal dynamics (e.g. [Anderson et al.|2009; [Richer et al.|2013).
JWST has enabled the exploration of the very low-mass regime
(M < 0.1 My) of 47 Tuc with unprecedented sensitivity in the
near-infrared. (e.g. Nardiello et al.|[2023b; [Marino et al.|[2024}

Scalco et al.|2025a; [Ventura et al.|2026)).

In this paper, we present the first results of a series of studies
based on the JWST GO-5896 programme. The focus of this work
is on the characterisation of the lower MS down to the HBL,
and on the corresponding LF and MF. Subsequent papers in this
series will investigate the internal kinematics of the cluster and
the properties of its white-dwarf population.

This paper is organised as follows. In Section[2] we describe
the JWST observations and data reduction. Section[3] presents
the PM analysis and cluster membership selection. Section[.]]
presents the JWST colour—magnitude diagram (CMD) of 47 Tuc
and discusses the main features observed along the lower MS.
Sectiond.2] describes the artificial-star tests and completeness
estimates. The LF and MF are analysed in Section[d.3] Finally,
Section[3] summarises our main results.
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Fig. 1. Footprints of the JWST GO-5896 observations (magenta) over-
laid on a Digital Sky Survey image of 47 Tuc. The NIRCam field of view
is shown as an outlined footprint, while the corresponding NIRISS par-
allel field is indicated by the hatched footprint. For comparison, we also
show the NIRCam fields observed under the GO-2559 programme (first
epoch GO-2559 v123 in blue and second epoch GO-2559 v51 in yel-
low), the NIRCam pointings from the GO-2560 programme (visits v1
and v2 in red), and the Advanced Camera for Surveys/Wide Field Chan-
nel (ACS/WEFC) field from the HST GO-11677 programme (in green).
Axes are given in arcminutes from the cluster centre. The orange dashed

circles mark the half-light radius (r, = 3/17, 1996] 2010) and its

multiples, nr, withn =2,...,6.

2. Dataset and reduction

This study is based on proprietary data from the JWST pro-
gramme GO—589dI| (PI: Scalco). The programme was designed
to obtain a second epoch of JWST observations of a previ-
ously imaged field in 47 Tuc, enabling the measurement of high-
precision PMs from two JWST epochs. Its primary goal was to
extend the study of the internal kinematics of 47 Tuc, in partic-
ular by probing to lower stellar masses (5 0.6 M) the recent
first observational confirmation of a theoretically predicted cor-
relation between stellar mass and rotational velocity around the
cluster centre (Livernois et al.[2022} Scalco et al.|2023)). As aux-
iliary science goals, the programme aims to increase the census
of BD candidates in 47 Tuc and to validate their cluster member-
ship through high-precision JWST PMs. The new observations
also allow for a deeper investigation of multiple stellar popula-
tions along the lower MS and offer new constraints on the be-
haviour of the white-dwarf cooling sequence of the cluster in the
infrared.

The JWST programme GO-5896 was executed using the
Near Infrared Camera (NIRCam; [Rieke et al.|[2023) as the pri-

mary instrument, with the Near Infrared Imager and Slitless
Spectrograph (NIRISS) observing in parallel. Figure[T|shows the
position of the field-of-view superimposed on a Digital Sky Sur-

! https://wuw.stsci.edu/jwst/science-execution/
program-information?id=5896
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veyﬂ image of 47 Tuc. The pointing was selected to maximise the
overlap of the NIRCam field of view with the area observed dur-
ing the first epoch of the JWST GO—255qﬂ programme (PI: Ca-
iazzo, GO-2559 v123, represented in blue in Fig.[T) and with the

deep primary field previously covered by the HST GO-1 167

programme (PI: Richer, represented in green in Fig.[T), while si-
multaneously avoiding the innermost regions of the cluster in
order to minimise saturation effects. In this work, we made use
exclusively of the NIRCam data; the analysis of the NIRISS par-
allel observations is deferred to a future, dedicated paper.

The NIRCam field of GO-5896 samples the cluster at pro-
jected distances ranging approximately from 2 ry, to 4 r,, where
rn = 317 is the half-light radius of the cluster (Harris||1996,
2010). The observations were obtained simultaneously with the
Short Wavelength (SW) and Long Wavelength (LW) channels
on 8 September 2025 (epoch ~2025.68). Wide-band filters were
used in both channels, with FOOOW (1. ~ 0.902 um, A1 ~
0.194 um) in the SW channel and F444W (A, ~ 4.402 um, AA ~
1.024 ym) in the LW channel. The choice of these filters was
motivated by both photometric and astrometric considerations,
and by the aim of extending and complementing the wavelength
coverage provided by the GO-2559 observations (obtained in
F150W2 and F322W2). In particular, the FO9OW filter, thanks
to its shorter wavelength, provides the best astrometric precision
and enhances the separation between 47 Tuc members, Small
Magellanic Cloud stars, and blue point-like background galax-
ies. Furthermore, the F444W filter offers an optimal coverage
of the reddest sources and ensures a robust astrometric second
epoch for objects — such as the brightest BDs — that may be un-
detected in the bluer filters but potentially detectable in F444W.

The six-point FULLBOX primary pattern was employed with
a single-position NIRCam-only sub-pixel dither pattern. Com-
bined with the 2x1 mosaic, this resulted in a total of 12 point-
ings. At each pointing, a single exposure was acquired simulta-
neously in both channels using the MEDIUM8 readout pattern (six
groups and one integration per exposure). Each exposure con-
sisted of multiple detector readouts: eight in the SW channel and
two in the LW channel. This resulted in a total of 96 SW de-
tector images in the FOOOW filter and 24 LW detector images
in the F444W filter. Each detector image had an effective expo-
sure time of 622.733 s, corresponding to a total exposure time of
3736.396 s (~1 h) per pointing.

Image processing followed the procedures described in Pa-
pers I, II, and III of the “Photometry and Astrometry with JWST”
series (Nardiello et al.[[2022} |2023a} |Griggio et al.|[2023)), which
have also been successfully applied in recent similar studies
(Nardiello et al.|2023b; [Scalco et al.|2024c| [2025alb; Bedin
et al.|[2024] 2025blla). The level-1b uncalibrated (_uncal) im-
ages were first processed with a development version of the
JWST pipeling}| Pipeline stages 1 and 2 were executed to pro-
duce the level-2b (_cal) images. In stage 1, all default pa-
rameters were used except for the ramp-fitting step, where the
frame zero (the initial frame of each integration) was included
to recover pixels saturated in the first group and extend the usable
dynamic range by nearly two magnitudes. Stage 2 was executed
with all default parameters.

2 https://archive.eso.org/dss/dss

3 https://www.stsci.edu/jwst/science-execution/
program-information?id=2559

% https://archive.stsci.edu/proposal_search.php?id=
11677&mission=hst

> https://github.com/spacetelescope/jwst

® https://zenodo.org/records/20058613

The reduction of the _cal images consisted of two main
steps: first-pass and second-pass photometry. In the first pass,
using the empirical library point spread functions derived by
Nardiello et al. (ZOZSaﬂ we measured point spread function-
fitting positions and fluxes in each individual exposure. A
geometric-distortion correction was applied following |Griggio
et al.| (2023), and the stellar positions from each image were
transformed into a common reference frame using bright cluster
members from Gaia DR3 (Gaia Collaboration et al.|20162023)
after propagating their coordinates to the epoch of the JWST ob-
servations.

Second-pass photometry was performed with a modified ver-
sion of the KS2 code (see e.g.|Bellini et al.[2017} 2018 [Nardiello
et al.[2018};|Libralato et al.[2018),2022;|Scalco et al.|2021, {20244,
and references therein). In this step, positions and fluxes were
extracted using the point spread functions and transformations
obtained during the first pass. KS2 simultaneously processes all
exposures, making it particularly effective for detecting and mea-
suring faint sources not visible in individual images. In addition
to positions and fluxes, KS2 provides several diagnostic param-
eters, including the point spread function quality-of-fit (QFIT)
parameter, the RADXS parameter (a metric for comparing the
shape of a source to the point spread function; see Bedin et al.
2008}, 2009)), and the local sky noise (rmsSKY). These diagnos-
tics were discussed in detail by Bellini et al.| (2018]); Nardiello
et al.|(2018)); |Scalco et al.| (2021).

Photometry was calibrated to the Vega-magnitude system
following Nardiello et al.| (2023a] see alsoBedin et al.[2005)), and
the astrometry was anchored to the International Celestial Refer-
ence System using Gaia DR3 sources in the field. We selected a
sample of well-measured stars using the quality parameters pro-
vided by KS2 (QFIT, RADXS, and rmsSKY). In particular, we re-
tained sources with QFIT > 0 and absolute RADXS values smaller
than 0.15 in both filters. For rmsSKY, we defined a magnitude-
dependent threshold by tracing the typical locus of rmsSKY as
a function of brightness and retaining sources below the 97th
percentile of the rmsSKY distribution. The 97th percentile was
adopted as a compromise between rejecting outliers and preserv-
ing sample completeness.

Figure shows the MEooow VEISUS Mmpooow — ME444W CMD
(panel a) and the mpaaqw versus megoow — Mreaaqwy CMD (panel b)
for all stars in our JWST field. The selected stars delineate the
cluster’s MS, its lower MS (mpopoow = 20mag and mpgaqw 2
18 mag), and the white dwarf cooling sequence in the lower-left
region of the diagrams. In addition, a MS belonging to the Small
Magellanic Cloud is visible between the 47 Tuc MS and its white
dwarf cooling sequence.

In the severe saturation regime, the photometry becomes un-
reliable and non-physical features appear in the sequences. Stars
in the saturated regions must therefore be treated with caution,
and none of them is used in the scientific analysis presented in
this work.

3. Proper motions

To obtain the PMs, we made use of NIRCam data from the
first epoch of the JWST GO-2559 programme (visit v123; epoch
~2022.7), the second epoch of the same programme (visit v51;
epoch ~2023.3), and the second visit of the JWST GO-256(ﬂ

7 https://web.oapd.inaf.it/bedin/files/PAPERs_
eMATERIALs/JWST/Paper_03/PSFLIB/PSF_v2.0_Aug2023/
® https://www.stsci.edu/jwst/science-execution/
program-information?id=2560
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Fig. 2. Colour-magnitude diagrams of 47 Tuc. (a) mpgow Versus
MEQ9OW — ME444W CMD. (b) MEg44w VEISUS MEgoow — ME444W CMD. In both
panels, black points indicate stars that satisfy all photometric-quality se-
lections, while grey points mark sources that were rejected. The light-
red and dark-red shaded regions highlight areas affected by saturation:
light red corresponds to the regime where photometry is recovered from
the frame zero, whereas dark red marks severe saturation, where even
the frame zero is affected and reliable photometry cannot be obtained.

programme (PI: Marino, visit v2; epoch ~2023.7), as presented
by |Scalco et al.| (2025a). Together with the GO-5896 observa-
tions, these datasets provide a temporal baseline of ~3 years for
the PM measurements. Using this combination of epochs, we
were able to measure reliable PMs over approximately 75% of
the area covered by the GO-5896 NIRCam observations. A com-
plete description of the GO-2559 and GO-2560 datasets, as well
as of their reduction procedures, was provided by |Scalco et al.
(2025a).

The PMs were computed using the method described by
Scalco et al.|(2021) and introduced by Bellini et al.| (2014} see
also Bellini et al.|[2018} [Libralato et al./[2018, [2022). This it-
erative method treats each exposure as an independent epoch.
The procedure involves two main steps: first, stellar positions
from individual images are transformed into a common refer-
ence frame using a six-parameter linear transformation; second,
these transformed positions are fitted as a function of time with
a least-squares linear regression. The slope of this fit, obtained
after multiple rounds of outlier rejection, provides the PM mea-
surement. For this analysis, we relied exclusively on the SW-
channel exposures, which provide significantly higher astromet-
ric precision than their LW counterparts. To account for high-
frequency systematic variations, we applied the correction de-
scribed by [Scalco et al.| (2021)), subtracting the median PM of
the 100 nearest likely cluster members (excluding the target star
itself).

The resulting PMs are shown in Fig.[3] which includes only
stars that satisfy the photometric-quality criteria described in
the previous section and for which a reliable PM measurement
could be obtained. Panels (a) and (b) show the vector-point di-
agram and the mpgqqw Versus mpogow — Mpaaaw CMD, respec-
tively. Since PMs are measured relative to the mean motion of
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the cluster, 47 Tuc members are centred around (0, 0) mas yr’l)
in the vector-point diagram. A second, well-separated concentra-
tion of points, visible near (5, 1.5) mas yr", corresponds to stars
belonging to the Small Magellanic Cloud.

Panel (c) presents the one-dimensional PM (ug, computed
as the quadrature sum of the two PM components) as a func-
tion of mpsaqw. Cluster members form a narrow sequence at
ur < 1masyr™!, while non-members extend to significantly
larger values, with the bulk of Small Magellanic Cloud stars
peaking around ug ~ Smasyr!.

The improvement relative to the PMs obtained by [Scalco
et al.| (2025a)) is substantial (see panel (d) of their Fig.3). In
that study, the temporal baseline was limited to only 7 months,
whereas the ~3-year baseline used here greatly enhances the
astrometric precision. As a result, cluster and non-cluster pop-
ulations remain cleanly separated down to the end of the MS,
enabling reliable membership classification even at the faintest
magnitudes accessible in our data.

We defined a conservative PM selection criterion to separate
cluster members from Small Magellanic Cloud stars and field
objects, indicated by the vertical red line at 2.5mas yr~!. Pan-
els (d) and (e) show the vector-point diagram and mp444w versus
megoow — Mpagaw CMD for the stars that passed the PM selec-
tion, while panels (f) and (g) show the same diagrams for stars
that did not pass the PM selection.

From panel (e) of Fig.[3|the MS can be reliably traced down
to mpgqqw ~ 24.25 mag. We note that the use of SW astrome-
try to evaluate the PMs can hinder the detection of the reddest
and faintest sources, which may not be visible in the FO90W
filter but are detected in F444W. This may effectively limit the
depth of the stellar sample that we are recovering. To investi-
gate this limitation, we performed an alternative PM analysis to
probe the lower part of the MS. In particular, we evaluated the
PMs by relying only on the astrometry derived from the two red-
dest available filters, namely the F444W data from our GO-5896
observations and the F322W2 data from the deepest available
epoch, GO-2559 v123.

The resulting PMs are shown in Fig.[A.T] of Appendix[A]
which is analogous to Fig.[3|but includes a CMD constructed us-
ing only the F322W?2 and F444W filters. To obtain the PMs, we
performed the source finding independently for each epoch, us-
ing only the F322W2 and F444W images for the finding. Proper
motions were then estimated by measuring the displacement of
sources between the two epochs. Photometric selections were
applied only in F322W2 and F444W, thus allowing the inclu-
sion of very red sources not detected in FOOOW. We note that the
spatial coverage of this analysis is slightly smaller than that of
Fig.[3] as it is limited to the overlap between the GO-5896 and
GO-2559 v123 datasets. As a result, the number of sources is
correspondingly reduced.

As expected, this approach yields significantly larger PM un-
certainties than those obtained in the previous analysis. This is
primarily due to the use of LW astrometry, which provides lower
astrometric precision compared to the SW data adopted above.
We applied the same PM selection criteria employed in Fig.[3]
As shown in Fig.[A.T] the increased PM errors prevent a signifi-
cant improvement in the faint limit and do not allow us to probe
substantially deeper than in the previous analysis, with the MS
extending only down to mpsqaw ~ 23.75 mag. In the following
analysis, we restrict our sample to the stars shown in panel (e)
of Fig.[3] that is, to those satisfying both the photometric-quality
criteria and the PM-selection criterion, resulting in a final sample
of ~10,000 cluster members.
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Fig. 3. Cluster membership selection based on the obtained PMs. Only sources that satisfy the photometric-quality criteria and have measurable
PMs are shown. (a)-(b) Vector-point diagram and mpsaw Versus mpgggow — Mraaaw CMD, respectively. (¢) mpaqqw magnitude versus the one-
dimensional PM (ugr). The red line separates cluster members from Small Magellanic Cloud and field stars. (d)-(e) Vector-point diagram and
MEgaaw VETSUS Mpgoow — Mpagaw CMD for stars that passed the PM selection. (f)-(g) same diagrams for stars that did not pass the PM selection.
In panels (c) through (g), sources that passed the PM selection are represented by blue dots, while those that did not pass are depicted as orange
Crosses.

4. Results and discussion a discontinuity in the slope of the MS at the very low-mass end
' _ of the sequence, close to the HBL (Marino et al.|2024; Scalco
4.1. The colour magnitude diagram of 47 Tuc et al|20254). This feature, referred by [Scalco et al.| (20254) to

as the “kink”, appears as a change in the morphology of the MS
One of the most remarkable features revealed by JWST obser-  ap( is accompanied by a small gap and a change in the colour-

vati0n§ of 47 Tuc is the comple.x morphology of the lower MS.  magnitude slope of the sequence. This feature is thought to be
In particular, recent JWST studies have reported the presence of
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Fig. 4. Statistical significance of the kink in the lower MS of 47 Tuc.
Panels (a)-(c) show the observed data, while panels(d)-(f) show a
synthetic stellar sample. Panels (a) and (d) show the mpsnw, versus
meisow2 — Mezaw2 CMDs. The red line represents the adopted fiducial.
Panels (b) and (e) show the corresponding CMDs after verticalization
with respect to the fiducial. Panels (c) and (f) show the median of the
verticalized colour as a function of mg3w, (black line), obtained from
a set of shifted magnitude binnings. The light- and dark-blue shaded re-
gions indicate the corresponding 10~ and 30 confidence intervals.

associated with changes in the atmospheric chemistry of very
low-mass stars, in particular the transition in carbon chemistry
from predominantly oxidised to reduced (methane-dominated)
equilibrium (Madhusudhan|2012)). As discussed in Scalco et al.
(20254)), this transition in 47 Tuc appears to occur at significantly
earlier spectral types than in the field population (Geballe et al.
2002), suggesting a lower carbon-to-oxygen ratio in lower MS
members compared to their higher-mass counterparts.

To illustrate the morphology of the kink, panel (a) of Fig.[4]
shows the lower MS of 47 Tuc in the mg32ow2 Versus meisows —
mpzw2 CMD, where the feature was previously investigated
by [Scalco et al.| (2025a). The red line represents a least-squares
fit to the observed lower MS. The sequence remains straight,
well defined, and follows the fitted relation down to mg3zows ~
23.9 mag. At fainter magnitudes, however, it begins to display a
series of discontinuities and departs from the extrapolated trend.
In particular, stars in the interval 23.9 < mp3owe < 24.25 mag
are systematically located on the blue side of the red line,
whereas stars in the range 24.25 < mpanwr < 24.7 mag are sys-
tematically located on the red side. At still fainter magnitudes
(24.7 < mppwr < 25.4 mag), the stars are again systematically
located on the blue side of the red line.

To quantify the significance of these deviations, we per-
formed a test to assess whether the observed sequence is con-
sistent with a smooth, non-discontinuous trend. The procedure
is illustrated in Fig.[d] We adopted the least-squares fit shown in
panel (a) as our reference model in the absence of discontinu-
ities. Although a linear relation may not be the most appropriate
description of the lower MS over a broad magnitude range, the
narrow interval considered here makes a linear approximation
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reasonable. We first verticalized the CMD with respect to the
least-squares fit line; the resulting verticalized CMD is shown in
panel (b). We then divided the sequence into magnitude bins of
width 0.25 mag and measured, for each bin, the median of the
verticalized colour and the corresponding uncertainty, defined as
the 68th percentile of the colour distribution divided by VN — 1,
where N is the number of stars in the bin. To minimise any de-
pendence on the arbitrary choice of the bin boundaries, we re-
peated the analysis using a series of ten magnitude bins shifted
by one tenth of the bin width (0.025 mag). The measurements
obtained from all shifted binnings were then combined to derive
a continuous estimate of the median colour of the sequence. The
resulting trend is shown in panel (c) as a black line, while the
light- and dark-blue shaded regions indicate the corresponding
1o and 30 confidence intervals. As can be seen from panel (c),
the discontinuities deviate from zero by more than 3o.

To assess whether the observed behaviour could be explained
by photometric scatter alone, we compared the observed distri-
bution with that obtained from a synthetic stellar sample. The
colours of the simulated stars were randomly drawn from Gaus-
sian distributions centred on the least-squares fiducial and hav-
ing dispersions equal to the colour uncertainties derived from the
artificial-star tests at the corresponding magnitudes. The num-
ber of simulated stars was chosen to match that of the observed
sample. The resulting CMD is shown in panel (d). The same ver-
ticalization procedure was then applied to the simulated sam-
ple, yielding the verticalized CMD shown in panel (e). We ap-
plied to the verticalised sequence the same binning, median, and
uncertainty-estimation procedure adopted for the observed sam-
ple. The resulting median colours and their corresponding uncer-
tainties are shown in panel (f). In contrast to the observed sam-
ple, the median colour of the simulated sequence remains con-
sistent with zero over the entire magnitude range. While these
results support the presence of the observed discontinuities, we
note that the number of stars involved remains limited. Addi-
tional observations and larger stellar samples will be required
for a more robust assessment of their statistical significance.

To investigate whether the kink can be identified in the
FO90W and F444W photometry analysed in this work, we di-
vided the stars highlighted in panel (a) of Fig.[]into three groups,
corresponding to different segments of the sequence. The three
groups are shown in panel (a) of Fig[j]in green, red and blue.
Panels (b), (¢) and (d) of Fig.E] show these same stars, using
the same colour coding, in the mpaqqw VErsus mpogow — Mpaaaw,
ME444w VEISUS MEgoow — MIF150W2, and Mipsqaw VEISUS Mp3ows —
mpaqqaw CMDs, respectively. Small changes in the morphology
of the sequence can be seen at the transition between the three
groups, particularly in panels (b) and (c). However, these features
are considerably weaker than those observed in panel (a) and in-
volve only a small number of stars, making any interpretation
uncertain.

The weak appearance of the feature in these colour combi-
nations is qualitatively consistent with its proposed interpreta-
tion as a consequence of changes in atmospheric chemistry, in
particular the transition in carbon chemistry toward a methane-
dominated equilibrium. Its photometric impact is expected to be
reduced in these filters, which are less sensitive to the molecular
absorption features associated with this transition (Scalco et al.
2025a)).

Panel (a) of Flg@ shows the ME444wW VEISUS MEQ9OW — ME444W
CMD of our selected sample of stars. We overplotted on the
CMD the theoretical isochrones, computed in (Gerasimov et al.
(2024b) for the age and chemical composition of 47 Tuc. The
three models shown in the figure — G24B, G24RL, and G24R —
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Fig. 5. Kink in the lower MS of 47 Tuc. (a) mgzznwz Versus mgisowz — Mezow2 CMD of the lower MS of 47 Tuc. Stars associated with the three
segments of the kink are highlighted with different colours (blue, red, and green). The same stars are shown in three additional CMDs adopting
the same colour coding: (b) mpasaw versus (meooow — Mradaw), (C) MEgaqw VETsus (Meooow — Mrrsow2), and (d) megaqw Versus (Mespowz — Megaaw).

differ in their adopted oxygen abundances ([O/Fe] = 0.48 dex
for G24B, [O/Fe] = 0.33 dex for G24RL and [O/Fe] = 0.03 dex
for G24R), and they represent the best fits to the blue tail,
ridgeline and red tail of the observed scatter in the HST Wide
Field Camera 3 (WFC3) mg;1ow — mrigow colour of the lower
MS from [Kalirai et al.| (2012)). Synthetic photometry in the
mpgoow — Mrpaaaw CMD space was calculated using BasicATLAS
(Larkin et al.|[2023), adopting the optical reddening of E(B —
V) = 0.04 mag (Gerasimov et al.| 2024b), distance modulus
of 13.24 mag (Chen et al.|2018)), total-to-selective extinction of
Ry = 3.1 and the reddening law from|Gordon et al.|(2023)); |Gor-
don| (2024)) (also see |Gordon et al.|2009, 2021} [Fitzpatrick et al.
2019; |Decleir et al.|2022). Note that these models do not account
for the mass dependence of [O/Fe], hypothesised in|Scalco et al.
(2025a). For comparison, panel (b) shows the mpgspw, versus
mg1sow2 — Mr3aow2 CMD and G24 isochrones from Scalco et al.
(2025a), together with recent models from Ventura et al.| (2026).

The three isochrones closely overlap in the upper part of the
CMD, where the MS runs almost vertically. At fainter magni-
tudes, however, the models progressively diverge. As the MS
begins to bend toward redder colours, the G24B and G24RL
isochrones shift toward bluer colours, while the G24R model
more closely follows the observed locus of the lower MS. Al-
though none of the available models provides a satisfactory
quantitative fit to the faintest portion of the sequence, G24R is
the least discrepant among those considered here and provides
the closest overall match to the morphology of the lower MS.
As discussed in Scalco et al.| (2025a)), the remaining discrepan-
cies may indicate oxygen abundances lower than those adopted
in the G24R model or shortcomings in the current treatment of
molecular opacities. In that work, dedicated atmosphere calcula-
tions were performed by varying O, C, and Ti abundances. The
analysis showed that reproducing the morphology of the faintest
portion of the MS requires conditions favouring enhanced CHy
formation at low effective temperatures and identified the atmo-
spheric C/O ratio as the key parameter controlling this behaviour.
Within the explored parameter space, these conditions were most
naturally obtained for oxygen-poor compositions. Notably, the
G24R isochrone displays a subtle discontinuity in the slope of the
sequence around mpaqaw ~ 23.7 mag, providing an approximate
indication of the expected location of the kink.

Selected stellar masses are indicated along the isochrones.
The HBL (~ 0.074 M), as estimated by |Gerasimov et al.
(2024b)), is also shown and lies below the faintest members in
our sample, which reach masses of approximately ~ 0.077 M.

In the next section, we provide an estimate of the completeness
of our data.

4.2. Artificial stars
4.2.1. Artificial star tests and completeness

We estimated the completeness of our catalogue using artificial
stars. To incorporate the PM selection into the completeness es-
timate, we generated the artificial stars independently in each
JWST epoch dataset and estimated their PMs following the same
procedure adopted for the real stars. Because artificial stars are
injected at identical positions in all epochs, any measured PM
reflects only noise-induced offsets (e.g. point spread function-
modelling uncertainties, transformation residuals, cosmic rays,
detector artefacts).

To assign magnitudes to the artificial stars, we defined a fidu-
cial line tracing the observed MS. The fiducial was defined in
multiple CMDs in order to cover all the filters available in the
different JWST datasets used to compute the PMs and to assign
consistent magnitudes to the artificial stars in each band. The
fiducial was defined manually by tracing the observed MS down
to the faintest magnitudes where the sequence can be reliably
identified, and then extending it toward fainter magnitudes us-
ing the theoretical isochrones presented in the previous section.
We generated 10° artificial stars uniformly distributed across the
region of the field where multi-epoch JWST observations are
available and PMs could be reliably measured. The mpg44w mag-
nitudes were drawn uniformly in the range 17.5 < mpguaw <
28.5 mag, while the corresponding magnitudes in the other fil-
ters were assigned according to the adopted fiducial line.

The artificial stars were injected, detected, and measured us-
ing KS2, following exactly the same procedures adopted for the
real stars. An artificial star was considered recovered if (i) its in-
put and output positions differed by less than one pixel; (ii) its
input and output magnitudes differed by less than 0.75 mag (cor-
responding to ~2.51og2) for each filter; and (iii) it passed the
same photometric-quality selections applied to real sources. In
addition, the recovered artificial star was required to satisfy the
same PM-selection criterion used for real stars (see panel (c) of
Fig.[3). This allows us to quantify the fraction of stars lost due
to PM-selection effects and to include this correction in the final
completeness estimates.

Figure[7] illustrates the completeness of our catalogue under
different selection criteria. The three panels show the mpqqqw ver-
sus mpooow — Mpaaaw CMD for (a) the catalogue without apply-
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ing either RADXS or PM selections, (b) after applying the RADXS
selection but not the PM selection, and (c) after applying both
RADXS and PM selections. The blue line shows the fiducial used
to inject the artificial stars. The red solid curve represents the
completeness as a function of magnitude for each CMD and cor-
responding set of selections, while the red dashed curve shows
¢g, the completeness measured in the dark usable areas of the
detectors where faint sources can be reliably detected (see
din et al][2008], 2009} for details). The right-hand vertical axis
indicates the stellar masses estimated using the mass-luminosity
relation of the G24R model. The completeness progressively de-
creases as increasingly stringent selection criteria are applied.
We note that the completeness does not reach 100% even at
bright magnitudes in any of the cases shown in Fig.[7] as the re-
covery, photometric-quality, and PM-selection criteria adopted
in this work lead to the rejection of even some of the bright-
est sources. In panel (a), where neither RADXS nor PM selections
are applied, the completeness remains above ~ 50% down to
Mpgqqw ~ 24mag (~ 0.079 My) and drops to ~ 0% around
Mpaaaw ~ 25.5 mag (~ 0.069 My). After applying the RADXS se-
lection (panel b), the completeness remains above ~ 50% down
to mpgqaw ~ 23.5mag (~ 0.082 M) and reaches ~ 0% around
Mmpaqaw ~ 25 mag (~ 0.074 My,). Finally, after applying both the
RADXS and PM selections (panelc), the completeness remains
above ~ 50% down to mpaqqw ~ 23.25 mag (~ 0.084 M) and
drops to zero at mpaaqw ~ 24.75 mag (~ 0.075 Mg, i.e. just above
the estimated HBL for 47 Tuc.) This behaviour is also reflected
in the decreasing number of sources visible in the CMD, partic-
ularly at its faint end. In particular, the PM selection is crucial
for removing spurious detections that populate the lower part of
the CMD and contaminate the MS at its faint end.
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4.2.2. Comparison to theoretical-completeness limit

The BD cooling sequence in 47 Tuc has been reported in several
recent studies, beginning withNardiello et al.| (2023b)). However,
in most cases, the bona fide nature of these candidates could not
be established due to the lack of reliable PM-based membership
constraints (see further discussion of this issue in Section [F.3.3).
Given that our dataset provides the deepest PM-validated pho-
tometry of 47 Tuc to date, it is instructive to reassess the de-
tectability of BDs in the cluster. In particular, we compare both
empirically measured and theoretically predicted completeness
limits to the expected location of the HBL, in order to evaluate
whether such detections are feasible in presently available JWST
photometry.

In this subsection, we compare the completeness derived
from our artificial star tests with the theoretical predictions of
(2026). The latter are based on the expected JWST
performance from [Pontoppidan et al| (2016), assuming two
epochs of observations in the F150W2 and F322W2 bands sep-
arated by several years. In those simulations, a source is con-
sidered recovered if its mpisow2 — Mp322w2 colour uncertainty is
< 0.25 mag, and its PM is consistent with 47 Tuc membership at
> 95% confidence.

Figure[8|compares the theoretical completeness from Gerasi-|
2026) to our artificial star-based completeness estimates.
The theoretical curves correspond to four observing strategies
(two 1 h or 10 h exposures separated by 2 or 5 years), while
our measurements are shown as green markers. As expected, our
artificial star-based completeness is systematically lower than
the theoretical predictions for three main reasons: (/) we use
narrower FOOOW and F444W filters instead of the ultra-wide

F150W2 and F322W2 bands adopted in (2026); (2)
the FO90OW band is too blue for efficient detection of low MS

stars and BDs, and (3) the simulations in (2026) ig-
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completeness levels of 25%, 50%, and 75%.

nore crowded photometry effects. To isolate the impact of (2),
we recomputed the artificial star-based completeness without the
FO090W band and plotted the result in Fig.[§] with blue markers.

Although none of the simulated observing strategies in Fig.[§]
exactly match our dataset (which consists of ~ 4 hand ~ 1 h
exposures separated by ~ 3 years), our completeness should ap-
proximately fall between the predictions for two 1 h exposures
separated by 2 and 5 years (dotted and solid black curves in
Fig.[8] respectively). Indeed, the artificial star-based faint limit
for the F444W-only case (blue markers) is found within the ex-

pected range. However, requiring reliable FOOOW photometry
shifts the faint limit brighter by ~ 1 mag (green markers), and
both the F444W-only and total completeness show a more grad-
ual decline compared to the models.

Overall, these results indicate that current JWST observa-
tions of 47 Tuc are not sufficiently deep to reliably trace the
cluster’s BD cooling sequence, rendering earlier claims of its de-
tection uncertain. Nevertheless, the agreement in overall perfor-
mance suggests that an additional epoch of longer-wavelength,
ultra-wide-band observations should be sufficient to enable a ro-
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Fig. 8. Measured and theoretical completeness of membership-verified
JWST photometry of 47 Tuc as a function of the mpsqqw magnitude.
Theoretical completeness (solid and dotted black and red curves) are
adopted from |Gerasimov| (2026) for four distinct observing strate-
gies, defined by exposure times and temporal baselines. Theoretical
completeness curves have been converted to mpgqqw using the G24R
isochrone. Green markers show the empirical completeness calculated
in this study using artificial star tests. Blue markers show an alternative
completeness curve that waives the requirement of reliable mgogow pho-
tometry. All completeness curves were scaled to the empirical value at
Mrgaaw = 22 mag. The estimated magnitude of the HBL is shown with
a vertical magenta line.

bust detection of the brightest BDs and of the upper part of the
cluster’s BD cooling sequence.

4.3. Luminosity and mass function

In this section, we present the LF and MF of 47 Tuc along the
MS and low-MS using our JWST catalogue.

4.3.1. Observed luminosity and mass functions

Figure[9] presents the LF of the MS and lower MS of 47 Tuc, de-
rived from the dataset presented in this work. Panel (a) shows
the mpgqaw versus megoow — Mrasaw CMD of the selected stel-
lar sample, from the saturation limit (mpsqqw ~ 18 mag), down
to the faint end of the MS. Two fiducial lines (shown in green)
were defined to enclose the cluster MS. Stars lying between the
two fiducials are shown as black points, while stars outside this
region are shown as orange crosses.

Panel (b) displays the corresponding LF. The black his-
togram shows the raw number counts of the stars selected in
panel (a) as a function of mp4sqw, using bins of 0.5 mag. The
blue histogram shows the same counts corrected for complete-
ness. The completeness as a function of mpa44w is overplotted as
ared curve, with its values reported on the upper horizontal axis.
The error bars associated with the raw counts are Poisson uncer-
tainties, while those on the completeness-corrected LF represent
Poisson errors propagated through the completeness correction.
Over this magnitude range, the LF shows a rise that reaches a
maximum around mpaqqaw ~ 19.75 mag, followed by a decline
toward the faint end of the MS. As discussed in Sectiond.3.2]
this peak is likely associated with the onset of full convective
interiors in low-mass stars. In particular, the change in slope of
the mass-luminosity relation associated with this transition pro-
duces an accumulation of stars around this magnitude, resulting
in the observed peak in the LF.

We adopted the isochrone models presented in Fig.[6]to de-
rive the MF for the same sample of stars selected in Fig.[9] Stellar
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Fig. 9. Luminosity function of the MS and lower MS of 47 Tuc. (a)
MEgaqw VETSUS Mpogow — Mregaaw CMD of the selected sample. The green
lines mark the fiducial boundaries adopted to define the cluster MS.
Stars lying between the two fiducials are shown as black points, while
stars outside this region are shown as orange crosses. (b) Luminos-
ity function as a function of mpggw. The black histogram shows the
raw star counts in bins of 0.5 mag, while the blue histogram shows the
counts corrected for completeness. The completeness function is over-
plotted as a red curve, with the corresponding values indicated on the
upper horizontal axis. Error bars on the black histogram represent Pois-
son uncertainties, while those on the completeness-corrected LF include
Poisson errors propagated through the completeness correction.

masses were obtained by converting the mp444w magnitudes us-
ing the corresponding mass—luminosity relations. The resulting
stellar masses span the range 0.075 < M/Ms < 0.60. The sam-
ple was then divided into logarithmic mass bins, and the number
of stars in each bin was evaluated after correcting for complete-
ness. The resulting MFs are shown in Fig.[I0] for the three dif-
ferent sets of isochrones (G24B in panel a, G24RL in panel b, and
G24R in panel ¢). In this figure and in all subsequent LF and MF
plots, the error bars represent Poisson uncertainties propagated
through the completeness correction. The three MFs are broadly
consistent with one another over the explored mass range, indi-
cating that the overall MF shape is only weakly dependent on the
adopted mass—luminosity relation.

All three MFs display a similar behaviour: a pronounced gap
in the highest-mass bin suggesting a steepening of the MF at
higher masses, followed by a smooth increase in the number
of stars toward lower masses, a break around ~ 0.15 M, and
a subsequent decline in the last three bins at the lowest masses.
The break around ~ 0.15 M, is qualitatively similar to that ob-
served in a recent JWST-based study of w Centauri (Scalco et al.
2025b), where the MF was found to deviate from a single power-
law form over a comparable mass interval, with a break occur-
ring at a similar mass (0.17 — 0.26 M, depending on the adopted
model).

To quantify the overall slope of the MF, we fitted the ob-
served binned MFs shown in Fig.[T0] with a single power-law
of the form &(M) o« M™®, where £&(M) is the number of stars
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Fig. 10. Mass function of the MS and lower MS of 47 Tuc derived us-
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G24R (panel ). Black histograms represent the completeness-corrected
number of stars per unit mass, while the red lines indicate the best-
fitting power-law relations over the fitted mass range. The correspond-
ing power-law slopes « are reported in each panel.

per unit mass and « is the power-law slope. The fit was per-
formed over the mass range 0.15 < M/Mg < 0.48, excluding the
highest-mass bin because of its proximity to the onset of satu-
ration, which could introduce systematic uncertainties in the de-
termination of the best-fitting slope, and the three lowest-mass
bins, which display an irregular behaviour.

The resulting best-fitting power-law relations are shown as
red lines in Fig.[T0] and the corresponding values of « are re-
ported in each panel. The inferred slopes are very similar for
the three sets of isochrones and are consistent within the uncer-
tainties, and are in good agreement, within the errors, with the
radial variation of the present-day MF inferred for 47 Tuc (e.g.
Baumgardt & Hilker||2018; |Baumgardt et al.||2019), which pre-
dicts @ ~ 0.7-1.0 at radial distances comparable to those sam-
pled by our field. The slightly smaller values found here likely
reflect the different mass range probed by our analysis.

To assess the consistency of the derived MFs with the
adopted stellar models and photometric band, we also derived
the MFs using stellar masses inferred from the mppow mag-
nitudes, adopting the corresponding mass—luminosity relations.
The resulting MFs are shown in Fig.[TT] These MFs closely
resemble those obtained using mpg44w, including the presence
of a gap at the high-mass end and a change in slope toward
lower masses. The best-fitting power-law slopes derived from
the mpooow—based MFs are similar to, and compatible within the
uncertainties with, those obtained from the mp444w—based analy-
sis. The derived MF is only weakly sensitive to both the adopted
isochrone model and the photometric band used to infer stellar
masses.

To investigate possible radial variations of the MF, we di-
vided the stellar sample into four equally populated radial bins
(of ~2,250 stars per bin), spanning the intervals 2 < r/r, < 2.4,
24 <rfm 27,27 </ < 3.1,and 3.1 < v/ S 4. For
each radial bin, we derived the MF following the same proce-
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Fig. 11. Same as Fig. but with stellar masses inferred from the
mpogow—based mass—luminosity relations.

dure adopted for the global MF. Stellar masses were estimated
from the mpgqqw magnitudes using the G24R mass—luminosity
relation, as this model provides the best overall match to the
observed MS over the explored magnitude range (see Fig.[6).
The resulting radial MFs are shown in Fig.[I2] In all radial bins,
the MFs exhibit the same characteristic morphology already ob-
served for the global MF: a pronounced gap at the high-mass
end, followed by a smooth increase toward lower masses up to
a well-defined maximum, and a subsequent decline in the last
three bins at the lowest masses.

As for the global case, the MF in each radial bin was fit-
ted with a single power-law over the same mass range, 0.15 <
M/Ms < 0.48, excluding the highest-mass bin and the three
lowest-mass bins that display irregular behaviour. The best-
fitting slopes @ are reported in each panel of Fig.[I2] We find
that the MF slope increases with increasing distance from the
cluster centre, from @ = 0.37 +£ 0.06 and @ = 0.40 + 0.10 in the
two innermost bins, to @ = 0.56+0.03 and @ = 0.58 +0.04 in the
outer bins. This behaviour indicates a mild but systematic steep-
ening of the MF with radius and is qualitatively consistent with
expectations from mass segregation driven by two-body relax-
ation, whereby lower-mass stars preferentially migrate towards
the cluster’s outer regions.

4.3.2. A break in the mass function

In this section, we assess whether the apparent MF break near
~ 0.15 M, is statistically significant and whether it could plausi-
bly arise from a systematic error in our analysis. The break cor-
responds to a well-defined peak in the MF (see Figs.[I0]and [IT].
Specifically, all bins above the break show a monotonic increase
in star counts with stellar mass, while all bins below the break
show a monotonic decrease. These trends persist across all three
isochrones employed in this study and both photometric bands.
Consequently, if the break were driven by a systematic effect,
that effect would need to be strongly localised near ~ 0.15 M;
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Table 1. Boundaries of the transition between fully convective stellar interiors and interiors with persistent radiative zones.

Isochrone Faint edge Bright edge
M FO90W FI150W2 F322W2 F444W M FO90W FI150W2 F322W2 F444W
[Mo]  [mag] [mag] [mag]  [mag] [Mo]  [mag] [mag] [mag]  [mag]
G24B 0.333  21.60 20.51 1994  19.67 0337 21.57 20.49 19.91 19.65
G24RL 0.332 21.62 20.50 19.91 19.67 0.336 21.58 20.46 19.87 19.63
G24R 0.331 21.59 20.44 19.81 19.63 0.335 21.57 20.42 19.79 19.60

a smooth, extended bias across a wider mass range would likely
produce a more gradual and less consistent transition.

We first examine potential systematic errors arising from the
use of mass-luminosity relationships with mismatched chemical
composition when converting observed magnitudes into stellar
masses. As shown in Fig.[6] the low MS exhibits a substantial
spread in colour, commonly attributed to light-element abun-
dance variations associated with multiple stellar populations. By
contrast, the isochrones from |Gerasimov et al.| (2024b)) adopted
in this work span only a small fraction of the observed colour
spread, as they vary solely in [O/Fe], which is likely insufficient
to capture the full structure of the mpoogw — Mpaaaw CMD. In our
analysis in Section .3.1] we have implicitly assumed that the
mass—luminosity relationship is independent of stellar colour.
Equivalently, this corresponds to extrapolating theoretical iso-
mass lines as horizontal lines in the CMD space, so that stellar
masses are inferred from magnitude alone, irrespective of colour
offsets from the isochrone.

Fig.[6]also shows that the CMD morphology changes signif-
icantly along the low MS. Specifically, the sequence transitions
from nearly vertical to a much shallower slope, and the onset
of this transition occurs at a stellar mass comparable to that of
the MF break. It is therefore important to assess whether our
method of extrapolating isomass lines across the observed colour
spread could introduce a systematic bias in the inferred masses,
and in particular whether such bias could vary rapidly with mass,
thereby mimicking the apparent MF break.

To explore this possibility, we re-derived stellar masses us-
ing a range of isomass extrapolation schemes. For a given stel-
lar mass, we identified the corresponding points on the three
adopted isochrones (G24B, G24RL, and G24R) and constructed
isomass lines by interpolating and extrapolating between these
points in the CMD space. Specifically, we considered three ap-
proaches: (1) linear extrapolation, obtained by fitting a straight
line through the three points; (2) quadratic extrapolation, ob-
tained by fitting a parabola; and (3) piecewise-linear extrapo-
lation. Stellar masses were then assigned to each star using the
isomass-matching method from [Scalco et al.| (2024b), in which
we identify the isomass line that passes closest to the star’s
CMD location. We excluded all stars with estimated masses over
0.4 M, as the isochrones overlap in that region of the CMD,
resulting in the polynomial fits being ill-conditioned (i.e. small
perturbations in polynomial coefficients have a large effect on
estimated masses). Because this mass range lies well above the
location of the MF break, this cut does not affect our conclusions.

We then fitted a broken power-law MF to the inferred masses
using the histogram-free likelihood maximisation method
(Scalco et al.|[2025b} |Gerasimov|2026). The unnormalised like-
lihood, £, is defined as

if M i > Mbp)

M
log ({ Lo
M7, if My < M,
log(£) = )" s - (1)

i
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where M; are the inferred stellar masses and comp; are the
corresponding completeness estimates (determined by interpo-
lating the completeness curve in Fig[J|to the F444W magnitude
of the star). The free parameters of the model are the power-
law break mass, My,; and the MF slopes at masses larger and
smaller than My,: @y and ay, respectively. We also fitted an un-
broken power-law MF to each set of inferred masses by fixing
an = a) = .

The likelihood was sampled using the Goodman-Weare
(Goodman & Weare|2010) Markov Chain Monte Carlo (MCMC)
algorithm implemented in the emcee Python package (Foreman-
Mackey et al.[2013)). We used 32 MCMC walkers and 5000 steps
per walker. The best-fit MF parameters were extracted from the
MCMC step with the highest likelihood in the chain, while the
corresponding errors were estimated as the standard deviations
of the MCMC posteriors. The broken and unbroken power-law
fits for all three isomass interpolation schemes as well as the
best-fit parameters are shown in Fig.[T3]

For all isomass extrapolation schemes shown in Fig.[T3] the
best-fit power-law slope above the break (@) remains consistent
with the range of values derived in Section[4.3.1] The figure also
reports the difference in the Akaike Information Criterion (AIC;
Akaike|1974) between the unbroken and broken power-law mod-
els. In every case, this difference is large and positive, indicating
that the broken power-law model is strongly preferred despite its
additional degrees of freedom.

In the case of quadratic extrapolation, however, the AIC dif-
ference is driven primarily by a narrow mass interval between
0.15 and 0.17 M., corresponding to a single bin in the lower
panel of Fig.[T3]that contains a pronounced excess of stars rel-
ative to neighbouring bins. When stars in this interval are ex-
cluded, the AIC difference decreases by a factor of three, and
the best-fit break mass My, shifts to substantially lower values,
no longer aligning with the candidate MF break. Under these
conditions, our observations are most consistent with an unbro-
ken power law between 0.1 and 0.4 M.

Importantly, this behaviour is unique to the quadratic extrap-
olation scheme: for the other extrapolation methods, the prefer-
ence for a broken power-law remains robust even when analo-
gous narrow mass intervals are removed. This indicates that at-
tributing the MF break to a systematic error in isomass extrapo-
lation would imply the presence of a substantial overdensity of
stars confined to a very narrow mass range.

Finally, we consider the possibility that the observed MF
break arises from a systematic error in the mass—luminosity re-
lationships themselves. As argued above, reproducing the sharp-
ness of the break would require such an error to be strongly
localised near ~ 0.15 M. In practise, this would imply a dis-
continuity or rapid change in the slope of the adopted mass-
luminosity relationships at this mass.

A known physical feature of the low MS that may be respon-
sible for such a discontinuity is the transition from full convec-
tion to stellar interiors that develop a radiative zone. This tran-
sition is also associated with a change in interior opacity due
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Fig. 12. Radial variation of the MF. The MF is shown in four equally populated radial bins, with the corresponding radial intervals indicated in the
upper-left corner of each panel. The best-fitting power-law slopes « are reported in the corresponding panels.

to dissociation of molecular hydrogen (Kroupa & Tout|[1997).
In standard models, it occurs at masses > 0.3 M, although it
has been predicted to shift to lower masses in GC environments
(Mansfield & Kroupa|2021)).

To determine the location of this transition in the mod-
els adopted here, we calculated new evolutionary models us-
ing MESA (Modules for Experiments in Stellar Astrophysics) code,
version 23.05.1 (Paxton et al.|2011}, 2013}, 2015, 2018, [2019),
following the method in |Gerasimov et al.| (2024a). We carried
out this analysis separately for each of the isochrones in Fig.[6]
using the pre-tabulated atmospheric boundary conditions from
Gerasimov et al.| (2024Db).

We chose the masses of new MESA models using the bisection
root-finding method in order to identify two characteristic stel-
lar masses at the age of 11.5 Gyr. For each of the three chemi-
cal compositions corresponding to the G24B, G24RL, and G24R
isochrones, we computed a sequence of models around the ex-
pected convective boundary and examined their internal struc-
ture. The faint edge of the transition region was defined as the
highest stellar mass that remains fully convective throughout its
evolution, whereas the bright edge was defined as the lowest stel-
lar mass that develops a stable radiative zone and does not sub-
sequently return to a fully convective configuration. These in-
termittent episodes, known as the convective kissing instability
(van Saders & Pinsonneault|2012), occur in stars within the tran-
sition regime between fully convective structures and those with
a persistent radiative zone. Stars with masses and magnitudes
within this interval undergo the convective kissing instability and
alternate between the two configurations during their evolution.
Our results are summarised in Table[I] The corresponding mag-
nitudes were obtained by interpolating the adopted isochrones at
the masses determined from the MESA calculations. For all cases
shown in the table, the predicted mass of the convective bound-
ary exceeds our best-fit My, (Fig. by over a factor of two.
We may therefore safely conclude that the observed MF break is
unrelated to the convective discontinuity in the mass-luminosity
relationship.

The tests presented in this section indicate that the MF break
near ~ 0.15 M, is statistically significant and cannot be readily
attributed to systematic uncertainties in the modelling. In par-
ticular, reproducing the observed feature via systematics would
require a substantial (~ 25%) overdensity of stars confined to
the narrow mass interval 0.15 < M < 0.17 Mg, which appears
unlikely to be physical. This feature is qualitatively similar to a
comparable break reported in the GC w Centauri (Scalco et al.

2025b). If confirmed, it may point to a presently unrecognised
mechanism operating in the star formation or dynamical evolu-
tion of GCs.

The presence of the MF break also has direct implications for
the expected number of detectable BDs in 47 Tuc. Extrapolating
the best-fit broken and unbroken MF models using the masses
derived from the linear isomass extrapolation (upper panel of
Fig. into the substellar regime (M < 0.074 M), and re-
stricting to magnitudes brighter than the faintest theoretical com-
pleteness limit in Fig. (mpgqaw =~ 26 mag, corresponding to
~ 0.06 My), we estimate that approximately ~ 130 and ~ 75
BDs should be detectable in future JWST observations of our
field under the unbroken and broken MF assumptions, respec-
tively.

4.3.3. On the faint-end luminosity function

The faint end of the lower MS of 47 Tuc has been explored with
JWST observations starting from the work of |[Nardiello et al.
(2023b)), who reported the possible detection of the brightest part
of the BD sequence. The LF of this regime was later analysed by
Marino et al.| (2024)). In that study, the LF was reported to show
a distinct upturn at its faint end, occurring after the LF reaches a
minimum around mg3ows ~ 25.3 mag (see their Fig. 6). This rise
was interpreted as a possible signature of the transition from the
stellar to the substellar regime and as evidence for the presence
of a population of BDs in the cluster. In a subsequent analysis,
Scalco et al.|(2025a)) revisited the faint end of the CMD of 47 Tuc
using PM membership derived from two JWST epochs. That
work showed that, once PM selections are applied, the majority
of the sources fainter than mp3oows ~ 25.5 mag (the sources re-
sponsible for the apparent upturn of the LF reported by [Marino
et al. 2024) disappear. Only two candidate BDsﬂ remain after
the PM selection, but their cluster membership is uncertain due
to large PM uncertainties and the very low completeness at these
magnitudes. The rise in the LF reported by Marino et al.| (2024)
was therefore interpreted as most likely being driven by contam-
ination from background point-like galaxies that populate the
faint end of the CMD when PM information is not available.
The analysis presented in this work seems to confirm the same
result using an independent JWST dataset. As shown in Fig.[0]
the LF derived from our PM-cleaned sample does not display
any increase at the faintest magnitudes. As illustrated in Scalco

° Coordinates: (@,0) = 00:21:49.6171, —72:03:30.226 and

00:22:07.2514, =72:03:26.978.
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Fig. 13. MFs of 47 Tuc inferred from our observations under different
isomass extrapolation schemes (fop: linear, middle: piece-wise linear,
bottom: quadratic). Star counts have been corrected for completeness.
The error bars are completeness-scaled Poisson uncertainties. The best-
fit broken (red) and unbroken (blue) power-law models are shown to-
gether with their corresponding parameters: the power-law break mass,
My, and the MF slopes at masses larger and smaller than M, a, and
ay, respectively. The differences between the unbroken and broken MF
model Akaike Information Criterion (AAIC) are also shown. Note that
while the MFs are presented as histograms here, model fitting was car-
ried out without binning using likelihood maximisation.

et al.[(2025a) and in this work, the application of PM selections
is crucial to remove the large number of faint contaminants that
populate the lower part of the CMD (see, for example, Fig.[7). A
reliable membership determination is essential in the extremely
faint regime, where contamination can significantly bias the in-
ferred LFs and MFs.

In a recent paper, |[Ventura et al.| (2026)) investigated the faint
end of the MS of 47 Tuc by developing stellar evolution models
and deriving, with these, the expected LF. Their models predict
that the increase in the LF associated with the stellar-to-BD tran-
sition should occur around mgsows ~ 27 mag (see the left panel
of their Fig. 5), about ~ 1.5 magnitudes fainter than the rise ob-
served by Marino et al.| (2024). This discrepancy led the authors
to suggest that the disagreement may reflect uncertainties in the
theoretical models. However, we note that the observational LF
adopted for this comparison (see the left panel of their Fig.5)
does not include any PM membership selections. As discussed
above, the lack of PM selections at these magnitudes leads to
significant contamination in the faintest bins of the LF. In par-
ticular, most of the sources shown in cyan in their Fig. 4 below
mpzow2 ~ 25.5 mag, which are responsible for the rise in the LF
shown in the left panel of their Fig. 5, were shown to disappear
once a PM membership selection is applied (see [Scalco et al.
2025a). The observational LF employed in both Marino et al.
(2024) and |Ventura et al.| (2026)) is therefore likely affected by
contamination due to the fact that PM information was not taken
into account, which produces the rise observed at the faint end.
Therefore, the discrepancy between the models and the observed
LF inVentura et al.| (2026) cannot be interpreted as evidence of
problems in the stellar models. Reliable PM membership is es-
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sential when estimating the LF at the faint end of the MS. Com-
paring theoretical models with a LF that does not account for re-
liable membership determination at these magnitudes can lead to
misleading conclusions regarding the behaviour of stellar mod-
els near the stellar—substellar boundary.

5. Summary

In this paper, we presented the first results of a series of studies
based on JWST observations of the GC 47 Tuc obtained within
programme GO-5896. Exploiting the combination of the new
GO-5896 data with earlier JWST observations, we derived high-
precision PMs over a multi-year baseline and constructed clean
samples of cluster members extending to very faint magnitudes
along the MS and lower MS.

We investigated the presence of the low-mass MS kink pre-
viously identified in 47 Tuc (Marino et al.|[2024; |Scalco et al.
2025a)) in the mpooow — Mpaaaw CMD, finding no significant sig-
nature of the feature. The reduced prominence of this feature in
this colour combination are in agreement with its proposed phys-
ical interpretation as a consequence of changes in atmospheric
chemistry in very low-mass stars, in particular, the transition in
carbon chemistry toward a methane-dominated equilibrium.

A comparison with theoretical isochrones shows that the
lower MS is well reproduced only by the oxygen-poor G24R
model, while the other models fail to match the observed se-
quence in this regime, as previously reported by |Scalco et al.
(2025a). This suggests that the stellar population near the bot-
tom of the MS is dominated by oxygen-poor stars.

Using artificial star tests, we quantified the completeness of
our sample and showed that the requirement of PM-based mem-
bership significantly limits the detection of the faintest objects.
This constraint sets the effective depth of the dataset and pre-
vents current JWST observations from reliably tracing the BD
cooling sequence in 47 Tuc. Our faintest PM-selected members
reach masses of ~ 0.077 Mg, remaining slightly above the esti-
mated HBL of 47 Tuc (~ 0.074 My).

We analysed the LF and MF of 47 Tuc. The LF shows a rise
reaching a maximum around mpqaaw = 19.75 mag, likely asso-
ciated with the onset of fully convective interiors in low-mass
stars, followed by a decline toward the faint end of the MS, with
no evidence for an upturn at the lowest luminosities that could
be attributed to the presence of BDs, in agreement with the re-
sults of a recent study (Scalco et al.|2025a). The MF exhibits a
structured behaviour, characterised by a gap at the high-mass end
and a break toward lower masses at ~0.15 M, qualitatively sim-
ilar to that observed in a recent JWST-based study of w Centauri
(Scalco et al.|[2025b)). The location of this break does not coin-
cide with the onset of full convection in stellar interiors, which
occurs at ~ 0.30-0.35 My, significantly above the inferred break
mass (~0.15 My). Fitting a single power-law over a restricted
mass interval yields MF slopes that are robust against the choice
of isochrone model and photometric band used to estimate stel-
lar masses. By dividing the stellar sample into equally populated
radial bins, we investigated the radial dependence of the MF. We
find a mild but systematic steepening of the MF slope with in-
creasing distance from the cluster centre, consistent with expec-
tations from mass segregation driven by two-body relaxation.

Using an isomass-based mass determination and a
likelihood-based fitting approach, we find that a broken
power-law model is generally preferred over an unbroken one,
with a statistically significant improvement in the fit across most
of the adopted isomass extrapolation schemes. Extrapolations
of the MF into the substellar regime suggest that the expected
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number of detectable BDs in our field ranges between ~ 75 and
130, depending on the assumed MF shape.

Reproducing the observed break without invoking a change
in slope would require a substantial overdensity of stars confined
to a narrow mass range, which appears unlikely to be physical.
However, we cannot exclude that this feature arises from uncer-
tainties in the adopted mass—luminosity relation at the lowest
masses (< 0.15 M). If confirmed, this break in the MF may
point to a presently unrecognised mechanism affecting the for-
mation or dynamical evolution of low-mass stars in GCs.

This paper establishes a homogeneous and well-
characterised photometric and statistical framework for
studying the low-mass stellar content of 47 Tuc with JWST. The
results presented here lay the groundwork for subsequent papers
in this series, which will focus on the internal kinematics of the
cluster and on the properties of its white dwarf population.
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Appendix A: Additional material
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Fig. A.1. Same as Fig.|3| but constructed using only the F322W2 and F444W filters.
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