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ABSTRACT

We report the first detection of the ‘convective-transition gap’ (also known as the ‘M-dwarf gap’) in the globular cluster 47 Tuc
(NGC 104). This feature, linked to a change in the physical properties of late-type dwarfs, has remained elusive, with only two detections
so far. Leveraging the large number of stars, high resolution, and photometric precision enabled by Euclid, we detected a statistically
significant, sharp discontinuity in the main-sequence luminosity function of 47 Tuc at IE ≈22.9, which we identify as the convective-
transition gap. A comparison of the observed properties of the gap in 47 Tuc with theoretical models shows how the gap can be a
powerful diagnostic for probing the internal chemical structure of globular clusters and their multiple stellar populations. Following its
initial discovery in the metal-poor cluster NGC 6397, the identification of a convective gap in the metal-rich 47 Tuc suggests that this
feature is more general than previously thought. These results demonstrate that Euclid can be transformative well beyond cosmology,
with impacts across multiple areas of astrophysics, including resolved stellar populations.

Key words. techniques: photometric – stars: low-mass – stars: luminosity function, mass function –
globular clusters: individual: NGC 104

1. Introduction

Although globular clusters (GCs) have been studied for cen-
turies, new telescopes can still yield surprising discoveries. One
of the most recent and exciting findings is the detection of the
so-called ‘convective-transition gap’ (hereafter ‘convective gap’
or simply ‘gap’; also known as the ‘Gaia gap’, ‘M-dwarf gap’,
or ‘Jao gap’) in a GC (Griggio et al. 2026, hereafter G26). This
gap is an elusive feature present in colour-magnitude diagrams
(CMDs) of resolved stellar populations and is attributed to a
change in the internal properties (the transition from partial to
full convection, and 3He production and mixing) of late-type
dwarfs (van Saders & Pinsonneault 2012; Baraffe & Chabrier
2018).

The convective gap was first identified by Jao et al. (2018)
using the Gaia Data Release 2 catalogue (Gaia Collaboration:
Prusti et al. 2016; Gaia Collaboration: Brown et al. 2018, see
also Feiden et al. 2021). Their analysis of solar-neighbourhood
dwarfs revealed a narrow, distinct drop in stellar counts along
the lower main sequence (MS) at about 0.35 M⊙. More recently,
Marchuk et al. (2026) found a discontinuity in the MS of
the open cluster NGC 2158, which they tentatively associated
with the same mechanism responsible for the gap. They also
suggested that a lack of comparable detections in GCs –
despite numerous Hubble Space Telescope (HST) and JWST
programmes – implied that the gap is confined to young- or
intermediate-age populations. This hypothesis contrasts with
the predictions of Mansfield & Kroupa (2021), who suggested
that GCs are instead ideal systems for studying the gap. This is
supported by the recent detection of the gap in the metal-poor
([Fe/H] = −1.9; Correnti et al. 2018) GC NGC 6397 (G26),
which was enabled by the high-precision, wide-field Euclid

⋆ This paper is published on behalf of the Euclid Consortium.

(Euclid Collaboration: Mellier et al. 2025) data of the Early
Release Observations (ERO; Cuillandre et al. 2025).

Detecting the gap in stellar clusters constrains theoretical
models: since asteroseismology is challenging for low-mass
stars (e.g. Rodríguez-López 2019), the gap morphology may be
the most direct observable of the fundamental physical processes
that govern the interiors and evolution of these objects. Unlike
the heterogeneous Gaia sample, clusters – being composed
of nearly coeval stars with (almost) the same metallicity –
are ideal benchmarks that simplify the interpretation and
theoretical calibration of this feature. However, with only one
statistically robust finding to date, the characterisation of the
gap’s underlying physics remains limited.

This paper reports a clear detection by Euclid of the con-
vective gap in the GC NGC 104 (hereafter 47 Tuc), a GC that
is significantly more metal-rich ([Fe/H] = −0.75; Gerasimov
et al. 2024b) than NGC 6397. This suggests the feature might be
universal and was previously missed only due to data limitations.

2. Observations and data reduction

The field including 47 Tuc represents an example of a part of the
Euclid Wide Survey that is of low quality for cosmology, but of
high legacy value for stellar populations (Euclid Collaboration:
Scaramella et al. 2022; Massari et al. 2025). These Euclid
observations were secured on 7–8 November 2024 in a 2×2
mosaic centred at about (RA, Dec) = (6.38245, −71.86985) deg.
Each pointing comprises six (four 560 s and two 89.5 s) Visible
Instrument (VIS; Euclid Collaboration: Cropper et al. 2025)
exposures (IE filter) and four (87.2 s) Near-Infrared Spectrometer
and Photometer (NISP; Euclid Collaboration: Jahnke et al.
2025) exposures for each of its three filters (YE, JE, HE). We
used Level-2 individual calibrated frames (pipeline-processed,
not resampled images), which are best suited for high-precision
astrometry and photometry using point-spread-function (PSF)
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Fig. 1. Photometric selections applied to the IE (left column) and HE (right column) data. From top to bottom, we plot the QFIT parameter, magni-
tude root-mean square uncertainty (σmag), and RADXS parameter as a function of calibrated magnitude. Stars that passed all our photometric criteria
are shown in red, and all other sources in black. In the VIS panels, the change in the average trends at IE < 18 marks the transition from long to short
exposures. The sequence of outliers at IE ≈ 18 is likely due to a combination of ‘brighter-fatter’ effect, residual uncorrected non-linearity effects,
or some saturated pixels not properly flagged as such in our reduction, which change the shape of the PSF for these sources (see also Libralato
et al. 2024a). The narrow sequences visible in the IE- and HE-magnitude σmag panels include stars measured in only one exposure (i.e. no σmag
measurement is possible) for which our photometric tool KS2 provides a fake exponential trend related to the signal-to-noise ratio of the sources.

fitting techniques (e.g. Libralato et al. 2024a). The data were
processed using the official pipeline (Euclid Collaboration:
McCracken et al. 2026; Euclid Collaboration: Polenta et al.
2026) available at the time of writing (‘on-the-fly’ data; Euclid
Collaboration: Mellier et al. 2025).

The photometry of 47 Tuc was obtained using the multiple-
pass tool described in G26, which is based on state-of-the-art
techniques developed for HST (e.g. Anderson et al. 2008;
Bellini et al. 2017) and recently adapted to Euclid (Libralato
et al. 2024a; G26). We initially created a set of positions
and fluxes for the brightest and most isolated sources in each
Euclid image via effective-PSF (ePSF) fitting. The ePSFs were
tailored for each image to account for temporal variations of the
ePSF starting from the ePSF models made by Libralato et al.
(2024a). Positions were corrected with the geometric-distortion
correction described in Libralato et al. (2024a). Linear terms
of the distortion were updated using the Gaia Data Release 3
(DR3) catalogue (Gaia Collaboration: Vallenari et al. 2023),
and positions of all images were projected (always using the
Gaia DR3 catalogue as described in G26) onto a common
tangent plane with tangent point at the approximate centre of
the Euclid mosaic. Bright, unsaturated stars in each catalogue
were cross-matched against those in the Gaia DR3 catalogue
to set up a common reference-frame system with a defined, yet
arbitrary, axis orientation (X and Y axes pointing towards the
west and north, respectively), and pixel scale (100 mas pixel−1).
We used these ePSF models, geometric-distortion corrections
and reference-frame system to run a Euclid version of the
multiple-pass photometry tool KS2 presented in G26.
KS2 brings two specific features to the analysis: it uses all

images at once to improve the detection of faint sources (which
would be lost in the noise of a single image), and it performs
neighbour subtraction prior to measuring the position and flux
of each given object. The latter step is of critical importance in
crowded environments like GCs. Photometry is obtained by KS2
in two ways: ePSF fitting and fixed-position aperture photom-
etry weighted for the ePSF model. We refer to G26 for more
details (but see also Bellini et al. 2017, for a description of the

implementation of the photometric methods). Empirical tests
have shown that the former method is best with VIS data, while
the latter method is preferred for NISP images. Instrumental
magnitudes were calibrated in the AB system by computing the
magnitude zero-point with the official Level-2 stack calibrated
photometry produced by the official Euclid pipeline (Euclid
Collaboration: Mellier et al. 2025).
KS2 also provides quality parameters, which can be used to

select well-measured stars. In our work, we considered as ‘well
measured’ all sources passing the following criteria in both IE
and HE data:

– The star is not saturated.
– The quality of the PSF fit (QFIT) value is lower than the

97.25-th percentile of the distribution at any given magni-
tude. The closer the QFIT is to zero, the better the ePSF
fit. We kept all stars with QFIT < 0.05 and rejected all
measurements with QFIT > 0.5.

– The magnitude root-mean square uncertainty (σmag) is lower
than the 97.25-th percentile of the distribution at any given
magnitude. We retained all sources with a magnitude σmag <
0.025 mag, and discarded those with σmag > 0.25 mag.

– The absolute value of the normalised excess/deficiency of
flux outside the core of the star with respect to what pre-
dicted by the ePSF (hereafter RADXS; Bedin et al. 2008) is
lower than the 90-th percentile of the distribution at any
given magnitude. An object with a |RADXS| < 0.05 is always
included in the well-measured sample, while all sources with
|RADXS| > 0.25 are excluded.

– The rejection rate (ratio between the number of images used
to measure the flux of a source over the total number of
images where the source was found) is lower than 40%.

– The fractional flux within the fitting radius prior to neigh-
bour subtraction is lower than unity.

– The flux is at least 3.5σ above the local sky.
We note that: (i) the adopted thresholds are completely arbitrary
and chosen empirically, and (ii) some by-hand adjustments to
the percentile thresholds were performed to exclude complicated
magnitude intervals, for example when close to the saturation
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Fig. 2. Main panel: IE versus IE − HE CMD of 47 Tuc. The narrow
sequence corresponds to 47 Tuc; the broad sequence corresponds to
background stars in the SMC. The region highlighted in red is expanded
in the top (CMD) and bottom (Hess diagram) insets. The convective
gap is clearly visible at IE ≈ 22.9.

of the VIS data. Figure 1 provides a visual representation of our
selections. In the following, we restricted our analysis to only
well-measured stars.

Figure 2 shows the IE versus (IE − HE) CMD of the stars
in this field. The narrow and red sequence that extends from
IE ≈ 16.5 to 26 represents 47 Tuc, whereas stars with a broad and
blue distribution are part of the Small Magellanic Cloud (SMC).
The red rectangle highlights stars near the convective gap. The
zoomed insets clearly show a significant drop in stellar counts
around IE ≈22.9. Although there are no proper motions to con-
firm the membership, the stars in this sequence are likely cluster
members because SMC stars are bluer than those in 47 Tuc, and
field stars along the same line of sight are expected to be more
homogeneously distributed in brightness and position. Further-
more, MS stars within ±0.025 mag of the feature follow the
GC’s spatial distribution. Finally, the absence of a similar feature
in the SMC sequence at the same magnitude level supports
the interpretation of an intrinsic gap along the MS of 47 Tuc,
rather than an instrumental error. We applied similar selections
to the other NISP filters, and the gap is also visible in purely
infrared CMDs (Fig. 3), where the effect of extinction is low,
which rules out foreground extinction as a possible cause of the
gap.

We also performed artificial-star tests to check for system-
atic errors, assess the completeness of our data, and verify the
gap we observe along the MS of 47 Tuc is real. We refer to
Appendix A for a detailed description of this part.

Fig. 3. Same as Fig. 2 but with the YE and JE filters. The convective
gap is visible at YE ≈ 21.9.

3. Empirical feature validation

The large sample size makes it possible to validate and quan-
titatively analyse the convective gap of 47 Tuc. Following an
approach similar to that of Correnti et al. (2018), we initially
computed a MS fiducial line as follows. We divided the MS
within the red rectangle in Fig. 2 into 30 equally spaced
magnitude bins. In each bin, we used a kernel density estimation
to compute the probability density function (PDF) of the
underlying colour distribution, and found the peak of the PDF
(the corresponding magnitude was set at the centre of each
magnitude bin). The PDF peaks were then smoothed with a
spline (the solid line in the left panel of Fig. 4). We then selected
all stars within ±0.1 mag in colour of this fiducial line (dashed
lines). This threshold was arbitrarily chosen as a compromise
between including MS members and excluding binaries and field
interlopers. According to our artificial-star tests, the photometric
errors for sources in Fig. 4 are of ≈0.017 mag and ≈0.033 mag
for IE and HE, respectively.

We derived the completeness-corrected present-day lumi-
nosity function (LF) using an approach that combines averaged-
shifted histograms and bootstrap with resampling (e.g. Libralato
et al. 2019). The averaged-shifted-histogram technique (i.e. aver-
aging multiple histograms with shifted starting points) removes
any bias from the arbitrary choice of the starting point of the
histogram; the bootstrap with resampling mitigates potential
biases related to the bin size. The averaged-shifted histograms
were obtained by averaging ten histograms, shifted by one-tenth
of the chosen bin size (i.e. 0.025 mag), and we performed
100 bootstrap realisations. Finally, since the completeness
level varies significantly across the field of view, we ran this
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Fig. 4. Left: IE versus (IE − HE) CMD, overlaid with a fiducial line
(solid red line), bounded at ±0.1 mag on either side (dashed red lines).
Right: present-day LF of 47 Tuc within these bounds (dark blue line),
with 1σ, 2σ, and 3σ confidence intervals displayed in lighter shades.

procedure in six equally populated (12 400 stars) radial intervals
between 8 and 76 arcmin from the centre of 47 Tuc (we excluded
the centremost region because of the very low completeness;
see Appendix A), and applied completeness corrections using
the outputs of the artificial-star tests for the corresponding radial
intervals. Histograms of each radial bin were summed together.
The resulting LF is shown in the right panel of Fig. 4. This pro-
cess allows us to compute the median stellar counts (dark blue
line) and the associated confidence intervals (shaded regions),
as well as the magnitude (and its uncertainty) of the convective
gap defined from the local minimum of a spline fitted to the LF
in the range 22.75 < IE < 23.25. We found the local minimum
at ILF,gap

E = 22.921+0.067
−0.014. The uncertainties reported here only

include the formal internal errors. The drop in counts at the gap
level is not just a statistical fluctuation; the local minimum in the
LF at ILF,gap

E remains distinct even at the 3σ confidence level.

4. Comparison with known convective gaps

We compared the convective gap in 47 Tuc with that found in
the metal-poor GC NGC 6397 by G26. To ensure a meaning-
ful comparison, the photometry of NGC 6397 was adjusted to
account for the differences in distance modulus and reddening
relative to 47 Tuc. For 47 Tuc, we assumed a distance modu-
lus of 13.24 (Chen et al. 2018) and an optical reddening of
E(B − V) = 0.04 (Gerasimov et al. 2024b), while for NGC 6397
we used the values provided in G26. The Aλ/AV coefficients
used in the conversion to absolute magnitudes were taken from
the ‘PAdova TRieste Stellar Evolution Code’ (PARSEC; Bressan
et al. 2012) website1. These extinction coefficients are derived
for a G2V star, using Cardelli et al. (1989) and O’Donnell (1994)
extinction curves with RV = 3.1, which is expected to suffice,
given the low E(B−V). To mitigate any uncertainty in the Euclid
photometric calibration, we made use of isochrones from the ‘a
Bag of Stellar Tracks and Isochrones’ (BaSTI-IAC; Hidalgo et al.
2018; Pietrinferni et al. 2021) database to offset (in magnitude
and colour) the Euclid data until we matched the observed and
theoretical MS turn-offs. We assumed an age of 11.5 Gyr and
[Fe/H] = −0.75 from Gerasimov et al. (2024b) for 47 Tuc (see

1 https://stev.oapd.inaf.it/cgi-bin/cmd

Fig. 5. CMD of 47 Tuc (redder sequence) and NGC 6397 (bluer
sequence) in Euclid filters. The photometry has been rescaled as
described in Sect. 4 to ensure a fair comparison between the two
systems. For each GC, we plot a Hess diagram to highlight the location
and morphology of the convective gap. Two different isochrones (solid
lines) are shown for reference.

also Sect. 5.2), while for NGC 6397 we again referred to the val-
ues in G26. For 47 Tuc, we found offsets of 0.183 and 0.287 mag
in IE and HE filters, respectively, whereas for NGC 6397 the off-
sets ranged between 0.045 (IE filter) and 0.233 (HE filter) mag.
The difference in the offsets of the two GCs might be related
to the different calibration adopted. As described in Sect. 2, we
used the official Level-2 stack calibrated catalogues to calibrate
the photometry of 47 Tuc, whereas G26 calibrated the photome-
try of NGC 6397 on the official ERO catalogues (Massari et al.
2025). Finally, for NGC 6397 we selected only the best stars, as
described in G26.

The result is shown in Fig. 5. The Hess diagrams are made
with bin sizes and colour scales tailored for each case to best
highlight the corresponding gaps. Note that isochrones in Fig. 5
typically do not perfectly match the colours of low-mass MS
stars. This could be related to shortcomings in the model
atmospheres or isochrones in this mass regime (e.g. suboptimal
bolometric corrections). Figure 5 highlights two primary differ-
ences between the convective gaps in these GCs: (i) the gap in
the metal-poor cluster NGC 6397 is ≈ 0.75 mag brighter than the
gap in the metal-rich 47 Tuc; (ii) the gap in NGC 6397 exhibits
a steeper slope.

We also compared the gaps in these two GCs with the solar
neighbourhood gap identified by Jao et al. (2018), updating their
analysis with the latest Gaia DR3 catalogue. As we lack Euclid
photometry for the solar-neighbourhood group, we converted our
Euclid-based photometry of the two GCs in the Gaia photo-
metric system using BaSTI-IAC isochrones to find appropriate
(eighth-order) polynomial colour transformations from IE and
HE to G and GRP magnitudes (in addition to the aforementioned
offsets to compensate for the uncertain photometric calibration).
As the Gaia sample is heterogenous in age and metallicity, trans-
forming the Gaia photometry in the Euclid photometric system
would have been a more complex task. For the Gaia sample, we
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Fig. 6. Absolute-magnitude CMD in Gaia filters. The three sequences
from the blue to red side of the plot represent NGC 6397, 47 Tuc, and
the Gaia sample, respectively. As in Fig. 5, we also plot a Hess diagram
to highlight the gap’s location. Solid lines represent three different
isochrones for reference.

used the parallax in the Gaia catalogue and neglected the extinc-
tion. We also restricted the analysis to sources within 100 pc from
the Sun that passed the quality selections described in Griggio
& Bedin (2022) and Scalco et al. (2023). The CMD in absolute
magnitudes, including the comparison between the three gaps,
is provided in Fig. 6. Again, position and the slope of the three
gaps are different.

In Gaia absolute magnitudes, the gap of NGC 6397 is centred
at MG ≈ 9, and that of 47 Tuc is again ≈0.8 mag fainter, similarly
to what we reported in the previous Euclid-based comparison
between the two GCs. For the Gaia sample, the gap’s magnitude
ranges from MG ≈ 10 (on the blue side of the sequence) to ≈ 10.3
(on the red side), as described in Jao et al. (2018). Interestingly,
the gap’s magnitude does not appear to scale linearly with metal-
licity. The offset between NGC 6397 and 47 Tuc (∆[Fe/H] ≈
1.1 dex) is ≈0.8 mag. In contrast, the (super-)solar metallicity
Gaia sample – which is as much more metal-rich than 47 Tuc
as 47 Tuc itself is more metal-rich than NGC 6397 – has a gap
that is only 0.2 to 0.5 mag fainter, and a slope that is once again
steeper than 47 Tuc’s. These discrepancies suggest that metal-
licity alone is not the only driver of the gap’s morphology, and
that other factors must contribute to morphology of this feature.

5. Convective-gap modelling and properties

The detailed modelling of the complex morphology of the gap
and more detailed quantitative conclusions are left to a future,
dedicated work. Below, we provide a preliminary analysis of
the properties of the gap by comparing the observed LF with
theoretical models.

5.1. Theoretical modelling of the luminosity function

Our theoretical LF model is based on the grid of model atmo-
spheres computed in Gerasimov et al. (2024b) specifically for

the parameters of 47 Tuc, which were partly adopted from the
literature and partly determined by the authors fitting their mod-
els to the HST photometry of Kalirai et al. (2012). In particular,
we employed the ‘ridgeline’ model grid from Gerasimov et al.
(2024b), tailored to the modal oxygen abundance of the cluster,
which the authors estimated as [O/Fe] = 0.33. All available
models were computed for the metallicity of [Fe/H] = −0.75
and a helium mass fraction of Y = 0.25. We computed synthetic
photometry in the Euclid IE band using the synphot utility of
BasicATLAS (Larkin et al. 2023), a distance modulus of 13.24
(Chen et al. 2018), an optical reddening of E(B − V) = 0.04
(Gerasimov et al. 2024b), a total-to-selective extinction of
RV = 3.1, and the reddening law from Gordon et al. (2023) and
Gordon (2024), but see also Gordon et al. (2009), Fitzpatrick
et al. (2019), Gordon et al. (2021), and Decleir et al. (2022).

We calculated new evolutionary models using Modules
for Experiments in Stellar Astrophysics (MESA) code, version
23.05.1 (Paxton et al. 2011, 2013, 2015, 2018, 2019). Our
MESA setup was largely adopted from Gerasimov et al. (2024a);
however, we used the aforementioned model atmospheres from
Gerasimov et al. (2024b) as the outer boundary conditions, as
well as a different mass-sampling algorithm. All evolutionary
calculations were carried out to the target age of 11.5 Gyr.

The stellar mass range near the convective gap exhibits three
distinct regimes of stellar evolution, described in detail by van
Saders & Pinsonneault (2012). At masses below some thresh-
old value MC, the star remains fully convective at the target age.
At masses above another threshold value MR > MC, the star
arrives at the target age with a stable radiative zone in its interior
that separates the convective core from the envelope. The third
regime is found at stellar masses between MC and MR, and rep-
resents a transition phase between those two stable states. In this
transition region, the star oscillates between sustaining a radia-
tive zone and brief episodes of full convection that are known as
the ‘convective kissing instability’.

To choose appropriate initial stellar masses for our MESA
models, we first determined the values of MC and MR by cou-
pling MESA with a bisection root-finding method. We calculated
MC and MR as 0.3317 M⊙ and 0.3358 M⊙, respectively. We then
computed our final grid of evolutionary models using the fol-
lowing mass-sampling algorithm. For masses (M) in the ranges
0.3 M⊙ ≤ M ≤ MC and MR ≤ M ≤ 0.4 M⊙, we used the adaptive
mass-sampling algorithm from Gerasimov et al. (2024b), which
keeps luminosity differences between adjacent models under
0.005 dex. Within the transition region (MC ≤ M ≤ MR), the
mass–luminosity relationship is expected to have abrupt discon-
tinuities near stellar masses that experience convective kissing
instabilities near the target age. To capture the full complexity of
this behaviour, we used a dense uniform sampling with the mass
difference between adjacent models of 2 × 10−5 M⊙.

In our MESA models, episodes of full convection associated
with convective kissing instabilities persist for only a single
time step, and are followed by abrupt, discontinuous changes
in stellar parameters. We attempted to resolve these disconti-
nuities by reducing the maximum allowed time step; however,
they remained present even at very small step sizes. Further-
more, requiring the inter-step variations in stellar parameters
to be smaller than those discontinuities resulted in MESA being
entirely unable to evolve the star past the instability. These
numerical difficulties suggest that, at least in the regime explored
here, the oscillatory behaviour of stars in the transition region
may be partly driven by modelling artefacts. Physically, one
might instead expect stars in this regime to approach a quasi-
stable intermediate state between fully convective and partly
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Fig. 7. Top: theoretical mass–luminosity relationship near the convec-
tive gap of 47 Tuc. The blue markers represent all MESA models in the
calculated grid. The final mass–luminosity relationship was constructed
from a subset of those models (red line) that are either outside the tran-
sition region or experienced a convective kissing instability just before
reaching the target age. The transition region is bound by threshold
masses MC and MR, as described in the text. Bottom: two examples of
normalised theoretical LFs (see the text for details) computed in this
study near the convective gap for different values of the MF slope, α.

radiative configurations, potentially mediated by more sophis-
ticated processes such as semi-convection (Spruit 2013).

While developing a fully self-consistent model of this
behaviour is beyond the scope of this paper, we adopted a sim-
plified prescription to approximate it. Specifically, we assumed
that this intermediate state is best represented by the stellar
structure immediately following an episode of full convection.
Accordingly, within the transition region we retain only those
MESAmodels that have undergone a convective instability imme-
diately prior to reaching the target age, i.e. models for which the
total number of instability episodes would decrease by one at the
next mass step. We also explored alternative selections, includ-
ing retaining all models in the transition region and selecting
only those immediately preceding an instability; however, both
approaches lead to increased scatter and visible discontinuities
in the mass–luminosity relationship, indicating a stronger
sensitivity to mass sampling. The adopted selection has the key
advantage of producing a mass–luminosity relationship that is
minimally affected by such artefacts. Our final mass–luminosity
relationship is shown in the upper panel of Fig. 7.

The theoretical mass–luminosity relationship was converted
into model LFs using a Monte Carlo approach. In each of 1000
realisations, we drew 106 stellar masses from a power-law mass
function (MF), parametrised by the slope α as P(M) ∝ M−α.
These masses were then mapped to IE magnitudes via inter-
polation of the theoretical mass–luminosity relationship and
subsequently binned into 100 uniform magnitude bins. The
final LF was obtained by averaging the bin counts across all
realisations. Examples of model LFs for α = 0 and α = 2
are provided in the lower panel of Fig. 7. We found the gap’s

centroid at about 0.33 M⊙ and IE = 22.903, in agreement with
the empirical value from Sect. 3, within the uncertainties.

5.2. Physical properties

The gap’s magnitude is expected to depend on chemical
composition through changes in both stellar structure (which
shift the mass at which the gap occurs) and the spectral energy
distribution of the atmosphere (which alters the mapping
between the mass of the gap and its magnitude). We estimate the
sensitivity of the convective-gap magnitude to the bulk metal-
licity of the cluster [Fe/H], as well as oxygen-to-iron abundance
[O/Fe], using isochrones from the literature. Isolating oxygen
is especially important, since it is both the dominant metal and
exhibits large star-to-star variations in most GCs (Bastian &
Lardo 2018). We used isochrones from the BaSTI-IAC database
to probe the relationship between the magnitude of the gap and
metallicity, and the isochrones from Gerasimov et al. (2024b,
henceforth referred to as G24 isochrones) to probe the equivalent
relationship with the oxygen abundance.

While BaSTI-IAC isochrones do not sample stellar mass
finely enough to resolve the convective gap directly, they
do capture the associated discontinuity in the slope of the
mass–luminosity relation (Kroupa & Tout 1997). We there-
fore define a characteristic magnitude of this feature as the
point where

∣∣∣d2IE/dM2
∣∣∣ is maximised over the interval 0.3 ≤

M/M⊙ ≤ 0.4, and assume that this magnitude is correlated with
the location of the gap. Comparing BaSTI-IAC isochrones with
[Fe/H] = −0.75 and −0.70, we find that the slope discontinuity
(and, by extension, the magnitude of the gap) becomes fainter by
0.031 mag per 0.1 dex increase in [Fe/H].

The G24 isochrones are even more limited in mass resolu-
tion, preventing a direct identification of the slope discontinuity.
To address this, we supplemented the G24 isochrones at
[O/Fe] = 0.33 and 0.48 with new evolutionary models and
synthetic photometry in Euclid filters, computed following the
procedure described in Sect. 5.1. We then identified the mass
bounds of the convective transition, and approximated the mass
of the gap as their midpoint. Interpolating the corresponding
G24 isochrones to the estimated mass of the gap then yielded
the associated gap’s magnitudes. We found that the gap becomes
fainter by 0.026 mag per 0.1 dex increase in the [O/Fe].

We also found that the mass of the gap itself is only weakly
sensitive to chemical composition, varying by <0.001 M⊙
per 0.1 dex change in either [Fe/H] or [O/Fe]. This suggests
that most of the chemical sensitivity of the gap is due to the
mass–luminosity relationship, not variations in the stellar mass
corresponding to the gap.

The similarity of these two magnitudes suggests that oxygen
may act as the dominant determinant of the IE gap’s magnitude
in 47 Tuc. This contrasts with results for the more metal-poor
GC NGC 6397 (G26), where the influence of oxygen is signif-
icantly weaker than that of the overall metallicity. This result
suggests that, in 47 Tuc, the primary driver of the chemical
sensitivity of the gap may be the spectral energy distribution,
which is strongly affected by light-element abundances (e.g.
VandenBerg et al. 2012). Such abundance variations are a
defining characteristic of multiple stellar populations (mPOPs)
in GCs (Cassisi & Salaris 2020). The pronounced sensitivity of
the gap to light-element abundances suggests that it may provide
a novel and independent probe of this phenomenon.

Given the dependence of the location of the gap on chem-
ical abundances, the mono-metallic gap profile in Fig. 7 will
be shifted in magnitude if the mean chemistry of 47 Tuc differs
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Fig. 8. Top: smoothed present-day LF of 47 Tuc (blue line) fitted with a
mono-metallic theoretical gap model, convolved with a Gaussian kernel
to account for an [Fe/H] spread (red line). The model was fitted without
binning. Middle: radial variation of Igap

E . Horizontal lines indicate the
coverage of each bin. Bottom: colour-dependent (IE − HE) variations of
Igap
E across the width of the MS.

from the adopted model value. If the resulting morphology is
understood as a superposition of gaps with slightly offset magni-
tudes or, equivalently, as the convolution of the mono-metallic
gap profile with the chemical dispersion mapped into magni-
tude space, then the magnitude and broadening of the gap will
encode information about the star-to-star variations in chemistry
of 47 Tuc (noting that the offset is also sensitive to photometric
zero-points, distance, and reddening). In principle, this provides
a sensitive probe of mPOPs, potentially offering higher precision
than spectroscopic measurements.

As a proof of concept, we fitted the theoretical gap profile to
the observed LF in the range 22.6 < IE < 23.4. We allowed the
fitter to apply arbitrary magnitude offsets and Gaussian broaden-
ing to the gap profile. The latter was parametrised by the standard
deviation of the Gaussian kernel. Overall, we constrained three
free parameters: the MF slope (α), where P(M) ∝ M−α, the
central gap’s magnitude Igap

E , and the broadening width σ. The
model fit was carried out by treating the profile of the gap as
a probability distribution function and maximising the likeli-
hood of the observed magnitudes using the Goodman–Weare
(Goodman & Weare 2010) Markov chain Monte Carlo algo-
rithm, implemented in the emcee package (Foreman-Mackey
et al. 2013). Our model fit is shown in the top panel of Fig. 8. The
best-fit parameters are estimated as Igap

E = 22.954 ± 0.002, σ =
0.025 ± 0.001 mag, and α = 0.61 ± 0.05. Because σ is a relative
measure, its best-fit value is insensitive to systematic photomet-
ric offsets. Note that these uncertainties are purely statistical;
they do not include systematic errors introduced by stellar mod-
elling, which could make the total uncertainties substantially
larger.

We repeated the analysis in the same individual radial bins
defined in Sect. 3 (middle panel of Fig. 8). The results tentatively
suggest that the convective gap is brighter in the inner regions
of the cluster, which would correspond to lower oxygen content.
We also computed the magnitude of the gap in eight equally

populated colour bins2 (bottom panel of Fig. 8), and found a
possible non-monotonic feature (‘wiggle’) near IE − HE ≈ 1.1.

While we refrain from drawing detailed quantitative conclu-
sions and defer systematic error analyses to future studies, we
identify several tentative mPOP signatures in 47 Tuc reflected in
its gap.

– We find that the gap is broadened by σ = (0.025 ±
0.001) mag compared to the mono-metallic gap profile.
By subtracting the measurement errors in quadrature (see
Sect. 3) from the fitted broadening, we can estimate the
intrinsic broadening σint ∼ 0.018 mag. As argued above,
the gap’s location and broadening are likely driven by light-
element abundances (notably oxygen). We thus attribute this
broadening to the presence of mPOPs.

– Light-element abundances also help determine the colour of
low-mass stars, and hence the relation between the colour
and magnitude of the gap (i.e. the slope) in the CMD (bot-
tom panel of Fig. 8) can identify opacity and evolutionary
changes caused by differing abundances among mPOPs.
Such relationships may be unveiled in a future 2D analysis
of the full CMD.

– The tentative ‘wiggle’ in the gap near IE − HE ≈ 1.1, if con-
firmed, hints at multi-modality in light-element dispersions,
as distinct mPOPs would have distinct relationships between
elements that affect the magnitude of the gap.

– The magnitude of the gap is expected to shift by about
0.026 mag per 0.1 dex increase in [O/Fe], which is a
value remarkably similar to the observed gap’s width,
σ = (0.025 ± 0.001) mag. If oxygen variations alone drive
the broadening, this implies an [O/Fe] dispersion of about
0.1 dex, which is substantially smaller than spectroscopic
measurements (e.g. Thygesen et al. 2014). This discrepancy
could suggest (anti-)correlations between [O/Fe] and other
elements (typical of GC mPOPs) influencing the magnitude
of the gap, effectively reducing the net photometric spread.
For example, G26 show that the magnitude of the gap shifts
to fainter values by about 0.015 mag per 0.01 increase in
Y , meaning that an increase in either Y or [O/Fe] should
make the gap fainter. As second-population stars are O-poor,
the increase in Y could compensate for the effects of
light-element abundance variations. Photometric investi-
gations of 47 Tuc have revealed that this cluster hosts two
populations with an average Y difference of 0.011 ± 0.005
and a maximum Y variation of 0.049 ± 0.005 (Milone et al.
2018). Thus, we could speculate that Y has impact in the
morphology of the gap. However, since we currently lack
detailed theoretical support for this interpretation, we defer
to future, dedicated follow-up works any firm conclusion.

– Finally, the middle panel of Fig. 8 suggests that the inner
regions of 47 Tuc are more oxygen-poor, which agrees with
the radial trends of the mPOPs in 47 Tuc (Mehta et al. 2025).

Our preliminary analysis indicates that the convective gap, and
its detailed morphology as revealed by Euclid, as a powerful
diagnostic of the internal chemical structure of GCs.

6. Conclusions

The convective gap in the lower MS of 47 Tuc manifests itself
as a clear drop in the present-day LF at IE = 22.954 ± 0.002

2 We fitted the gap magnitude as a function of colour with a straight
line, and found a slope of 0.34 ± 0.08. Using a similar but more robust
methodology, G26 found a slope of 0.5713±0.0014 for NGC 6397. This
result further corroborates the discussion in Sect. 4.
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(internal errors). This represents the second detection of this
feature in a GC – the clearest to date, enabled by Euclid’s field
of view, resolution, and precision. The Euclid-based analyses
establish the convective gap as a CMD feature identifiable with
very high precision. While the underlying physics requires
further characterisation, the magnitude of the gap has the poten-
tial to become a new, more precise standard candle, provided
that standard uncertainties – such as differential reddening and
average metallicity – are adequately accounted for (G26).

We carried out a preliminary analysis of the properties of
the gap by comparing the observed LF with theoretical models.
The gap and its morphology can be important tools to probe
the chemical composition of GCs, in particular metallicity and
light-element abundances. Intriguingly, the gap broadening
and location seem driven by the abundance of light elements,
in particular oxygen, which in 47 Tuc has a significant spread
(Cordero et al. 2014; Marino et al. 2024; Gerasimov et al. 2024b;
Scalco et al. 2025). In addition, the observed radial variation
of the convective-gap magnitude Igap

E is remarkably similar
(decrease out to about 20 arcmin and then a constant plateau)
to the radial trend of the fraction of oxygen-poor stars in 47 Tuc
observed by Mehta et al. (2025). These findings suggest that
the gap could be a sensitive tool for investigating mPOPs with
potentially higher precision than spectroscopic measurements.
However, a more detailed modelling is still needed to better
understand this feature.

The convective gap of 47 Tuc provides an important bridge
between the metal-poor gap of NGC 6397 (G26), and the
(super-)solar-metallicity gap of the stars in the solar neigh-
bourhood (Jao et al. 2018). The comparisons shown in Figs. 5
and 6 seem to support our preliminary interpretation of the
gap properties. Indeed, despite uncertainties in photometric
transformations, the gap’s position and slope vary non-linearly
with metallicity, indicating that other factors play a crucial
role in shaping it. Future observations with Euclid will be
instrumental in mapping this subtle feature across a broader
range of stellar populations, further refining our understanding
of the internal structure of low-mass stars.

Data availability

The Euclid Level-2 data of 47 Tuc used in our work are
available at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/712/A174.
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Appendix A: Artificial-star test

We performed artificial-star tests to assess completeness and
accuracy. We generated 107 artificial stars with random magni-
tudes that follow an LF with an exponential sampling (i.e. the
number of stars exponentially increase towards the faint-end of
the distribution). We associated random positions selected from
either a flat (like that of field objects) or a Gaussian distribu-
tion (centred in the centre of 47 Tuc and with σ of 5000 pixels)
with a 1:1 ratio. We fed this list of artificial stars to KS2. KS2
added each source one at a time to each Euclid image, measured
it analogously to real stars, and then removed the object from
the images so as not to bias the measurement of the other arti-
ficial stars. Figure A.1 shows the result of the artificial-star test.
This figure is an analogue of Fig. 2 but using artificial sources.
The absence of any gap in our synthetic CMD confirms that the
observed discontinuity the LF of 47 Tuc is not an artefact.
We compared the input and output magnitudes of the artificial
stars to search for the presence of systematic errors (as in e.g.
Bedin et al. 2009; Libralato et al. 2024b). We found no clear
trend, in concordance with the analysis of G26 for the Euclid
data of NGC 6397.
We also estimated the completeness of our data. Figure A.2
presents an overview of the completeness level in the field of
47 Tuc that were used to correct the observed LF (see Sect. 3).
We considered an artificial star as recovered if the input and
output positions agree to within half a pixel, the input and
output magnitudes differ by less than 0.75 mag (i.e. a factor of
2 in flux), and the artificial star passes all photometric criteria
described before. We split the field into seven regions, using the
same radial boundaries used for real stars in Sect. 3. The level
of crowding is important in this dataset, and the NISP data of
the centremost region suffer the most from incompleteness. For
this reason, in the analysis of the LF of 47 Tuc, we excluded all
stars within 8 arcmin of the cluster’s centre.

Fig. A.1. Similar to Fig. 2 but using artificial stars. The light blue lines
represent the input magnitudes and colours for the artificial-star test.
Black points are recovered stars that passed the same quality selections
applied to the real data (see the text for details). No gap is present in
these synthetic CMDs.

Fig. A.2. Completeness level as a function of IE. The grey area high-
lights the magnitude interval used to compute the present-day LF in the
region of the MS that contains the convective gap.
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