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ABSTRACT

We employed deep far-UV observations secured with the Solar Blind Channel of the Advanced Camera for Surveys onboard the
Hubble Space Telescope to search for hot companions to five blue straggler stars (BSSs) showing significant surface depletion of
carbon (C) and oxygen (O), in the Galactic globular cluster 47 Tucanae. Such a chemical pattern has been interpreted as the chemical
signature of the mass-transfer formation process for the observed blue stragglers. The mass transfer origin is also expected to leave a
ṕhotometric signature’ in the form of a UV-excess, as the stripped core of the donor star should be observable as a white-dwarf (WD)
companion orbiting the newborn BSS. We found strong evidence for the presence of a hot (T > 20 000 K) WD companion to one of the
investigated BSSs, indicating that it likely formed through mass transfer less than ∼12 Myr ago. This is the first simultaneous evidence
of the chemical and the photometric signatures of the mass-transfer formation channel. The lack of evidence for a hot companion to
the other investigated blue stragglers is consistent with the expectation that the photometric signature (as well as the chemical one) is
a transient phenomenon.

Key words. techniques: photometric – binaries: general – blue stragglers – white dwarfs – globular clusters: individual: NGC 104

1. Introduction

Blue straggler stars (BSSs) are core hydrogen-burning objects
more massive than main-sequence (MS) and post-MS stars. They
are observed in all stellar environments, ranging from globu-
lar clusters (GCs; e.g. Sandage 1953; Ferraro et al. 2003, 2018;
Piotto et al. 2004; Leigh et al. 2007, 2013; Knigge et al. 2009),
to open clusters (e.g. Mathieu & Geller 2009; Rain et al. 2021,
2024), the Galactic field (e.g. Preston & Sneden 2000; Clarkson
et al. 2011), and dwarf spheroidal galaxies (e.g. Momany et al.
2007; Mapelli et al. 2009). The observational and theoretical
evidence accumulated so far demonstrates that BSSs are more
massive than the other stars populating a cluster (see Shara
et al. 1997; Gilliland et al. 1998; Fiorentino et al. 2014; Raso
et al. 2019) and for this reason they are invaluable probes of
star-cluster internal dynamical evolution (Ferraro et al. 2012,
2018, 2019, 2023a; Alessandrini et al. 2016; Lanzoni et al. 2016;
Rao et al. 2023), possibly also offering the possibility to pin-
point and date the occurrence of core collapse (Ferraro et al.
2009; Dalessandro et al. 2013; Portegies Zwart 2019; Beccari
et al. 2019; Ferraro et al. 2020; Cadelano et al. 2022; see also
Simunovic et al. 2014 and Raso et al. 2020).

⋆ Based on observations with the NASA/ESA HST, obtained under
programme GO 15914 (PI: Lanzoni). The Space Telescope Science
Institute is operated by AURA, Inc., under NASA contract NAS5-
26555.
⋆⋆ Corresponding author: elisabetta.reggiani@unifi.it

Despite the astrophysical importance of these objects, their
formation mechanisms are not fully understood yet. To account
for their mass being larger than the MS turn-off (TO) value
in stellar systems that experienced just a single star-formation
event, formation channels involving mass-enhancement pro-
cesses have been proposed: direct stellar collisions (Hills & Day
1976; Sills et al. 2005), stellar mergers occurring on secular
timescales through angular momentum loss or Kozai oscillations
(see, e.g., Andronov et al. 2006; Perets & Fabrycky 2009), and
mass transfer (MT) activity in binary systems (McCrea 1964).
While stellar collisions are expected to be more frequent in
highly crowded environments (e.g. Davies et al. 2004), binary
and triple mergers and the MT formation process should be
dominant in low-density environments (e.g. Sollima et al. 2008;
Knigge et al. 2009; Mathieu & Geller 2009). The relative effi-
ciency of the various mechanisms is, however, still unclear, also
because disentangling the different kinds of BSSs based on their
observed properties is very challenging. However, Ferraro et al.
(2025) recently found evidence that the vast majority of BSSs
detected in Galactic GCs have a binary-related origin (see also
Knigge et al. 2009), thus identifying MT as the most effective
formation channel. In this scenario a MS star is bound in a binary
system and accretes matter from a companion that has filled its
Roche lobe. At the end of the MT process the accreting MS star
becomes a BSS, while the core of the stripped companion should
be observable as a helium or a carbon-oxygen white dwarf (WD),
depending on the evolutionary stage of the donor (sub-giant or
red giant branch in the former case, asymptotic giant branch in
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Fig. 1. Position in the [O/Fe]−[C/Fe] diagram of 43 BSSs (squares and
circles) and MS-TO stars (grey shaded region) of 47 Tucanae discussed
in Ferraro et al. (2006). The blue squares mark the five targets of this
study.

the latter). The matter settled on the BSS surface should come
from the inner regions of the donor star, where it was processed
by thermonuclear reactions; hence, chemical anomalies should
be detectable in a BSS atmosphere (Sarna & Greve 1996). In
old globular clusters, where stellar masses and metallicities are
such that s-process enhancements are not expected to occur (but
see, e.g., Jorissen et al. 2019 and Escorza et al. 2019 for the case
of Barium dwarfs), lower abundances of carbon (C) and oxy-
gen (O) are expected on the surface of MT-BSSs, compared to
normal cluster stars, since these elements are depleted during the
CNO cycle in hydrogen-shell burning. Conversely, normal chem-
ical patterns are predicted for collisional BSSs (Lombardi et al.
1995). Thus, in principle, two main observable signatures should
characterise the outcome of the MT process:
1. MT-BSSs should have WD companions (photometric

signature);
2. MT-BSSs should show C and O depletion on their surface

(chemical signature).
The photometric signature was first identified in the open cluster
NGC 188, where significant UV excess has been detected at the
position of seven BSSs, and interpreted as evidence for the pres-
ence of hot WD companions, as expected in the case of the MT
formation channel (Gosnell et al. 2015 – hereafter G15; see also
Gosnell et al. 2014). Similar results were subsequently found in
other open and globular clusters (e.g. Subramaniam et al. 2016;
Sahu et al. 2019; Dattatrey et al. 2023, and references therein).

As for the chemical signature, measuring the chemical com-
position of BSS is not an easy task due to the effect of radiative
levitation that alters the surface chemical abundances in BSSs
hotter than ∼8000 K (Lovisi et al. 2012). Nevertheless, the chem-
ical analysis of BSSs has been performed with some promising
results in a couple of GCs. In particular, high-resolution spec-
troscopic observations in the GC 47 Tucanae (Ferraro et al.
2006– hereafter F06) led to the identification of five BSSs with
significant CO depletion with respect to the dominant popula-
tion (see Figure 1; F06). Moreover, some O depletion was also
detected in four BSSs (out the five not affected by radiative lev-
itation) located along the red sequence in M30 (see Lovisi et al.
2013). To search for the presence of both photometric and spec-
troscopic signatures of the MT formation process in the same
object, here we present the results of a photometric investigation
in the UV domain aimed at assessing the possible presence of a
WD companion to the five BSSs with CO depletion detected in
47 Tucanae by F06.

In Section 2, we present the observations and the adopted
data-reduction procedure. Section 3 provides first estimates of
the physical parameters of the target BSSs as obtained from
the comparison with isochrones in the CMD. In Section 4, we
describe the procedure adopted to build the observed spectral
energy distributions (SEDs) of the five BSSs and compare them
with theoretical SEDs computed for isolated stars. Section 5
demonstrates the necessity of a hot WD companion to BSS4, and
Section 6 presents the discussion and conclusions of the obtained
results.

2. Observations and data reduction

To search for possible WD companions to the five CO-depleted
BSSs in 47 Tucanae, we took advantage of the superb far-UV
capabilities of the Solar Blind Channel (SBC) of the Advanced
Camera for Surveys (ACS). The photometric dataset consists
of a set of ACS/SBC images acquired under GO15914 (PI:
B. Lanzoni) through filters F140LP, F150LP, F165LP. The two
BSSs located in the innermost portion of the cluster (namely,
BSS1 and BSS2) were observed in the same pointing; thus, a
total of four pointings were necessary to sample the five targets.
The dataset consists of 16 images for each of the four pointings.
Specifically, six exposures (∼740 s each) were secured through
the F140LP filter; seven exposures (∼740 s each) in filter F150LP,
and three exposures (∼750 s each) in filter F165LP. The five tar-
gets as they appear in the SBC images obtained in the F165LP
filter are shown in Fig. 2. The raw data were retrieved from the
archive and corrected for flat field and bad pixels. Geometri-
cal distortions were corrected by applying the pixel area map,
which also allows the removal of inhomogeneities in the relative
sensitivity of the MAMA detector pixels.

The photometric analysis for the BSSs in the external regions
was performed using the IRAF package DAOPHOT II (Stetson
1987) via aperture photometry, with a procedure similar to that
used in Nine et al. (2023). We extracted count rates using an aper-
ture radius of 40 pixels (corresponding to 1′′) and then applied
an encircled energy fraction correction to our count rates fol-
lowing the results of Avila & Chiaberge (2016), who found the
encircled energy correction factor to be approximately 0.92 at
a radius of 1′′ in F140LP, F150LP, and F165LP. For BSS3, the
emission at the star’s coordinates was so low that we were only
able to obtain a value for the redder filter, F165LP. The presence
of nearby sources in the pointing of BSS1 and BSS2 required us
to use a different approach for the photometric analysis of their
images, recurring to a PSF fitting procedure performed through
DAOPHOT II following the prescriptions in Cadelano et al.
(2020b,c); Chen et al. (2021). The instrumental magnitudes were
then calibrated in the VEGAMAG system using the zero points
obtained with the ACS zero-point calculator1. The ACS/SBC is
known to have a red leak above 2000 Å that significantly affects
solar or later-type stars2. The magnitude corrections obtained for
our targets following the results reported in Nine et al. (2023) are
included in the values listed in Table 1, which lists the derived
magnitudes of the five targets in each filter.

3. First-guess estimate of the targets’ physical
parameters

First-guess estimates of the physical properties (such as temper-
ature and mass) of the investigated targets can be derived from
1 https://acszeropoints.stsci.edu/
2 ACS Instrument Handbook
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Fig. 2. Drizzled ACS/SBC images in the F165LP filter of the five BSSs investigated in this study. The positions of the five targets are marked by
green circles: from left to right, BSS1, BSS2, BSS3, BSS4, and BSS5. The scale is indicated in the bottom left corner of each frame.

Table 1. ACS/SBC far-UV magnitudes of the five targets.

ID α (J2000) δ (J2000) mF140LP mF150LP mF165LP

BSS1 00 24 07.89 –72 05 01.77 21.72 ± 0.08 21.23 ± 0.05 20.25 ± 0.09
BSS2 00 24 11.69 –72 04 44.11 22.85 ± 0.12 22.34 ± 0.11 20.20 ± 0.15
BSS3 00 24 04.39 –72 00 35.90 ... ... 23.39 ± 0.23
BSS4 00 23 14.63 –72 07 37.06 19.11 ± 0.04 19.23 ± 0.03 19.07 ± 0.03
BSS5 00 26 10.47 –72 11 07.64 20.85 ± 0.06 20.63 ± 0.07 19.19 ± 0.01

Fig. 3. Near-UV CMD (left panel) and optical CMD (right panel) of 47 Tucanae with the five targets of this study highlighted as blue squares.
The 12 Gyr BaSTI (Pietrinferni et al. 2021) isochrone, which reproduces the MS-TO region well, is shown in both CMDs as a red line. The
corresponding 40 Myr isochrone, assumed to be representative of the zero-age MS location, is plotted as a solid blue line. The dashed blue lines
are the evolutionary tracks that best reproduce the observed positions of the targets in these CMDs.

the comparison between their position in the CMD and theo-
retical models of individual stars. To this end, we considered
the (mF275W,mF275W − mF336W) UV CMD (see the left panel in
Figure 3) for the two innermost targets (BSS1 and BSS2), which
lie in the field of view of the HST UV survey (Nardiello et al.
2018), while we used the optical (I,V − I) photometry from
Stetson et al. (2019) for the remaining BSSs (see the right panel
in Figure 3). The CMD position of BSS3 suggests that this could

be an evolved BSS. As the theoretical models, we used a set
of isochrones and evolutionary tracks from the BaSTI database
(Pietrinferni et al. 2021) computed for [Fe/H] = −0.7 and an α-
enhanced [α/Fe]=0.4 mixture, which is in agreement with the
chemical abundances measured in 47 Tucanae (e.g. Carretta et al.
2009; McWilliam & Bernstein 2008). We adopted the distance
modulus and reddening quoted in Harris (1996, 2010 version)
and applied small shifts in magnitude and colour to optimise the
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Table 2. First-guess physical parameters of the five targets as derived
from comparison with stellar tracks.

ID Mass/M⊙ Temperature (K) L/L⊙ R/R⊙ log g

BSS1 1.15 6760 3.6 1.45 4.18
BSS2 1.06 6490 3.4 1.49 4.12
BSS3 1.09 5960 5.2 2.18 3.80
BSS4 1.09 6550 3.9 1.56 4.10
BSS5 1.20 6810 4.5 1.55 4.14

match to the data. As shown in Fig. 3, a 12 Gyr isochrone nicely
reproduces the MS-TO region of the cluster in both CMDs. We
used a very young (40 Myr) isochrone to locate the theoreti-
cal zero-age MS, and we extracted a set of BaSTI evolutionary
tracks for stellar masses ranging from 1.0 to 1.5 M⊙, stepped by
0.01 M⊙, selecting those that best reproduce the position of each
target in the adopted CMDs. We found that the targets are consis-
tent with masses ranging from 1.06 (BSS2) up to 1.2 M⊙ (BSS5).
Interestingly, BSS3 and BSS4 are located along the same evolu-
tionary track, corresponding to a stellar mass of 1.09 M⊙. The
nice matches allowed us to extract the physical parameters of
each target directly from the best-fitting evolutionary track; these
are listed in Table 2. We remind the reader that caution is needed
when estimating BSS masses from the comparison with evo-
lutionary tracks computed for normal single stars. However, as
shown in Raso et al. (2019), a reasonable agreement is found
between these estimates and those obtained from the fit to the
observed SED, thus suggesting that the former can be used at
least for first-guess values.

4. Constructing the SED

The presence of a hot WD companion orbiting a BSS is expected
to produce a far-UV flux significantly exceeding that expected for
an isolated BSS of a given effective temperature. As a first step,
we built the observed SED of each BSS by combining the far-UV
magnitudes determined in this work, with previous measure-
ments obtained at different wavelengths. The photometry avail-
able for each target is reported in Table A.1 and includes near-UV
and optical HST data (from Brown et al. 2009; Cadelano et al.
2015; Nardiello et al. 2018; Pantoja et al. 2018; Rivera Sandoval
et al. 2020) for the two innermost BSSs, GAlactic Evolution
EXplorer (GALEX; Dalessandro et al. 2012), UBVRI ground-
based photometry (Stetson et al. 2019), Gaia (Gaia Collaboration
2023), and Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006) data for some of the most external targets.

Each magnitude has been de-reddened assuming E(B− V) =
0.04 (Harris 1996, 2010 version) and the extinction curve by
Cardelli et al. (1989). Finally, we converted magnitudes into
observed fluxes by using the following relation:

F = photflam · 10−
mλ,corr

2.5 (1)

where mλ,corr is the de-reddened magnitude and phot f lam is the
inverse sensitivity (i.e. the flux of a source with constant Fλ,
which produces a count rate of one electron per second). The
values of the extinction law and the inverse sensitivity we used
for each filter are reported in Table A.2.

The theoretical SEDs were determined using a new grid of
stellar fluxes (A. Mucciarelli et al., in prep.) calculated using the

ATLAS9 code (Kurucz 2005). All the theoretical fluxes are cal-
culated adopting [M/H]=–0.75 and an alpha-enhanced chemical
mixture ([α/Fe]=+0.4 dex), with effective temperatures ranging
from 5000 to 9000 K in steps of 50 K, and surface gravity
3.5 ≤ log g ≤ 4.7 with steps of 0.1 dex. To compare the observed
flux in every filter with the theoretical one ( fλ), we determined
the theoretical apparent flux (Fλ), by applying the following
relation:

Fλ =
(

R
D

)2

fλ, (2)

where R is the stellar radius and D is the distance of the
source (approximated as the distance of 47 Tucanae; we adopted
4.55 kpc; Ferraro et al. 1999). The theoretical flux in each fil-
ter was calculated by convolving the synthetic spectra with the
appropriate bandpasses using the python module pysynphot3.
Since the SED is insensitive to surface gravity variations in the
sampled wavelength range, for the fitting procedure we fixed
log g to the values estimated from the photometry (Table 2), leav-
ing temperature and radius to vary between 5000 and 9000 K,
and between 0.5R⊙ and 2.5 R⊙, respectively. The best-fit model
was found by means of a χ2 minimisation procedure, which iden-
tified the temperature-radius combination needed to best match
the observed SED. The comparison between the observed and
the best-fit synthetic SEDs is shown in the left panel of Fig. 4
for BSS1, Fig. 5 for BSS4 and Figs. B.1–B.3 for the other BSSs.
For each star, we built a χ2 map (see the right panels in the same
figures) and used the limits of the contours at 1σ to estimate
the errors associated to the best-fit temperature and radius. The
results of the SED-fitting procedure are discussed individually in
the coming paragraphs for each investigated BSS.

4.1. BSS1

The best-fit SED model of BSS1 reproduces all the available
photometric data with a surface temperature that agrees well
with the photometric estimate. The 1σ contour in the χ2 map
(right panel) covers a small range of values for the stellar radius,
whose best fit is consistent within the errors with the value
listed in Table 2. Since the theoretical SED reproduces all the
observed photometric points with reasonable values of the stel-
lar parameters, the presence of a hot companion can be safely
ruled out.

4.2. BSS2

Similarly to BSS1, the best-fit SED model also reproduces both
visible and UV observations well for BSS2, with a surface tem-
perature consistent with that reported in Table 2, and with a small
spread in the radius values (see left panel of Fig. B.1). For this
reason, the presence of a hot companion can also be safely ruled
out for this star.

4.3. BSS3

As discussed in Sect. 3, this BSS lies in a rather red position in
the CMD (right panel of Fig. 3), and since it emits no significant
flux in the SBC filters (Fig. 2), we used only the F165LP data
point in the fitting procedure.

As expected from its CMD position, the best-fit tempera-
ture is rather low, and the radius is significantly larger than the
3 Lim, P. L., Diaz, R. I., & Laidler, V. 2015, PySynphot User’s Guide
(Baltimore, MD: STScI Development Team 2013).
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Fig. 4. Left panel: observed SED of BSS1 (blue circles) compared to expected fluxes (cyan squares) computed from the convolution of the best-fit
synthetic SED (black line) with the adopted photometric filters. The uncertainties on the observed fluxes are marked with vertical error bars (unless
they are smaller than the size of the blue circles). The horizontal cyan-shaded rectangles mark the wavelength width of each photometric filter. For
the sake of clarity, they are associated with the expected fluxes only but, of course, they also hold for the observed points. The vertical error bar
of the cyan squares corresponds to the 1σ error on the expected fluxes. The best-fit surface temperature and radius are labelled together with their
1σ uncertainty in the top-right corner legend. The residuals between the observed and the expected fluxes are plotted in the lower panel. Right
panel: χ2 map for BSS1 showing the distribution of χ2 values (colour-coded as in the side bar) obtained for all the explored combinations of R and
T. The black lines refer to the 1σ, 2σ and 3σ χ2 contours from the minimum values (χ2

0), which is marked with a black cross and labelled in the
bottom-right corner.

Fig. 5. Same as in Figure 4, but for BSS4.

values obtained for the other BSSs in the sample (see left panel
of Fig. B.2). Both these values are in reasonable agreement with
those determined from photometry (Table 2), and in this case
there is no evidence of UV excess in the observed SED. Since
this BSS is the most CO-depleted in our sample, and it shows no
variability or W-UMa-type behaviour, we may suppose that its
companion is an already-cooled-off WD.

4.4. BSS4

For BSS4, the photometry ranges from far-UV up to NIR wave-
lengths, allowing for the most complete SED reconstruction of

the sample, with not only SBC, but also GALEX measurements
available in the UV domain. In this case, the model SED for
an isolated BSS is unable to reproduce the observed data points
(Fig. 5, left panel), clearly underestimating the observed far-
UV measurements even for a best-fit effective temperature (T =
7400 K) much larger than the photometric result (T = 6550 K).
Indeed, the minimum χ2 is very large (11.51) and the 1σ region
is wider than for the other BSSs, both in radius and in tem-
perature, as the model tries to find suitable solutions for the
UV flux. The fitting radius appears significantly smaller than
the photometric estimate, and it is a direct consequence of the
model relaxing towards a hotter and more compact object in
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order to explain the far-UV photometry, whereas the photometric
estimates rely on optical data. Although this star has never been
classified as a binary in previous works focused on 47 Tucanae
(see, e.g. Albrow et al. 2001; Weldrake et al. 2004), the observed
UV excess could be the photometric signature of the presence of
a hot WD companion (see Sect. 5).

4.5. BSS5

As shown in Fig. B.3, the whole observed SED of BSS5 can
be properly reproduced by a model with stellar parameters (T =
7100 K, R = 1.41 R⊙) that are in reasonable agreement with the
photometric estimates (Table 2) and well constrained by the fit
(see the 1σ contour in the χ2 map). We conclude that this BSS
is not orbited by a hot companion.

5. WD companion to BSS 4

The unmistakable UV excess detected in BSS4 (Fig. 5) cannot
be explained in any way by the SED of an isolated BSS and
points clearly to the presence of a hot companion, likely a hot
WD. To constrain the properties of the latter, we searched for
the combination of a BSS and a WD SED that best reproduces
the observed photometric data. Albeit unresolved, the compo-
nents of this binary system are expected to have the peak of
their black-body emission in different regions of the spectrum.
In particular, we expect the WD to be dominant in the far-UV
domain, to contribute significantly at NUV wavelengths, and to
be completely negligible above λ ∼ 4000 Å, where the BSS is
the only contributor. Hence, we first searched for the model most
appropriately describing the emission of the primary star alone
(the BSS) by only applying the SED fitting procedure described
above to the photometry at λ ≥ 4000 Å. The resulting best-fit
model converges towards T = 6950 K and R = 1.38 R⊙, (see left
panel of Fig. B.4).

To determine the properties of the companion star we would
need to know the WD mass, because the temperature evolu-
tion and the radius of these compact, degenerate objects strictly
depend on their mass. However, BSS4 has never been classi-
fied as a binary, and we therefore have no information about the
WD mass. For this reason, we explored the cooling sequences
of different mass/radius relations that are appropriate for old
stellar systems. We started by considering which kind of donor
star could leave the observed CO depletion on the BSS sur-
face. In a GC such as 47 Tucanae, where the MS-TO mass
is ∼0.85 M⊙ (Ferraro et al. 2016), all stars along the MS and
any post-MS evolutionary stages are experiencing or experi-
enced core hydrogen burning through the proton-proton chain.
As such, the CO-depleted material now observed on the BSS
surface must have been generated in a shell surrounding the inac-
tive core, where hydrogen thermonuclear burning occurs through
the CNO cycle. Hence, the donor star must have been at least
in the sub-giant branch (SGB). During this evolutionary stage,
low-mass stars develop a He-core of at least ∼0.2 M⊙, which
then increases to at most ∼0.5 M⊙ at the tip of the red giant
branch (RGB). Hence, 0.2 M⊙ can be considered as a lower limit
to the mass of the BSS companion that, being the stripped core
of a SBG/RGB star, would be a He-WD (see also Cadelano et al.
2019, 2020a; Chen et al. 2023). If we instead consider the pos-
sibility of a CO-WD companion originated by MT activity from
an asymptotic giant branch (AGB) star, its mass is expected to
be ∼0.55 M⊙ (Geller & Mathieu 2011). We therefore consid-
ered these two possibilities for the WD companion to BSS4, and

we worked with temperature-radius (T-R) relations computed for
He-WDs with masses M = 0.2, 0.3, and 0.4 M⊙ (from Bédard
et al. 2020), and a custom 0.55 M⊙ relation (calculated with
the same code and physics inputs of Salaris et al. 2022 models)
for the CO-WD scenario. To determine the WD fluxes, we used
1D pure-hydrogen (DA) LTE WD spectral models computed by
Claret et al. (2020), with temperatures ranging in the 4000 K
< T < 40 000 K interval in steps of 250 K and surface gravi-
ties covering the 5.5 < log g < 9.5 interval in steps of 0.25 dex.
These models are typically used to describe the remnants found
in short-period binary systems (Tremblay et al. 2015), and, as
a consequence, they are ideal to treat WDs that did not follow
canonical evolutionary paths, as in this case. We then performed
a fitting procedure following the same steps described in Sect. 4,
except that we constrained the T-R pairs to vary according to
the adopted WD relations for fixed mass. The value of log g was
chosen as the one closest to that provided by the T-R relations in
the interval covered by Claret et al. (2020) models. To find the
best-fit WD model, the photometric data were compared with
the theoretical fluxes obtained from the sum of the WD and the
BSS SEDs, after convolution with each photometric filter. The
results are shown in Fig. 6, while the derived WD properties are
reported in Table 3 for the adopted mass values. The fits return
similar χ̃2

0 for all scenarios, showing that an object hotter than
approximately 20 000 K is needed to properly reproduce the SED
observed for this object.

6. Discussion and conclusions

This paper presents the search for the photometric signature of
the MT process in a sample of five BSSs in 47 Tucanae, for
which the spectroscopic signature had been previously detected
(F06). The analysis of far-UV photometric data acquired with
the ACS/SBC at HST unambiguously reveals the presence of a
hot companion to BSS4. This is the first clear-cut observational
evidence of the link between CO depletion and the presence of a
hot companion, solidly confirming that these are both signatures
of the MT process.

Both these characteristics are likely transient features,
because rotational and internal mixing are expected to reduce
or even erase any surface chemical anomaly. Although the time-
scales of these processes are still unknown (and in some cases
they can be of even a few Gyr; e.g., Thompson et al. 2008;
Stancliffe & Glebbeek 2008), the chemical investigation of large
samples of BSSs in Galactic GCs suggests that they are much
shorter than BSS lifetime. For instance, in the sample analysed
by F06, the CO signature was detected in only five BSSs out
of 43 objects, corresponding to approximately 12% of the total,
suggesting that the chemical anomalies are rapidly erased dur-
ing the BSS evolution. On the other hand, once the core of the
stripped companion star becomes a WD, it is destined to pro-
gressively fade and cool. Hence, the detection of a modest or
null UV flux (consistent with the SED of a BSS without com-
panions) cannot be used as a solid argument in favour of an
isolated BSS. Unfortunately, the large distance of 47 Tucanae
(4.55 ± 0.01 kpc, Ferraro et al. 1999) strongly limits our capabil-
ity of pinpointing cool WDs in the UV. To evaluate the sensitivity
of the acquired observations to the UV emission from faint (cool)
WDs at the distance of 47 Tucanae, we performed a series of sim-
ulations convolving the SED of the observed BSSs with the SED
of WDs with decreasing surface temperature (corresponding to
increasingly fainter luminosity). The result varies according to
the BSS temperature: for the coolest BSS in our sample (BSS2),
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Fig. 6. SED fitting of BSS4 observed photometry (black circles; the same as in Figs. 5 and B.4) through the combination of the SED that best fits
the points at λ > 4000 Å (black line, the same as in Fig. B.4) and the SED of different WDs (blue lines): from top-left to bottom-right, a He-WD
with a mass of 0.2, 0.3, and 0.4 M⊙, and a 0.55 M⊙ CO-WD. The expected fluxes, computed from the convolution of the combined (BSS+WD)
best-fit synthetic SED with the adopted photometric filters, are shown as cyan squares, and their error bars and horizontal extension have the same
meaning as in the previous figures. The best-fit values of the WD surface temperature and radius are labelled, together with their 1σ uncertainty.

our observations are not able to detect any UV flux emitted by
WDs cooler than 12 000 K; while, for the hottest BSS in our
sample (BSS5), the limit for a hidden WD is around 18 000 K.
Hence, the non-detection of UV excess in some of the investi-
gated (CO-depleted) BSSs may indicate the presence of a WD
cooler than these thresholds. On the other hand, according to the
working hypothesis presented by F06, the CO-depletion region
in the [O/Fe]−[C/Fe] diagram (see Fig. 1) is populated by sys-
tems at different stages of the MT process, including stars that
have just started, completed, or are still undergoing MT. Thus,
the non-detection of a hot companion in the case of the other
four BSSs in the sample, may indicate the presence of an old
(cold) WD, as in the case of BSS2 and BSS3, or the fact that
the MT process has not completed or fully exposed the core of
the donor star yet. This could be the case of BSS1 and BSS5,
which are both classified as W Uma variables: BSS1 is the vari-
able PC1-V10 of Albrow et al. (2001), and BSS5 is V6 discussed
in Weldrake et al. (2004) or E15 in Kaluzny et al. (2013). Indeed,
the light curve of BSS5 shows secondary variations indicating
that MT is still active.

Table 3. Best-fit parameters for WDs of different masses.

M/M⊙ T/K 10−2R/R⊙ log g χ̃2
0 Age (Myr)

He-WD

0.2 20 500+1250
−1500 3.21+0.06

−0.07 6.75 1.819 0.11+0.07
−0.05

0.3 23 250+1500
−1750 2.46+0.04

−0.06 7.25 1.753 0.70+0.99
−0.13

0.4 26 250+1500
−2000 1.97+0.04

−0.05 7.5 1.715 8.11+3.71
−2.14

CO-WD

0.55 29 500+2000
−2500 1.6+0.02

−0.03 7.75 1.698 12.19+3.62
−2.10

Under the hypothesis that the strong UV excess observed for
BSS4 is due to a hot WD, some consideration can be advanced
about the properties of this binary system and its evolution. As
discussed in Sect. 5, the properties of the WD could be slightly
different depending on the evolutionary stage of the donor star
at the beginning of the MT process. If MT started at any stage
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Fig. 7. Cooling sequences of different WD models (see the legend). The
diamonds indicate the best-fit solutions obtained for the WD companion
to BSS4 for each model. The golden stars indicate the CO-WD compan-
ions to BSSs found by Gosnell et al. (2015) in NGC 188, for which the
spectroscopically estimated mass is around ∼0.5 M⊙.

between the SGB and the RGB tip, a degenerate He-core with
a mass between 0.2 and 0.5 M⊙ is expected. Conversely, if the
donor star was evolving along the AGB, we expect a degenerate
CO-core of approximately 0.55M⊙. Of course, the total num-
ber of SGB and RGB stars in the cluster is much larger than
that of AGB stars, suggesting that the first option is more prob-
able. However, since the activation of the MT process strictly
depends on the parameters of the binary system, it is not possible
to exclude any alternative a priori. In the following, we therefore
keep considering both options.

White dwarfs of different masses evolve at different rates
along different cooling sequences. Hence, the observed UV flux
corresponds to different WD temperatures and cooling times
depending on the WD mass. For the mass range appropriate for
the investigated case (0.2 and 0.55 M⊙), a quite hot WD with
a temperature between ∼20 000 K and 30 000 K is needed to
account for the UV emission observed at the location of BSS4
(see Table 3). The corresponding cooling times range between
less than 1 Myr (approximately 0.1 Myr) and ∼12 Myr only
(see Fig. 7 and Table 3). Hence, the relatively high temperature
needed to reproduce the SED observed in BSS4 suggests that
this is the result of a very recent MT event, which may not be
entirely complete yet.

In Fig. 7, we show the cooling sequences for each of the
investigated WD scenarios and the corresponding best-fit posi-
tion of the BSS4 companion. For comparison, we also mark
the position of the WD companions to BSSs found by G15
in the open cluster NGC 188 using SBC filters, for which the
authors estimated masses of ∼0.5 M⊙ from the binary parame-
ters obtained from the observed spectra. Even when considering
BSS+WD system detections performed using UVIT/AstroSat
(Sahu et al. 2019; Pal et al. 2024) or Swift/UVOT (Sheikh &
Medhi 2024a,b), BSS4 is one of the youngest BSS+WD systems
observed so far, regardless of the adopted WD-mass scenario.

A high rotational velocity is also considered as a signature
of recent formation, because the BSS is spun up by angular
momentum transfer during the MT (e.g. Packet 1981) and later
slowed down by still unclear breaking processes such as disc
locking or magnetic breaking (see, e.g., Sun et al. 2024, and ref-
erences therein). Interestingly, the rotational velocity of BSS4

(v sin i = 21 km s−1) is significantly larger than the median value
(below 10 km s−1) measured for the entire sample of 43 BSSs
investigated by F06 (see also Fig. 1b in Ferraro et al. 2023b).
Although this velocity is lower than the reference threshold
adopted by Ferraro et al. (2023b) to select fast-rotating (hence,
likely young) BSSs, it is the largest in the sub-sample investi-
gated here, and it could be explained by a low inclination angle
of the rotation axis of BSS4 with respect to the line of sight, or
a transition phase of the MT process. Thus, both the very young
cooling age of the WD companion to BSS4 and its significant
rotational velocity are consistent with the hypothesis that this
is a recently formed system, possibly on the verge of complet-
ing the MT process. If we caught a MT-BSS in an intermediate
stage of its formation pattern, we may expect that in the next few
million years the stripped companion will increase its surface
temperature because of the complete loss of envelope around its
nucleus. Also, the BSS rotation velocity will further increase,
and a larger CO depletion will appear on its surface. If the MT
has already ended, the WD companion is destined to progres-
sively fade, rotation should slow down, and surface chemical
anomalies will possibly be erased by mixing processes.

Although the suggested scenario represents just an over-
simplified scheme, it certainly is an intriguing working hypothe-
sis worth further exploration. In particular, the determination of
the radial-velocity curve of the system (and also of the BSSs with
no evidence of UV excess) could add further precious details
for the physical characterisation of these puzzling objects and
their evolutionary processes, providing crucial constraints to the
theoretical modelling of the MT formation channel.
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Appendix A: Photometric datapoints and parameters

Table A.1 lists all the data points used in the SED fitting procedure for each of the investigated BSS. In Table A.2, we report the
values of the extinction law (Cardelli et al. 1989) and phot f lam parameters adopted to convert magnitudes into fluxes in each filter,
as described in Section 4 (see SVO Filter Profile Service, Rodrigo et al. 2012; Rodrigo & Solano 2020; Rodrigo et al. 2024).

Table A.1: Magnitudes of the target BSSs collected from the several photometric studies of 47 Tucanae at
different wavelengths.

BSS1 BSS2 BSS3 BSS4 BSS5

UBVRI filters

Ua ... ... 16.89 ± 0.01 16.99 ± 0.01 16.82 ± 0.02

Ba ... ... 16.96 ± 0.01 17.07 ± 0.01 16.87 ± 0.01

Va ... ... 16.40 ± 0.01 16.66 ± 0.01 16.50 ± 0.01

Ra ... ... 16.04 ± 0.01 16.39 ± 0.01 16.31 ± 0.02

Ia ... ... 15.71 ± 0.01 16.11 ± 0.01 16.01 ± 0.01

HST filters

F225Wb 18.09 ± 0.01 18.37 ± 0.01 ... ... ...

F275Wc 17.48 ± 0.04 17.71 ± 0.01 ... ... ...

F300Xd 17.54 ± 0.01 ... ... ... ...

F336Wc 16.90 ± 0.04 16.99 ± 0.01 ... ... ...

F435Wc 17.15 ± 0.04 17.24 ± 0.01 ... ... ...

F606Wc 16.68 ± 0.01 16.65 ± 0.01 ... ... ...

F814Wc 16.14 ± 0.03 16.20 ± 0.01 ... ... ...

F110We,f 15.94 ± 0.01 15.94 ± 0.01 ... ... ...

F125We 15.99 ± 0.01 15.84 ± 0.01 ... ... ...

F160Wf 15.69 ± 0.03 15.64 ± 0.02 ... ... ...

GALEX, GAIA and 2MASS filters

fuvg ... ... ... 21.37 ± 0.11 ...

nuvg ... ... ... 19.35 ± 0.06 ...

Gh ... ... ... 16.62 ± 0.01 16.44 ± 0.01

Ji ... ... ... 15.98 ± 0.14 ...

Hi ... ... ... 15.81 ± 0.17 ...

Ki ... ... ... 16.05 ± 0.29 ...
a Stetson et al. (2019), VegaMAG
b Rivera Sandoval et al. (2020), VegaMAG
c Nardiello et al. (2018), VegaMAG
d Cadelano et al. (2015), VegaMAG
e Pantoja et al. (2018), VegaMAG
f Brown et al. (2009), VegaMAG
g Dalessandro et al. (2012), ABMAG
h Gaia Collaboration (2023), VegaMAG
i Cutri et al. (2003), VegaMAG
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Table A.2: Parameters adopted for the magnitude-to-flux conversion for each photometric filter.

Filter Aλ/AV
PHOTFLAM

(10−9 erg cm2/s/Å/e−)

HST filters

F140LP 2.64 6.5242

F150LP 2.56 6.83489

F165LP 2.52 6.43768

F225W 2.64 4.2830

F275W 2.03 3.78914

F300X 1.93 3.75964

F336W 1.69 3.30879

F435W 1.32 6.45457

F606W 0.924 2.86475

F814W 0.602 1.1304

F110W 0.34 0.400095

F125W 0.3 0.299099

F160W 0.22 0.142481

Stetson UBVRI

U 1.62 3.7282

B 1.30 6.4227

V 1.00 3.74234

R 0.83 2.22727

I 0.62 1.0992

GALEX, GAIA and 2MASS filters

fuv 2.63 46.0527

nuv 2.86 20.5634

G 0.87 2.49769

J 0.305 0.3129

H 0.193 0.1133

K 0.125 0.0428

Appendix B: SED fits of BSSs

The SED fitting procedure is described thoroughly in Sec.4. Here we report the results for BSS2, BSS3, BSS5 and the optical-only
fit of BSS4.
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Fig. B.1: Same as in Figure 4, but for BSS2.

Fig. B.2: Same as in Figure 4, but for BSS3.

Fig. B.3: Same as in Figure 4, but for BSS5.
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Fig. B.4: Same as in Figure 4, but for BSS4 and for the SED fitting procedure applied only to the photometric points with λ > 4000
Å.

A185, page 13 of 13


	Detection of a white dwarf orbiting a carbon-oxygen-depleted blue straggler in 47 Tucanae
	1 Introduction
	2 Observations and data reduction
	3 First-guess estimate of the targets' physical parameters
	4 Constructing the SED
	4.1 BSS1
	4.2 BSS2
	4.3 BSS3
	4.4 BSS4
	4.5 BSS5

	5 WD companion to BSS 4
	6 Discussion and conclusions
	Acknowledgements
	References
	Appendix A: Photometric datapoints and parameters
	Appendix B: SED fits of BSSs


