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A B S T R A C T 

With the equi v alent area of a 16-m telescope, ESPRESSO in 4UT mode allows to inaugurate high resolution spectroscopy for 
solar-type stars belonging to extragalactic globular clusters. We determine the chemical composition of an extragalactic blue 
straggler (BS). The star has a G magnitude of 19.01 and belongs to the globular cluster Pal12, that is associated to the Sagittarius 
dwarf galaxy. Abundances are computed by using high resolution spectroscopy and LTE analysis. Two 50 min ESPRESSO 

spectra, co-added, provide a signal-to-noise ratio of ∼25 with a resolving power R ∼70 000. This allows us to measure with good 

precision abundance of several (13) elements. Li could help to distinguish between formation models of BS; we are able to set a 
3 σ upper limit of Li = 3.1, which is still too high to discriminate between competing models. The abundances we retrieve for 
the BS are compatible with those of giant stars of Pal 12 published in literature, re-analysed by us using the same procedure and 

line list. Small differences are present that can be ascribed to NLTE effects, but for Mg the BS shows a large under -ab undance. 
The most likely explanation is that the BS atmosphere is dominated by gas processed through the Mg-Al cycle, but we have no 

suitable Al or Na lines to confirm this hypothesis. We show that ESPRESSO with 4UT can be used to derive precise abundances 
for solar-type stars fainter than magnitude 19. At these magnitudes a proper sky subtraction is needed and in crowded field the 
targets must be chosen with utmost care, to a v oid contamination of the sky fibre from nearby stars. 

Key words: stars: abundances – blue stragglers. 
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 I N T RO D U C T I O N  

he availability of the mode ‘4 UT’ for the ESO ESPRESSO high
esolution spectrograph (Pepe et al. 2021 ), by which the light of four
-m telescopes is fed to the spectrograph, opens the opportunity of
igh resolution spectroscopy of solar-type stars fainter than 18 mag, 
n a realistic short amount of observing time. In the context of the
science verification’ observations of this mode, in which telescope 
ime is awarded to several projects for a few hours, we observed a blue
traggler (BS) star in the Globular Cluster Palomar 12 (hereafter Pal 
2). This cluster orbits the Sgr dwarf spheroidal (Ibata, Gilmore & 

rwin 1995 ), is metal poor ([Fe/H] ∼−1), and about 30 per cent
ounger than the classical GCs (Pancino et al. 2010 ). 
Just abo v e the Turnoff (TO) of globular cluster, as a blue extension,

re located the BS. BS have been for years enigmatic objects, and still
ow their formation mechanism is not fully understood. While, for 
nstance, it is clear that they are the product of a merging, their general
bundance pattern is the same as main sequence stars of the cluster
 E-mail: lpasquin@eso.org (LP); piercarlo.bonifacio@obspm.fr (PB) 
 Observations based on ESO observing program 60.A-9505(A) 

i
c

 

i
m

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
hey belong to (Shetrone & Sandquist 2000 ) and it is debated whether
hey form as result of collisions between stars in clusters or as a result
f mass transfer between, or merger of, the components of short-
eriod binaries. Depending on the formation mechanism, for instance 
heir Li abundance is expected to be around A(Li) = 1.0 (Glebbeek
t al. 2010 ). Beside the scientific interest of determining the BS abun-
ances, this work is rele v ant as a pilot study to test to which extent
t is feasible to derive reliable abundances at these faint magnitudes.

 DATA  

he star has been observed with the ESPRESSO spectrograph at 
he VLT telescope (Pepe et al. 2021 ) in 4UT-mode. In this mode,
ll the four 8-m VLT Unit Telescopes observe the same object and
onv e y the light to the ESPRESSO spectrograph that is fed by a 16-
 equi v alent aperture telescope. ESPRESSO in this mode provides
 resolving power of 70 000 and a rather heavy detector binning
s needed to reduce the detector noise. The simultaneous spectral 
o v erage is between 380 and 780 nm (Pepe et al. 2021 ). 

The observed star is S1236 from the Stetson et al. ( 1989 ) list; it
s a BS, as it clearly appears from Fig. 1 showing the GAIA colour–
agnitude diagram containing all the stars within 5 arcmin from 

http://orcid.org/0000-0002-1014-0635
http://orcid.org/0000-0002-6830-9093
mailto:lpasquin@eso.org
mailto:piercarlo.bonifacio@obspm.fr
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Figure 1. Gaia colour–magnitude diagram for the stars within 5 arcmin 
radius around Pal 12 centre. Only stars with proper motions < 5.5 mil- 
liarcesec yr −1 have been retained. The black line is a Parsec isochrone 
(Bressan et al. 2012 ) of age 4 Gyr, Z/Z � = 0.141 and reddened for E(B 

– V) = 0.02 mag. The absolute magnitudes of the ischrone have been shifted 
for a distance modulus of 16.47 (Pancino et al. 2010 ). 

Figure 2. Proper motions from the GAIA DR3 release for 532 stars in a 
radius of five arcmin around the Pal 12 centre. The proper motions of the 
observed BS is marked and is very close to most other stars, belonging to the 
cluster. 
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he cluster centre and with proper motions < 5.5 milliarcsec yr −1 .
he selected star is enclosed in the red square (GAIA EDR3:
ource ID = 6817951001157440512, RA = 326.6583556251155,
ec = 21.259490392923386 G mag = 19.003, Bp mag −
p mag = 0.477, Bp mag − G mag = 0.117). 
The star has a proper motion of −3.54 and −3.50 milliarcsec yr −1 

in α and δ, respectively), which is rather well coincident with the
ean cluster proper motions locus, as it appears from the analysis of

he GAIA EDR3 532 stars located within a 5 arcmin from the cluster
entre. The o v erall cluster stars proper motion, calculated from the
32 stars for which GAIA has a measure, is of 4.76 milliarcsec yr −1 ,
hile the star has 4.98, well within the 0.9 milliarcsec yr −1 dispersion
f the cluster’ stars. The Fig. 2 in which the proper motions and
ositions of the stars at the very centre of Pal 12 are represented
ho ws ho w our target shares the same velocity flux in module and
irection as most of the other stars. 
Three ∼55 min ESPRESSO spectra were acquired between 2019

eptember 2 and 4. Of the two ESPRESSO fibres, one was devoted
o the object, the second dedicated to record the sky. The data have
een reduced using the ESPRESSO pipeline. The spectra we acquired
NRAS 512, 5701–5705 (2022) 
ith high detector binning (8 × 4 pixels), in order to minimize the
mpact of the detector Read Out Noise, were reduced using the
ublic version 1.3.2 of the ESPRESSO data reduction pipeline and
he ESOReflex workflow, with default parameters optimized for this
nstrument setting ( www.eso.org/pipelines ). 

The ESPRESSO data reduction involves the following stages,
 x ecuted as a chain: 

(i) bias frames are processed to create a master frame and to
etermine the residuals that is used in the recipes that process data
ith low signal to remo v e an y residual structure present in the bias;

imilarly, master dark frames to obtain a map of the hot pixels; 
(ii) led flat frames (obtained illuminating the fibre with a led) are

rocessed to map non-linear pixels; order tracing flats are used to
race the fibres location; 

(iii) flat fibre flats are used to obtain the fibre order profile (used
o perform the optimal extraction), the order-by-order spectrum of
he extracted flat (A and B) fibers, and the blaze functions; 

(iv) contamination frames obtained with only one fibre illuminated
y a calibration, to determine the contamination between the two
bres 
(v) twilight spectra are used to compute the relati ve ef ficiency

etween the two fibres. 

A three-step wavelength calibration (using Fabry-Perot etalon and
h-A lamp) follows as well as flux calibrations. Separate object and
ky spectra are generated for each exposure. 

The sky spectra reveal that the third exposure was rather heavily
ontaminated by another stellar source, and at the end we have opted
ot to use this observation, because it was not possible to determine
onfidently the level of sky contamination. It has to be noted that for
he other two exposures the sky counts are about 20 per cent of the
bject flux, a not negligible quantity, and a wrong subtraction would
roduce substantial errors in the measured abundances, because it
ould deepen (or shallow) artificially the stellar absorption lines. In

rowded fields the presence of nearby objects should be carefully
hecked when observing with ESPRESSO, because the distance
etween the object and the sky fibres is fixed to 7 arcsec, and the
ky orientation cannot be chosen. In addition, the geometry of the
rojection on the sky is different for the four UT telescopes. When
umming all of these effects the strong recommendation is to a v oid
argets having nearby stars around the 7 arcsec distance, and to this
urpose a circle indicating the sky fibre radius has been now added
o the observing preparation tool for ESPRESSO. 

The typical signal level of the extracted spectra is of about 600
hotoelectrons; the sky has been subtracted after passing an heavy
moothing, to a v oid to decrease the S/N ratio of the stellar spectrum.
he two 55 min spectra have been finally co-added, and the signal

o noise (S/N) ratio ranges between 20 and 25 in the continuum in
he visible and red portion of the spectrum. A portion of the final
o-added spectrum is shown in Fig. 3 , together with our fit. 

The stellar radial velocity (RV), as measured separately in our
wo exposures by fitting the photospheric lines, is of 27.98 ± 0.3
m s −1 , in very good agreement with the Pal 12 RV of 28.5 km s −1 , as
easured by Cohen ( 2004 ) on giant stars, confirming that the star

elongs to the cluster. 

 ATMO SPH ER IC  PA RAMETERS,  STELLAR  

OTATIO N ,  A N D  C H E M I C A L  A BU N DA N C E S  

o determine the atmospheric parameters we used the Gaia EDR3
olour G BP − G BP = 0.477 and a parsec isochrone (Bressan et al.
012 ) of age 3.66 Gyr and metallicity Z /Z � = 0.141. 
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Figure 3. Small portion of the ESPRESSO spectrum, with the line fit (in 
red) from MyGIsFOS (Sbordone et al. 2014 ). 
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Table 1. Atmospheric abundances for the Star 1336 in Pal12 
as obtained from our ESPRESSO spectra. Column 1: element; 
column 2: number of lines used; column 3: abundance; column 
4: uncertainty; column 5: abundance scaled to solar. 

Element A(X) � N(lines) A(X) [X/H] σ

Mg I 7.54 3 6.20 −1.34 0.13 
Si I 7.52 1 6.85 −0.70 −
Ca I 6.33 19 5.44 −0.89 0.16 
Sc II 3.10 3 2.09 −1.01 0.36 
Ti I 4.90 5 4.26 −0.64 0.23 
Ti II 4.90 27 4.15 −0.75 0.25 
Cr I 5.64 9 4.84 −0.80 0.31 
Cr II 5.64 5 4.57 −1.07 0.28 
Mn I 5.37 3 4.49 −0.88 0.02 
Fe I 7.52 136 6.52 −1.00 0.28 
Fe II 7.52 21 6.35 −1.17 0.23 
Ni I 6.23 6 5.24 −0.99 0.15 
Sr II 2.92 1 1.55 −1.37 −
Y II 2.21 2 1.08 −1.13 0.34 
Zr II 2.62 1 2.16 −0.46 −
Ba II 2.17 1 1.14 −1.03 −
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The isochrone was reddened for E(B – V) = 0.02, as appropriate 
or Pal 12 (Stetson et al. 1989 ). By interpolating in the isochrone,
or the observed G BP − G BP , we derived T eff = 7042 K and log g
 3.95 (c.g.s. units). Taking into account the photometric uncertainty 

f 0.028 mag on the G BP − G BP colour the error on T eff is 125 K and
.07 dex on log g. Given the low S/N ratio we decided to keep fixed
 eff and log g and to determine the abundances from the analysis of the
pectrum; see also Mucciarelli & Bonifacio ( 2020 ) for a discussion of
he use of photometric versus spectroscopic atmospheric parameters. 

e assumed a microturbulent velocity v t = 1.5 km s −1 , as done by
ovisi et al. ( 2010 ) in their study of BS in M 4, as several of their
tars have parameters close to those of our target. The S/N of the
pectra does not allow us to determine microturbulence in a robust
ay, especially because we can measure too few lines on the linear
art of the curve-of-growth. 
The lines appear to be clearly too broad for the resolving power

elivered by the spectrograph. We attribute this to a non-negligible 
tellar rotation, which is observed in some BS (see e.g. Lovisi et al.
010 , and references therein). In order to estimate this broadening 
e measured the full width half-maximum (FWHM) for a set of
3 Fe I lines, selected to be not blendend nor heavily saturated.
he same set of lines was measured on synthetic spectra that were

otationally broadened by, 6, 8, 10, 12, 14 km s −1 , and then broadened
ith a Gaussian of 4.28 km s −1 FWHM, to take into account the

nstrumental profile. For each line we interpolated in the set of five
alues of FWHM measured on the synthetic spectra to obtain one 
stimated value of rotational velocity. Before averaging the derived 
otational velocities we removed all those that would be extrapolating 
utside the interval 6–14 km s −1 . The mean rotational velocity so
btained is of 8.44 km s −1 ± 1.87 km s −1 . 
The spectral analysis has been carried on using the MyGIsFOS 

rogram (Sbordone et al. 2014 ) and a grid of synthetic spectra
omputed with SYNTHE an a grid of model atmospheres computed 
ith ATLAS 9 (Kurucz 2005 ). We used the atomic line list compiled
y Heiter et al. ( 2021 ) and molecular lines from Bob Kurucz’s site, 1 

xcept for the CH lines that were taken from Masseron et al. ( 2014 ).
he grid spectra were individually rotationally broadened by 8.44 
m s −1 and the whole grid was broadened with a Gaussian profile
f 4.28 FWHM. Table 1 reports the abundance values retrieved. The 
ine-to-line scatter for most elements having more than one measured 
 http:// kurucz.harvard.edu/molecules/old/ 

l  

a  

p  
ine is compatible with the S/N ratio of the spectrum. For Li we could
nly derive a three σ upper limit of 23.7 m Å that corresponds to an
pper limit of log (Li/H) + 12 < 3.1. 

 C O M PA R I S O N  WI TH  T H E  A BU N DA N C E S  IN  

 R E D  G I A N T  B R A N C H  STAR  

n order to compare the chemical composition of the BS star 1336
ith that of other stars in the cluster we retrieved from the Keck
rchive the two spectra of the RGB star 1118 obtained by J. Cohen

nd whose analysis has been published in Cohen ( 2004 ). The spectra
ere co-added and processed with MyGIsFOS (Sbordone et al. 
014 ), using a grid of synthetic spectra adequate for this giant, based
n ATLAS 12 model atmospheres and the same atomic and molecular
ata input as for the grid used to analyse the BS S1336. 
We derived effective temperature and surface gravity from a Parsec 

sochrone (Bressan et al. 2012 ) and Gaia EDR3 photometry, as done
or the BS star. The adopted parameters are T eff = 4033 K and log
 = 0.74, very close to the values derived by Cohen ( 2004 ) for this
tar. We also adopted the same microturbulent velocity of 1.8 km s −1 

s Cohen ( 2004 ). 
The results of our analysis are summarized in Table 2 . Our

bundances for this star are generally in good agreement with those
f Cohen ( 2004 ). 
One strongly discrepant element is the Cu abundance ( −1.09 dex

ifference between Cohen and our analysis); ho we ver, this can be
nderstood since in our analysis we have taken into account hyperfine 
plitting and isotopic structure of the Cu I lines. This causes the line
o de-saturate, thus producing for the same equi v alent width a much
ower abundances. Our Cu abundance is based on the 578.212 nm
ine and the 510.554 nm line like Cohen ( 2004 ). It is worth noting as
ur value is much closer to the average Cu in Pal12 of Cohen ( 2004 ),
ho indeed indicated hyperfine splitting as the likely cause of the

arge scatter of Cu abundance in her sample. 
Finally, Fe differs by 0.23 dex, an amount that could seem quite

arge; ho we ver, note that our measurement and that of Cohen ( 2004 )
re in agreement to better than 1 σ , thus fully consistent. Our analysis
rovides as well reasonably close values for Fe I and Fe II . The
MNRAS 512, 5701–5705 (2022) 
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Table 2. Atmospheric abundances for the Star 1118 in Pal12 as obtained from our analysis of the HIRES spectra 
analysed by Cohen ( 2004 ) compared with the original analysis of Cohen ( 2004 ). 

This paper Cohen ( 2004 ) 
T eff = 4033 T eff = 4000 
log g = 0.74 log g = 0.84 

Element A(X) � N(lines) A(X) [X/H] σ N(lines) A(X) [X/H] σ

This paper Cohen ( 2004 ) 
Na I 6.30 4 4 .91 −1.39 0.05 4 5.01 –1.29 0.16 
Mg I 7.54 1 6 .89 −0.65 − 2 6.85 –0.69 0.11 
Si I 7.52 16 6 .60 −0.92 0.18 13 6.78 –0.74 0.16 
Ca I 6.33 9 5 .43 −0.90 0.05 14 5.31 –1.02 0.22 
Sc I 3.10 1 1 .97 −1.13 − 6 2.25 –0.85 0.16 
Sc II 3.10 6 2 .11 −0.99 0.18 
Ti I 4.90 46 4 .01 −0.89 0.11 28 4.05 –0.85 0.16 
Ti II 4.90 15 3 .91 −0.99 0.29 5 4.19 –0.71 0.13 
V I 4.00 22 2 .93 −1.07 0.23 9 2.79 –1.21 0.20 
Cr I 5.64 19 4 .63 −1.01 0.13 6 4.89 –0.75 0.23 
Cr II 5.64 3 4 .64 −1.00 0.19 
Mn I 5.37 3 4 .22 −1.15 0.08 2 4.31 –1.06 0.09 
Fe I 7.52 171 6 .49 −1.03 0.19 131 6.72 –0.80 0.23 
Fe II 7.52 7 6 .62 −0.90 0.15 9 6.81 –0.71 0.19 
Co I 4.92 17 3 .72 −1.20 0.21 4 3.80 –1.12 0.28 
Ni I 6.23 55 5 .02 −1.21 0.20 22 5.24 –0.99 0.17 
Cu I 4.21 2 2 .46 −1.75 0.13 2 3.55 –0.66 0.16 
Zn I 4.62 2 3 .01 −1.61 0.08 2 3.16 –1.46 0.16 
Y II 2.21 9 0 .92 −1.29 0.25 2 0.84 –1.37 0.52 
Zr I 2.62 8 1 .55 −1.07 0.23 3 1.52 −1.10 0.06 
Zr II 2.62 1 2 .40 −0.22 −
Mo I 1.92 3 1 .39 −0.53 0.39 
La II 1.14 12 0 .46 −0.68 0.18 2 0.55 –0.59 0.01 
Ce II 1.61 3 0 .40 −1.21 0.26 
Pr II 0.76 1 − 0 .13 −0.89 −
Nd II 1.45 31 0 .75 −0.70 0.35 2 1.02 –0.43 0.26 
Sm II 1.00 7 0 .22 −0.78 0.34 
Eu II 0.52 1 0 .65 + 0.13 − 1 0.30 −0.22 

Figure 4. Comparison of the abundances of the BS 1336 with those of the 
RGB star 1118. 
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ifference with Cohen ( 2004 ) can be attributed to the choice of the
e lines measured and to the adopted log gf values. 
The analysis of the giant star 1118 is useful to set the comparison

etween the BS abundance and the cluster abundance on the same
cale. In Fig. 4 the abundances measured in the BS with those of
he Red Giant Branch (RGB) star are compared. For all elements
he agreement is good or very good, with the exception of Mg. Mg
NRAS 512, 5701–5705 (2022) 
n the BS is 0.5 dex lower than in the RGB star. It is true that the
bundance in the RGB star is based on only one line, yet our Mg
bundance is in excellent agreement with that of Cohen ( 2004 ; that
s based on two lines) for this star and also with the average value
f Pal12. The three Mg lines used in our BS spectrum provide very
onsistent abundances, so we are confident that also the BS Mg
etermination is robust. 
It is unlikely that the difference is due to differential NLTE effects

n the BS and in the giant, according to the NLTE computations
f Mashonkina ( 2013 ) and Ale x ee v a et al. ( 2018 ) a star with T eff 

f ∼7000 K is barely affected by NLTE for the lines we used,
nd similarly, for the metal poor, cool giant Arcturus the difference
etween L TE and NL TE abundance is less than 0.1 dex. Still, it would
e desirable to perform dedicated NLTE computations for this case
o completely rule out this possibility. 

Another minor discrepancy is that of Mn (0.27 dex), which, how-
ver, could be due to differential 3D NLTE effects between the BS and
he RGB. This is suggested by the 3D NLTE computations of Berge-
ann et al. ( 2019 , see their fig. 17). Again specific computations for

hese stellar models would be helpful to confirm it. BS and of the
iant are comparable, inspite of the BS being more than 4 mag fainter.

 DI SCUSSI ON  A N D  SUMMARY  

he study of stars close to the TO of globular clusters has been pro v en
o be fundamental to determine the nature of these fascinating objects.
hemical abundances are close to pristine in these stars, while they

art/stac842_f4.eps
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an change in red giants during the course of the stellar evolution;
n addition, our spectroscopic analysis may suffer of different biases 
nd limitations for stars in different regimes of gravity and effective 
emperature. We can therefore learn a lot from the determination 
f the chemical composition of stars close to the TO, and we have
nalysed several elements in a BS belonging to the globular cluster 
al 12, associated to the Sagittarius Galaxy. The star is very faint
G = 19.01) and to obtain this we have used ESPRESSO in the 4UT
ode configuration that provides a 16-m equi v alent telescope. We 

ave analysed the spectrum a Pal 12 giant previously observed with 
eck-HIRES to compare the abundances of the BS with those of

he Pal 12 cluster, derived with the same method and lines GFs. The
ingle abundances have comparable internal uncertainties and agree 
ery well between the two stars, showing that the BS shares for most
lements the Pal 12 abundance. Only Mg shows a strong discrepancy, 
ith a lower abundance in the BS by 0.5 dex. Although NLTE effects

annot be completely e xcluded, the y are very unlikely according to
resent calculations for similar stars and it is possible that the BS is
ndeed Mg-poor. Since there is no theoretical expectation for this to 
appen, we expect that the BS atmosphere is dominated by material 
rocessed in the Mg-Al cycle. Unfortunately we have no suitable Al 
r Na lines to compute their abundance and verify this hypothesis. 
ow Mg could be produced either by the merging of two ’second
opulation’ stars, or by mass transfer from a close companion during 
he asymptotic giant branch phase. Lithium abundance could help to 
iscriminate between different formation mechanisms of BS, but the 
 σ abundance of Li < 3.1 we obtain is too high to derive a conclusion.
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