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A B S T R A C T 

Hubble Space Telescope ( HST ) photometry is providing an extensive analysis of globular clusters (GCs). In particular, the 
pseudo-two-colour diagram dubbed ’chromosome map (ChM)’ allowed to detect and characterize their multiple populations 
with unprecedented detail. The main limitation of these studies is the small field of view of HST , which makes it challenging 

to investigate some important aspects of the multiple populations, such as their spatial distributions and the internal kinematics 
in the outermost cluster regions. To overcome this limitation, we analyse state-of-art wide-field photometry of 43 GCs obtained 

from ground-based facilities. We derived high-resolution reddening maps and corrected the photometry for differential reddening 

when needed. We use photometry in the U , B , and I bands to introduce the � c U, B, I versus � B, I ChM of red-giant branch (RGB) 
and asymptotic-giant branch stars. We demonstrate that this ChM, which is built with wide-band ground-based photometry, is 
an efficient tool to identify first- and second-generation stars (1G and 2G) o v er a wide field of view. To illustrate its potential, we 
derive the radial distribution of multiple populations in NGC 288 and infer their chemical composition. We present the ChMs of 
RGB stars in 29 GCs and detect a significant degree of variety. The fraction of 1G and 2G stars, the number of subpopulations, 
and the extension of the ChMs significantly change from one cluster to another. Moreover, the metal-poor and metal-rich stars 
of Type II GCs define distinct sequences in the ChM. We confirm the presence of extended 1G sequences. 

Key words: techniques: photometry – stars: abundances – stars: population II – globular clusters: general. 
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 I N T RO D U C T I O N  

t is now well established that most globular clusters (GCs) host
wo main groups of stars: a first stellar population (hereafter 1G) 
ith chemical composition that resembles halo field stars, and a 

econd population (2G) of stars enriched in helium, nitrogen and 
odium and depleted in carbon and oxygen (see Bastian et al. 2018 ;
ratton et al. 2019 ; Milone & Marino 2022 , for recent re vie ws).
ultiple populations have been widely investigated during the past 

ecades but their origin still represents one of the most intriguing 
pen issues in stellar astrophysics. According to some scenarios, 
he multiple populations are the signature of multiple star-formation 
pisodes, where 2G stars originate from material polluted by more- 
assive 1G stars (e.g. Lee et al. 1999 ; Decressin et al. 2007 ; de
ink et al. 2009 ; Denissenkov & Hartwick 2014 ; Jang et al. 2014 ;

ang & Lee 2015 ; D’Antona et al. 2016 ; Lee & Jang 2016 ; Renzini,
arino & Milone 2022 ). Other formation scenarios suggest that all 
 E-mail: sohee.jang@unipd.it 

(  

i
w  

2022 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
C stars are coe v al and that accretion of polluted material on to
re-MS stars is responsible for the chemical composition of 2G stars
e.g. Bastian et al. 2013 ; Gieles et al. 2018 ). As an alternative, stellar
ergers are responsible for multiple populations in GCs (Wang et al.

020 ). 
Photometry, together with spectroscopy, is the main technique to 

dentify and characterize multiple populations in GCs, and various 
hotometric diagrams have been exploited in the past decade to 
isentangle 1G and 2G stars. Numerous studies, based on colour–
agnitude diagrams (CMDs), two-colour diagrams, and pseudo- 
MDs that are derived from suitable combinations of stellar mag- 
itudes filters of Hubble space telescope ( HST ), hav e pro vided
n homogeneous and e xtensiv e analysis of the multiple-population 
henomenon in Galactic and extragalactic GCs (e.g. Milone et al. 
012b , 2020a ; Piotto et al. 2015 ; Niederhofer et al. 2017 ; Lagioia
t al. 2019 ; Jang et al. 2021 ). 

The pseudo-two-colour diagram dubbed ’chromosome map’ 
ChM) resulted to be one of the most efficient diagnostic tools to
dentify and characterize multiple populations. The traditional ChM, 
hich is built with a suitable combination of stellar magnitudes in
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1 The sample studied by Stetson et al. ( 2019 ) comprises 48 GCs. We excluded 
from our analysis five clusters, namely ω Centauri, because of the extreme 
complexity of its multiple populations, and E 3, Palomar 14, NGC 5694, and 
NGC 5824, due to the small number of cluster members with high-quality 
photometry and proper motions. 
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he F275W , F336W (or F343N ), F438W , and F814W filters, is very
ensitive to the chemical composition of GC stars (mostly on the
ontent on helium, nitrogen, carbon, and oxygen). It has allowed us
o identify and characterize multiple population phenomenon within
bout sixty Galactic GCs, with unprecedented detail (Milone et al.
015 , 2017a ). 
More recently, various authors introduced additional ChMs based

n HST photometry. Some ChMs are composed of F336W (or
343N), F438W, and F814W magnitudes alone, thus a v oiding the
ost time-demanding F275W filter (Larsen et al. 2019 ; Zennaro et al.

019 ; Milone et al. 2020a ). In addition, ChMs build with the F275W ,
280N , F343N , and F373N filters allowed us to disentangle stellar
opulations with different Mg abundances along the RGB (Milone
t al. 2020b ), whereas ChMs composed of appropriate combinations
f optical and near-infrared filters (e.g. F606W , F814W , F110W ,
nd F160W ) are sensitive to multiple populations with different
xygen abundances among very low-mass stars (Milone et al. 2017b ;
ilone & Marino 2022 ). 
One of the major limitations is the small field of view of HST

ameras, which restricts most of the studies on Galactic GCs to
he innermost cluster regions. Clearly, wide-field photometry is

andatory to extend the investigation of multiple populations to
he entire cluster. 

To o v ercome the main limitation of HST , ground-based facilities
re used to investigate the multiple stellar populations in Galactic
Cs by means of photometric diagrams that are sensitive to the

hemical composition of the distinct populations. The most-used
iagrams involve CMDs and pseudo-CMDs built with Str ̈oemgren
hotometry (e.g. Grundahl, VandenBerg & Andersen 1998 ; Yong &
rundahl 2008 ), photometry from appropriate narrow-band filters

Lee 2017 ), or appropriate combinations of the U , B , V and I
ohnson-Cousin bands (Marino et al. 2008 ; Milone et al. 2010 , 2012a ;
ondoglio et al. 2021 ). 
In this context, photometric diagrams made with the C U, B, I =

 U − B ) − ( B − I ) pseudo-colour, are efficient tools to disentangle
tellar populations with different light-element abundances along the
ed-giant branch (RGB), whereas CMDs made with B − I colour are
ensitive to stellar populations with different helium abundances (e.g.
onelli et al. 2013 ; Cordoni et al. 2020 ). Although these diagrams

re widely used to identify multiple populations in GCs, they are less
fficient than ChMs to disentangle the distinct stellar populations of
everal GCs. 

Hartmann et al. ( 2022 ) first derived a ChM from ground-based
hotometry, by using the U band together with the narrow-band
lters centred around 3780 and 3950 Å. In this paper, we introduce
 new ChM, which is based on photometry in the U , B , and I
ands, and provides improved identification of multiple populations
rom ground-based Johnson–Cousin photometry. In addition to the
lter choice, the correction of the effect of differential reddening
n stellar magnitudes is a crucial ingredient to disentangle mul-
iple populations in photometric diagrams (Milone et al. 2012a ).
ence, we derive and publicly release high-resolution reddening
aps. 
The paper is organized as follows. Data and data analysis are

escribed in Section 2 , where we also investigate the differential
eddening and illustrate the reddening maps. The method to derive
he ChM is described in Section 3 , where we also provide some appli-
ations on how to characterize multiple populations in NGC 288 by
sing the ChM. The ChMs of RGB stars in 29 Galactic GCs are pre-
ented in Section 4 , while Section 5 is dedicated to the ChM along the
symptotic-giant branch (AGB). Summary and conclusions follow in 
ection 6 . 
NRAS 517, 5687–5703 (2022) 
 DATA  A N D  DATA  ANALYSI S  

o deri ve dif ferential-reddening maps in the field of vie w of 43 GCs
e use the photometry in the U , B , V , I photometric bands from
tetson et al. ( 2019 ) and coordinates, proper motions, and parallaxes
rom the Gaia early Data Release 3 (Gaia Collaboration et al. 2021 ,
DR3). Photometry has been derived by Peter Stetson from images
ollected with various ground-based telescopes and by using the
ethods and the computer programs by Stetson ( 2005 ) and has been

alibrated on the reference system by Landolt ( 1992 ). Details on the
ata and the data analysis are provided by Stetson et al. ( 2019 ). 1 

.1 Selection of cluster members 

o unambiguously identify multiple populations from the photome-
ry, we need to select a sample of well-measured stars and separate
eld stars from cluster members. To do this, we combined the ground-
ased stellar photometry with proper motions and parallaxes from
aia Collaboration et al. ( 2021 ). We selected the bulk of cluster
embers by following the procedure by Cordoni et al. ( 2018 ), which

s illustrated in Fig. 1 for NGC 6838. 
In a nutshell, we first selected stars with cluster-like kinematics,

ased on their position in the vector-point diagram (VPD) of proper
otions. As an example, the probable members of NGC 6838 are

lusters around ( μαcos δ, μδ) ∼ ( −3.4, −2.6) in the VPD of Fig. 1 a.
ence, we draw by hand the red circle to separate bonafides cluster
embers from field stars. In addition, we select stars with cluster-

ike parallaxes, π, based on their position in the G RP versus π plane.
s shown in Fig. 1 (b), the two red lines that we draw by eye enclose

he majority of NGC 6838 stars. The selected well-measured cluster
embers are represented with red symbols in the B versus B − I
MD of Fig. 1 (c). We will use these stars to derive high-resolution

eddening maps and to investigate multiple stellar populations. 

.2 Differ ential r eddening 

he distribution of foreground interstellar gas and dust in the
irections of the studied GCs is rarely uniform. As a consequence,
he amount of reddening suffered by each cluster can vary from one
tar to another. 

To quantify the amount of reddening variation across the field of
iew of each cluster and to correct the photometry for the effect of dif-
erential reddening, we adapted the method by Milone et al. ( 2012a )
o the photometric catalogues by Stetson et al. ( 2019 ). We used the I
ersus B − I and V versus U − V CMDs to derive two distinct deter-
inations of the amount of differential reddening suffered by each

tar in each cluster [ � E ( B − V ) B , I , and � E ( B − V ) U , V , respectively].
he values of � E ( B − V ) B , I and � E ( B − V ) U , V are then averaged

ogether to derive improved values of differential-reddening. 
We first selected a sample of reference stars, including bright-MS,

ub-giant branch (SGB), and RGB cluster members, and calculated
he corresponding fiducial line in the CMD. Then, we used the
bsorption coefficients by Schlegel, Finkbeiner & Davis ( 1998 ) to
etermine the direction of the reddening and measure the colour and
agnitude distance of each reference star from the fiducial along

he reddening direction, d . The values of d have been used for two
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Figure 1. This figure illustrates the procedure to select probable members of NGC 6838. Panel (a) shows the VPD of proper motions for stars in the cluster 
field. Panel (b) show G RP as a function of the parallax π and the two lines drawn by eye that encloses probable cluster members. The B versus B – I CMD is 
illustrated in panel (c). Cluster members selected are represented with red symbols. 
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ain purposes: (i) deri ving lo w-resolution reddening maps, which 
llow to homogeneously compare the variation of reddening in the 
irection of each cluster, and (ii) correct the photometry for the effect
f differential reddening. 
To quantify the amount of differential reddening in the direction 

f each cluster, we divided the field of view into 100 × 100 arcsec
ells. We estimated the amount of differential reddening of each cell 
y calculating the median value of d for the reference stars in the
ell. This quantity is converted into a differential reddening value 
y using the coefficients by Schlegel et al. ( 1998 ). We provide in
able 3 , the 68.27th percentile of the dif ferential-reddening v alues,
� E ( B − V ) , the difference between the 98 th and the second percentile 
f the differential-reddening distributions � E ( B − V ) 98 −2 per cent , and
he maximum radial distance used to derive differential reddening, 
 max . The uncertainties associated with these values are calculated 
ith a bootstrap analysis based on 1000 samples created by a 

andom sampling with replacement of the values of differential 
eddening. For each extraction, we derived the values of σ� E ( B − V ) 

nd � E ( B −V ) 98 −2 per cent by using the procedure described abo v e.
e considered as our best uncertainties estimates, the value of the 

andom mean scatter of the 1000 determinations of σ� E ( B − V ) and 
 E ( B − V ) 98 −2 per cent . 
The values of σ� E ( B − V ) range from less than 0.005 mag to more
han 0.050 mag, whereas � E ( B − V ) 98 −2 per cent varies from less than
.01 to ∼0.19 mag. As shown in Fig. 2 , σ� E ( B − V ) correlates with the
verage reddening of the host cluster (from the 2010 version of the
arris 1996 , catalogue). 
The main effect of differential reddening on the photometry 

s a colour and magnitude broadening of the various sequences 
f the CMD. To correct photometry for this effect, in 18 GCs
ith σ� E ( B − V ) > 0.0075 mag (yellow dots in Fig. 2 ), we derived

he amount of differential reddening associated with all stars in 
he catalogue. For each star, we selected the sample of 35 −75
eighbouring reference stars and calculated the median distance 
long the reddening line. We imposed that the maximum radius of
he region that includes the reference stars is smaller than 2 arcmin.
ence, the value of R max , is fixed on the basis of this criterion. The
nly exception is Palomar 11 where, due to the small number of
tars, we used a threshold of 2.5 arcmin. We excluded each reference
tar from the determination of its o wn dif ferential reddening. The
ncertainty associated with differential-reddening determination is 
stimated as the random mean scatter of the distance values divided
y the square root of N − 1. See Milone et al. ( 2012a ) for
MNRAS 517, 5687–5703 (2022) 
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M

Figure 2. σ� E ( B − V ) against the average reddening from of the host cluster 
(from the 2010 version of the Harris 1996 , catalogue). σ� E ( B − V ) indicates 
1 σ value of average reddening of each of 100 × 100 arcsec cells dividing 
the field of view of a GC. Photometry of 18 GCs with σ� E ( B − V ) > 0.0075 
coloured in yellow have been corrected for the effect of differential reddening 
in this work. 
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Some results from this procedure are illustrated in Fig. 3 for
GC 4372. Upper panels of Fig. 3 compare the original I versus
 − I CMD of NGC 4372 (left-hand panel) with the CMD corrected

or differential reddening (right-hand panel). The inset of each panel
hows a zoom in the SGB region, where the effect of the correction
s more evident. 

Lower right-hand panel of Fig. 3 shows the resulting differential
eddening map, which reveals spatial variations of ∼0.19 mag in
 E ( B – V ), o v er the field of view. The lower left-hand panel of
ig. 3 compares � E ( B − V ) B, I and � E ( B − V ) U, V . The average
ifference between the two differential-reddening determinations
s nearly zero (0.0009 mag), but the random median scatter of
.016 mag, is larger than the typical uncertainty associated with
ur reddening determinations. Indeed, in addition to differential
eddening, small inaccuracies of the PSF model and of the sky
etermination can contribute to the broadening of the sequences in
he CMD. Their presence is indicated by the fact that differences
etween � E ( B − V ) B, I and � E ( B − V ) U, V are typically larger
han the observational errors (see Anderson et al. 2008 ; Milone
t al. 2012a , for discussion). The values of the 68.27th percentile
f differential-reddening difference � E ( B − V ) B – I – � E ( B − V ) U – V 

re provided in Table 3 . 
The differential-reddening maps for the 18 GCs with σ� E ( B − V ) >

.0075 mag are illustrated in Figs 4 and 5 . 2 

As an example, Fig. 6 compares the original CMDs of se-
ected cluster members of NGC 3201, NGC 4833, NGC 5927, and
GC 6366 with the corresponding CMDs corrected for differential

eddening. We also show the U versus U − I CMDs of selected cluster
embers in the Type II GCs NGC 1851, NGC 1261, NGC 6934, and
NRAS 517, 5687–5703 (2022) 

 The reddening maps are publicly available at this website: ht tp://proget ti.d 
a.unipd.it/ GALFOR/ 
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GC 7089. The blue and red-RGBs are clearly visible and we used
qua colours to highlight red-RGB stars. 

 C H RO M O S O M E  MAPS  O F  R G B  STARS  

o derive the ChM of RGB stars from wide-field ground-based
hotometry, we combined the I versus B − I CMD and the I
ersus C U, B, I pseudo-CMD of each GC. The procedure is illustrated
n Fig. 7 for NGC 288, which is used as a test case and is based on
he method by Milone et al. ( 2015 , 2017a ). 

The ChM is derived from the I versus C U, B, I pseudo-CMD and the
 versus B − I CMD plotted in panels (a1) and (b1), respectively. The
ed and blue fiducial lines superimposed on each diagram are derived
y hand and mark the red and blue boundary of the RGB, respectively.
The RGB boundaries are used to ‘verticalize’ the two diagrams in

 way that each of them translates into a vertical line. Specifically,
e defined 

 B , I = W B , I 
X − X fiducialR 

X fiducialR − X fiducialB 
, (1) 

c U , B , I = W CU , B , I 
Y − Y fiducialB 

Y fiducialR − Y fiducialB 
, (2) 

here X = B − I and Y = C U, B, I and ‘fiducial R’ and ‘fiducial B’
orrespond to the red and the blue fiducial lines, respectively. The
uantities W B, I and W CU , B , I are indicative of the RGB widths. Their
alues correspond the colour separation between the RGB boundaries
.0 I mag abo v e the main-sequence (MS) turnoff. 
The ‘v erticalized’ I v ersus � c U, B, I and I v ersus � B, I diagrams for

GB stars are plotted in panels (a2) and (b2) of Fig. 7 , respectively,
here the red and blue vertical lines correspond to the RGB
oundaries in panels (a1) and (b1). 
The � B − I and � c U, B, I pseudo-colours are used to derive the

hM plotted in panel (c), where we only included RGB stars with
3.0 < I < 17.5 mag. As highlighted by the Hess diagram shown
n panel (d), the ChM of NGC 288 reveals two distinct stellar
opulations clustered around ( � B, I , � c U, B, I ), = (0.0, 0.0) mag and
 −0.02, 0.07) mag. 

For completeness, we show in Fig. 8 the � U, B versus � B, I ChM of
GB stars in NGC 288. This ChM is similar to the ChM introduced

n Fig. 7 , but is derived from the I versus U − B and I versus B
I CMDs. Here, one group of stars is clustered around the origin

f the reference frame, whereas the remaining stars are distributed
round ( � B, I , � U, B ) ∼ ( −0.2,0.06) mag. Although for simplicity,
his paper is focused on the � B – I versus � c U, B, I diagrams alone, the
hM introduced in Fig. 8 provides an additional tool to investigate
ultiple populations in GCs. 
Next Section 3.1 takes advantage of isochrones and synthetic

pectra for better understanding the position of stars in the ground-
ased ChM. In Section 3.2, we compare the ChMs of NGC 288 from
ST and ground-based photometry, while in Sections 3.3 and 3.4 ,
e illustrate some applications of the ChM of NGC 288 to constrain

he chemical composition of 1G and 2G stars, and investigate their
adial distributions. 

.1 Theor etical interpr etation 

o investigate the position of stars with different contents of He, C,
, O, and Fe in the ChM of Type I GCs, we started deriving the

olours and magnitudes of the Dartmouth isochrones (Dotter et al.
008 ) with the same age of 13 Gyr, metallicity, [Fe/H] =−1.5, and
 α/Fe] = 0.4, but different chemical compositions. To do this, we
ollowed the procedure by Milone et al. ( 2018 ), which uses model

art/stac3086_f2.eps
http://progetti.dfa.unipd.it/GALFOR/
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Figure 3. Upper panels : comparison of the original I versus B − I CMD of NGC 4372 (left-hand panel) and the CMD corrected for differential reddening 
(right-hand panel). A zoom of each CMD around the SGB is plotted in the insets. The reddening vectors are indicated with red arro ws. Lo wer panels: dif ferential 
reddening map (right-hand panel). The levels of grey correspond to different � E ( B − V ) values as indicated by the scale on the bottom. The left-hand panel 
compares the differential reddening values inferred from the I versus B − I and the V versus U − V CMD. The red line indicates the perfect agreement. 
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tmospheres and synthetic spectra. We identified fifteen points along 
he isochrone, I1, that is representative of 1G stars and extracted their
tellar parameters. We calculated two spectra for each combination 
f ef fecti ve temperature and gravity, including a reference spectrum 

hat resembles 1G stars and several comparison spectra that share 
he same chemical composition as 2G stars. We assumed for 1G 

tars Y = 0.246, solar-scaled abundances of carbon and nitrogen, and 
O/Fe] = 0.4, while the chemical compositions used for 2G stars are
isted in Table 1 . 

We used the ATLAS12 and SYNTHE programs (Kurucz 1970 ; 
urucz & Avrett 1981 ; Sbordone et al. 2004 ; Kurucz 2005 ; Sbordone,
onifacio & Castelli 2007 ) to derive model atmosphere structures 
nd compute synthetic spectra. When we modified the helium content 
e accounted for the variation in ef fecti ve temperature and gravity
redicted by the isochrones by Dotter et al. ( 2008 ). We integrated
ach spectrum o v er the bandpasses of the U , B , I filters to calculate
ynthetic magnitudes and derive the magnitude differences, namely 
U , δB , and δI , between the comparison and the reference spectrum.
sochrones 2–4 are derived by adding to the isochrone I1 the
orresponding values of δU , δB , and δI . 

In addition, we used two isochrones from Dotter et al. ( 2008 )
hat differ from I1 because a variation in helium alone (I5) or
n iron abundance alone (I6). These isochrones would mimic the 
ubpopulations of 1G stars with different chemical composition 
e.g. Milone et al. 2015 ; Marino et al. 2019a ; Legnardi et al. 2022 ;

ilone & Marino 2022 ) 
The isochrones I1–I6 are plotted in the M I versus M B − M I CMD

nd the M I versus C U, B, I pseudo-CMD of Fig. 9 (left-hand and middle
anel, respectively), where we also show the corresponding � CU , B , I 

ersus � B, I ChM for RGB stars. Clearly, the new ChM would allow
s to separate 1G stars, which distribute around the origin of the
eference frame, from 2G stars. 

Our analysis of synthetic spectra reveals that the I versus B −
 CMD is mainly affected by helium variations between 1G and
G RGB stars. The I versus C U, B, I diagram of monometallic GCs
s mostly sensitive to nitrogen variation among the different stellar 
MNRAS 517, 5687–5703 (2022) 
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Figure 4. Differential-reddening maps of the regions in front of NGC 2298, NGC 2808, NGC 3201, NGC 4372, NGC 4833, NGC 5286, NGC 5927, NGC 5986, 
and NGC 6121. 
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opulations. The ChM of Fig. 9 combines these two diagrams, thus
roviding more information on the chemical composition of multiple
opulations than each individual diagram. 
Moreo v er, since the distinct stellar populations of most GCs have

if ferent v alues of � CU , B , I and � B, I , the ChM would provide a
ider separation between 1G and 2G stars of most GCs rather then

he I versus B − I and the I versus C U, B, I diagrams, separately.
n particular, it would allow us to detect extended or multimodal
equences of 1G stars. 

An additional advantage of the ChM is that the RGB stars of
ach simple stellar population would be distributed in a nearly
oint-like ares of the ChM. Hence, the distribution of stars in
NRAS 517, 5687–5703 (2022) 

a

he ChM is poorly dependent on the evolutionary phase along 
he RGB. 

.2 Comparison with the traditional ChM from HST 

o further investigate the distribution of 1G and 2G stars along
he ground-based ChM, we investigate the ChM stars for which
oth ground-based and HST photometry are available. It is widely
ccepted that 1G stars are clustered around the origin of the
raditional ChM derived from HST photometry, while 2G stars are
istributed towards larger and smaller values of � c F275W , F336W , F814W 

nd � F275W , F 814 W 

, respectively (Milone et al. 2015 ). 
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Figure 5. Same as Fig. 4 but for NGC 6218, NGC 6254, NGC 6366, NGC 6656, NGC 6712, NGC 6760, NGC 6838, NGC 7078, and Palomar 11. 
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As an example, probable 1G and 2G stars of NGC 288 are coloured
ed and blue, respectively, in the upper left-hand panel of Fig. 10
here we show the � c F275W , F336W , F814W 

versus � F275W , F 814 W 

from 

ilone et al. ( 2017a ). The upper right-hand panel of Fig. 10 shows the
 c U, B, I ChM of NGC 288 derived in this paper (right-hand panel).
he probable 1G and 2G stars identified in the upper left-hand panel
nd for which both ground-based and HST photometry is available 
re marked with large squares. 

Results from this comparison confirm the predictions from the 
imulated ChM of Section 3.1 . Indeed, the two groups of selected
G and 2G stars populate the regions of the upper right-hand panel
hM with small and large values of � c U, B, I and � B, I , respectively.
wo stars that are classified as 2G in the HST ChM but exhibit low
alues of � c U, B, I together with one 1G star with large � c U, B, I values
re possible exceptions. 

.3 Chemical tagging of stellar populations along the ChM of 
GC 288 

n the past decades, the synergy of spectroscopy and photometry from 

oth HST and ground-based facilities has provided major advances 
owards the understanding of the multipopulation phenomenon. 
MNRAS 517, 5687–5703 (2022) 
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Figure 6. Comparison of the original I versus B − I CMDs of NGC 3201, NGC 4833, NGC 5927, and NGC 6366 (left-hand panels) with the CMDs corrected 
for differential reddening (middle panels). The right-hand panels show the U versus U − I CMD of the Type II GCs NGC 1851, NGC 1261, NGC 6934, and 
NGC 7089. Red RGB stars are coloured aqua. 
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arly results based on wide-band ground-based photometry revealed
hat Na-poor/O-rich and Na-rich/O-poor stars define different RGB
equences in the B versus U − B CMDs of M 4 and NGC 6752
Marino et al. 2008 ; Milone et al. 2010 ). Moreo v er, 1G and 2G stars
f 47 Tucanae populate distinct sequences in the B versus U − B +
 diagram (Milone et al. 2012b ) and in the V versus C U, B, I diagram
Monelli et al. 2013 ). In general, the sodium and oxygen abundances
orrelate and anticorrelate, respectively, with the C U, B, I value, as
hown by Monelli et al. ( 2013 ) for 15 GCs. Similar conclusion
hat the colour of RGB stars depends on light-element abundance
s provided by pioneering works based on Str ̈oemgren photometry
Grundahl et al. 1998 ; Yong & Grundahl 2008 ; Carretta et al.
011 ). 
NRAS 517, 5687–5703 (2022) 
Similarly, a lot of efforts have been dedicated to chemically
haracterize the stellar populations along the ChMs derived from
oth HST (e.g. Milone et al. 2015 ; Carretta et al. 2018 ; Marino et al.
019a ), and ground-based photometry (Hartmann et al. 2022 ). 
In the bottom left-hand panel of Fig. 10 , we use the � c U, B, I 

nd � B, I ChM to identify by eye the probable 1G and 2G stars of
GC 288 (red and blue circles, respectively), based on their position
n the ground-based ChM alone. 
To constrain their chemical composition, we use the chemical

bundances inferred by Carretta et al. ( 2009 ) from high-resolution
pectroscopy. Some results are illustrated in the bottom right-hand
anel of Fig. 10 , where we plot [Na/Fe] versus [O/Fe]. Stars for
hich both photometry and spectroscopy is available are plotted
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(b1) (b2)

(a1) (a2)

(d)

(c)

Figure 7. This figure illustrates the procedure to derive the � c U, B, I versus � B, I ChM for the prototypical cluster NGC 288. Panels (a1) and (b1) show the I 
versus C U, B, I pseudo-CMD and I versus B − I CMD of NGC 288. The green circle in panel (b1) marks the MS turnoff, whereas the two horizontal dotted lines 
in panels (a1) and (b1) are placed at the magnitude level of the MS turnoff and 2.0 I mag abo v e it. The blue and red lines mark the boundaries of the RGB, while 
the green segments in the panels (a1) and (b1) indicate the B − I colour and the C U, B, I pseudo-colour separation between the two lines at 2.0 I mag abo v e the 
MS turnoff. The ‘verticalized’ I versus � c U, B, I and I versus � B, I diagrams for RGB stars are plotted in panels (a2) and (b2), respectively, where the red and blue 
vertical lines correspond to the RGB boundaries in panels (a1) and (b1) that translate into vertical lines in panel (a2) and (b2). The RGB stars used to construct the 
ChM in panel (c) are represented in panels (a2) and (b2), where � c U, B, I and � B, I are plotted against I . Panel (d) shows the Hess diagram for stars in panel (c). 

w
2
a  

a  

1  

H  

s
t
g

3

M
t  

2  

e  

d
d  

o  

e  

p
s
t  

N  

e  

2  

p  

N
V  

e  

s  

c  

c
 

b  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5687/6786286 by C
N

R
S user on 13 April 2023
ith large dots. Clearly, 1G stars are Na-poor and O-rich, whereas 
G stars are sodium enhanced and oxygen depleted. The average 
bundances for the 1G stars and the 2G stars are listed in Table 2 and
re in agreement with the results from Marino et al. ( 2019a ), where
G and 2G stars have been identified on the traditional ChM from
ST . Ho we v er, the av erage abundances inferred in this paper have

maller errors than those provided by Marino and collaborators, 
hanks to the large number of spectroscopic targets for which 
round-based photometry is available. 

.4 The radial distribution of multiple populations in NGC 288 

ost scenarios for the formation of multiple populations predict 
hat 2G stars form in the cluster centre (e.g. D’Ercole et al.
008 ; Denissenkov & Hartwick 2014 ; D’Antona et al. 2016 ; Gieles
t al. 2018 ; Renzini et al. 2015 , and references therein). Due to
ynamic evolution, some GCs can retain some memory of the initial 
istribution of 1G and 2G stars, while the multiple populations of
 d  
ther clusters can fully mixed (e.g. Vesperini et al. 2013 ; Dalessandro
t al. 2019 ). Hence, the present-day spatial distribution of multiple
opulations in GCs would provide valuable tests for the formation 
cenarios. Work based on both spectroscopy and photometry show 

hat 2G stars of various GCs (e.g. 47 Tucanae, NGC 2808, M 3,
GC 5927 among the others) (e.g. Milone et al. 2012a ; Cordero

t al. 2014 ; Vanderbeke et al. 2015 ; Lee 2017 ; Dondoglio et al.
021 ) are more centrally concentrated than the 1G, whereas multiple
opulations of other clusters (e.g. NGC 6752, NGC 6362, M 5,
GC 6366, NGC 6838) share the same radial distribution (e.g. 
anderbeke et al. 2015 ; Lee 2017 ; Dalessandro et al. 2018 ; Milone
t al. 2019 ; Cordoni et al. 2020 ; Dondoglio et al. 2021 ). Some authors
uggest that a few clusters can e xhibit rev erse radial distribution in
ontrast with theoretic predictions (see Hartmann et al. 2022 , for the
ase of NGC 3201). 

To derive the population ratios in NGC 288, we used the method
y Milone et al. ( 2017a , see their fig. 8). We first rotated the ChM
n a reference frame, � 2 versus � 1 , where the abscissa follows the
irection of 1G stars. Then, we derived the histogram distribution of
MNRAS 517, 5687–5703 (2022) 
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Figure 8. � U, B versus � B, I ChM for RGB stars of NGC 288. 

Table 1. Chemical composition of the six isochrones shown in Fig. 9 . All 
isochrones have ages of 13 Gyr and [ α/Fe] = 0.4. 

Isochrone Y (C/Fe) (N/Fe) (O/Fe) (Fe/H) 

I1 0 .246 0 .00 0 .00 0 .40 − 1 .50 
I2 0 .256 − 0 .05 0 .53 0 .35 − 1 .50 
I3 0 .276 − 0 .10 0 .93 0 .20 − 1 .50 
I4 0 .306 − 0 .50 1 .21 − 0 .10 − 1 .50 
I5 0 .266 0 .00 0 .00 0 .40 − 1 .50 
I6 0 .246 0 .00 0 .00 0 .40 − 1 .45 

(a)

(c)

(b)

(d)

Figure 10. Upper panels: � c F275W , F336W , F814W 

versus � F275W , F814W 

ChM 

of NGC 288 from HST photometry (Milone et al. 2017a ). The probable 1G 

and 2G stars selected by Milone and collaborators are coloured red and 
blue, respectively (upper left-hand panel). Reproduction of the � c U, B, I and 
� B, I ChM derived in Fig. 7 . Large squares represent stars with both HST 
and ground-based photometry (upper-right). Bottom panels: The 1G and 2G 

stars identified in the � c U, B, I and � B, I plane are represented with red and 
blue circles, respectively, in the bottom left-hand panel ChM. Sodium versus 
oxygen abundances for RGB stars of NGC 288 (Carretta et al. 2009 ). Stars 
for which [O/Fe] estimates are not available are plotted on the right-hand side 
of the vertical line in the panel. Stars included in the ChM for which sodium 

abundances are available are represented with large dots. 

Figure 9. The six coloured lines plotted in the left-hand and middle panels represent the isochrones I1–I6 (see Table 1 for details on their chemical compositions). 
The � CU , B , I versus � B, I ChM of the RGB stars between the dashed horizontal lines is plotted in the right-hand panel. 
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Table 2. Average abundances of oxygen, sodium, and iron of 1G and 2G 

stars in NGC 288 inferred in this paper and by Marino et al. ( 2019a ). 

(O/Fe) (Na/Fe) (Fe/H) 

This paper 
1G 0.34 ± 0.04 0.05 ± 0.02 −1.21 ± 0.01 
2G 0.06 ± 0.08 0.47 ± 0.03 −1.22 ± 0.01 

Marino et al. ( 2019a ) 
1G 0.25 ± 0.09 0.10 ± 0.04 −1.21 ± 0.01 
2G 0.11 ± 0.13 0.51 ± 0.04 −1.23 ± 0.02 

Figure 11. Fraction of 2G stars of NGC 288 against the radial distance from 

the cluster center. Black dots are derived in this paper, whereas the magenta 
starred symbol indicates the fraction of 2G stars measured by Milone et al. 
( 2017a ) from HST photometry. The cyan dot marks the average fraction of 2G 

stars from ground-based photometry. The horizontal segments mark the radial 
interval corresponding to each point. Vertical dotted and dashed–dotted lines 
indicate the core and half-light radius (from the 2010 version of the Harris 
1996 , catalogue). 
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3 As shown in Fig. 9, the pseudo-colour separation between 1G and 2G stars 
in the ChM depends on the relative content of some light elements (mostly 
He, N, C). Moreo v er, for a fixed variation of Y, [N/Fe] and [C/Fe], the 
magnitude and colour differences between 1G and 2G stars are larger in 
metal-rich GCs rather than in metal-poor ones (Milone et al. 2018 ). Hence, 
we would expect a small separation between 1G and 2G stars in the ChM of 
metal-poor clusters. (i) Most clusters that we excluded from the ChM analysis 
are indeed metal-poor GCs. In total, 8 out 14 clusters, namely NGC 4372, 
NGC 5024, NGC 5634, NGC 6101, NGC 6341, NGC 7078, NGC 7099, and 
Terzan 8, hav e v ery low iron abundances of [Fe/H] < −1.95, (2010 version of 
the Harris 1996 , catalogue). (ii) Four targets (IC 4499, NGC 5286, NGC 5986, 
and NGC 6656) are metal-poor GCs with −1.70 < [Fe/H] < −1.53 and large 
reddening [ E ( B − V ) = 0.23 −0.34 mag). In addition to the relatively small 
separation between 1G and 2G stars in the ChM that we would expect in 
metal-poor GCs, we note that their magnitudes (in particular in the U band) 
exhibit larger errors when compared with most-studied GCs. (iii) On the 
other hand, NGC 6760 and Palomar 11 are metal-rich ([Fe/H] =−0.40), but 
are highly obscured by interstellar clouds [ E ( B − V ) = 0.77 and 0.35 mag, 
respectiv ely]. Hence, hav e poorer photometry than the bulk of analyzed GCs. 
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he ordinate � 2 and fitted the histogram of candidate 1G stars with
 Gaussian function by means of least squares. The fraction of 1G
tars is derived as the ratio of the area of the Gaussian over that of
he whole histogram. 

We find that 2G stars comprise 44 ± 2 per cent of the total number
f cluster stars, in the entire region within 10 arcmin from the cluster
enter. This value is consistent with previous estimates based on MS
46 ± 3 per cent, Piotto et al. 2013 ) and RGB stars (46 ± 3 per cent,

ilone et al. 2017a ) in the central field of view observed with HST
radius smaller than 2.7 arcmin, but co v ering the cluster half-light
adius r h = 2.23 arcmin). 

The wide field of analyzed in this paper provides the opportunity 
o investigate the radial distribution of the population ratio. To do 
his, we divided the field of view into four radial intervals including
he same numbers of stars in the ChM and calculate the fraction of
G stars in each interval. Results are illustrated in Fig. 11 where
e plot the fraction of 2G stars in NGC 288 as a function of the

adial distance from the cluster center. Results are consistent with a 
onstant fraction of 2G stars within the analyzed radial interval. We 
ote an hint for higher fraction of 2G stars outside five arcmin from
he cluster centre but this results is significant at ∼1.5 σ level only. 

 T H E  ATLAS  O F  R G B  C H RO M O S O M E  MAPS  

igs 12 and 13 illustrate a collection of ChMs for 29 GCs, including
our Type-II GCs, where it is possible to disentangle the bulk of 1G
nd 2G stars. 3 

The clusters are sorted in order of decreasing metallicity, from 

ost metal-rich (NGC 5927, [Fe/H] =−0.49) to most metal-poor 
NGC 5053, [Fe/H] = −2.27). Due to crowding, the photometric 
uality of the central regions can be too poor to derive accurate ChMs.
ence, for some clusters we derive the ChM by using stars that are

ocated outside a certain radius that we fixed by eye. Moreover, we
xcluded the few RGB stars outside the region used to infer the
ifferential reddening. We provide the radius range of stars used to
uild the ChM of each cluster, R ChM 

, in Table 3 . 
A visual inspection at the ChMs reveals a great deal of variety,

n close analogy with what is observed in the � c F275W , F336W , F814W 

ersus � F275W , F 814 W 

ChMs (Milone et al. 2017a ). Specifically: 

(i) The � c U, B, I and � B , I extensions of the ChMs change from one
luster to another. Typically, metal-rich GCs exhibit more-extended 
hMs than metal-poor GCs, but there are clusters with similar 
etallicities (e.g. M 4 and NGC 2808) but different ChM shapes. 
(ii) The fractions of probable 1G stars (i.e. stars located around 

he origin of the ChM) change from one cluster to another. As an
xample, the majority of stars in NGC 6366 and NGC 6838 belong
o the 1G, while NGC 2808 and NGC 104 are dominated by 2G
tars. The distribution of stars along the 2G is typically continuous.
o we ver, some hints of double or triple populations of 2G stars are
resent in NGC 6205, NGC 6752, and NGC 2808. 
(iii) The red-RGB stars of Type II GCs that we selected in Fig. 6

aqua dots in Figs 12 and 13 ) define distinct ChM sequences with
edder � B, I values than the bulk of blue-RGB stars. 

(iv) The relativ e � B, I e xtensions of 1G and 2G stars differs
rom one cluster to another. In several GCs (e.g. NGC 6218 and
GC 2808) the 2G sequence spans a wider range of � B, I pseudo-

olours than 1G stars, whereas the 1G and 2G sequences of other clus-
ers exhibit similar � B, I extensions (e.g. NGC 288 and NGC 1261).
n NGC 6366 and NGC 6838, the 1G sequence is more-extended
han the 2G along the � B, I axis, while the 1G stars of NGC 6712
nd NGC 6254 exhibit wider � c U, B, I than the 2G. Since 1G and 2G
MNRAS 517, 5687–5703 (2022) 
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Figure 12. � c U, B, I versus � B, I diagrams (or ChMs) for RGB stars in the GCs NGC 5927, NGC 6366, NGC 104, NGC 6838, NGC 6712, NGC 2808, NGC 6121, 
NGC 1851, NGC 1261, NGC 5904, NGC 288, NGC 6218, NGC 6981, NGC 6934, NGC 5272, and NGC 7006. The clusters are sorted according by metallicity, 
from the most metal rich to the most metal poor. Aqua symbols mark red-RGB stars of Type II GCs. The arrow on the top right-hand panel indicates the 
reddening vector and correspond to a reddening variation � E ( B − V ) = 0.05 mag. 
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tars have similar observational errors, this fact pro v es that 1G stars
re not chemically homogeneous (Milone et al. 2017a , 2018 ; Marino
t al. 2019b ; Legnardi et al. 2022 ). 

(v) Intriguingly, the slope of the 1G sequence in the ChMs of
Cs with extended 1G sequences seems to vary from cluster to

luster. In most GCs with extended 1G sequences (e.g. NGC 6366
nd NGC 6838) the 1G stars with � B, I ∼ 0 have smaller values of
 c U, B, I than 1G stars with ne gativ e � B, I values. A similar trend is

bserved in the traditional ChMs of all clusters (Milone et al. 2018 ).
oticeably, the trend is reversed in NGC 5927 and NGC 104. 
NRAS 517, 5687–5703 (2022) 
Our sample includes five GCs, namely NGC 1904, NGC 4147,
GC 6712, NGC 7006, and NGC 7492, without previous determina-

ions of the ChM. We estimate their fractions of 1G stars, which are
rovided in Table 4 . 
These clusters are highlighted with magenta dots in Fig. 14 , where

e plot the fractions of 1G stars (from Milone et al. 2017a ; Dondoglio
t al. 2021 ) versus the GC mass (Baumgardt & Hilker 2018 ). Clearly,
he newly studied clusters follow the same relation between the
raction of 1G stars and cluster mass as the bulk of Galactic GCs
Milone et al. 2017a , 2020a ). 
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Figure 13. As in Fig. 12 , but for NGC 6205, NGC 6752, NGC 6252, NGC 3201, NGC 1904, NGC 7089, NGC 7492, NGC 4147, NGC 4833, NGC 2298, 
NGC 6809, NGC 4590, and NGC 5053. 
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 T H E  C H RO M O S O M E  M A P  O F  AG B  STARS  

he investigation of multiple populations along the AGB represents 
rucial test for stellar evolution. Stellar evolution models predict that 
ost GC stars would evolve into the AGB phase, possibly, with the

emarkable exception of 2G stars with extreme helium contents (e.g. 
ippenhahn & Weigert 1990 ; Landsman et al. 1996 ; Chantereau, 
harbonnel & Meynet 2016 ). This conclusion is challenged by 

pectroscopic work on multiple population, which reveal that some 
G stars with moderate helium enhancement skip the AGB phase 
see e.g. Johnson & Pilachowski 2012 ; Campbell et al. 2013 ; Johnson
t al. 2015 ; Marino et al. 2017 ) 

Recent works, based on HST photometry, have shown that ChMs 
re efficient tools to identify and characterize multiple populations 
b

long the AGB of GCs (Marino et al. 2017 ; Lagioia et al. 2021 ). In
he following, we present the method to derive ChM of AGB stars
rom U , B , I ground-based photometry. 

Due to the small number of AGB stars in NGC 288, we use
GC 104 as a test case. The procedure is illustrated in Fig. 15 and

s similar to the method that we used for RGB stars. In a nutshell,
e first selected by eye a sample of bonafide AGB stars, based on

heir position in the I versus B − I CMD (Fig. 15 a). The ChM is
erived from the I versus B − I and the I versus C U, B, I diagrams
hown in panels (a) and (b) of Fig. 15 . The red and blue boundaries
f the AGB are derived by hand and are used to derive the � B, I and
 c U, B, I pseudo-colours by using equations ( 1 ) and ( 2 ). The values

f W B, I and W CU , B , I correspond to the B − I and C U, B, I separations
etween the fiducial lines, calculated 5 I mag abo v e the MS turnoff. 
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Table 3. This table lists for each cluster the values of the 68th percentile, σ� E ( B − V ) , the difference between the 98th and the 
2nd percentile of differential-reddening distributions, and the value of 68th percentile of � E ( B − V ) B – I – � E ( B − V ) U –V . 
The maximum radial distance used to derive differential reddening and the radius range used to build the ChM from the cluster 
centre of the region, R max and R ChM 

, are also provided. 

ID σ� E ( B − V ) 

�E( B −
V ) 98 −2 per cent σ( � E ( B −V) B −I −� E ( B −V) U −V ) R max R ChM 

(mag) (mag) (mag) (arcmin) (arcmin) 

NGC 104 0.005 ± 0.001 0.021 ± 0.001 0 .008 16 .9 0.0–16.9 
NGC 288 0.003 ± 0.001 0.010 ± 0.001 0 .003 10 .3 0.8–10.3 
NGC 1261 0.005 ± 0.001 0.018 ± 0.002 0 .006 5 .1 0.0–5.1 
NGC 1851 0.004 ± 0.001 0.014 ± 0.004 0 .005 8 .4 1.2–8.4 
NGC 1904 0.006 ± 0.002 0.020 ± 0.007 0 .007 6 .8 1.5–6.8 
NGC 2298 0.014 ± 0.002 0.049 ± 0.005 0 .009 4 .2 0.9–4.2 
NGC 2808 0.013 ± 0.002 0.049 ± 0.009 0 .009 6 .8 0.0–6.8 
NGC 3201 0.036 ± 0.003 0.134 ± 0.013 0 .009 7 .7 1.2–7.7 
NGC 4147 0.003 ± 0.001 0.008 ± 0.001 0 .003 3 .4 0.0–3.4 
NGC 4372 0.054 ± 0.003 0.187 ± 0.021 0 .016 8 .4 –
NGC 4590 0.004 ± 0.001 0.013 ± 0.002 0 .004 6 .7 0.0–6.7 
NGC 4833 0.038 ± 0.003 0.138 ± 0.011 0 .015 6 .9 0.0–6.9 
NGC 5024 0.003 ± 0.001 0.013 ± 0.002 0 .005 9 .2 –
NGC 5053 0.002 ± 0.001 0.008 ± 0.001 0 .001 6 .9 0.7–6.9 
NGC 5272 0.004 ± 0.001 0.015 ± 0.003 0 .008 12 .0 2.3–12.0 
NGC 5286 0.023 ± 0.004 0.091 ± 0.015 0 .013 4 .2 –
NGC 5634 0.006 ± 0.001 0.016 ± 0.003 0 .004 5 .0 –
NGC 5904 0.004 ± 0.001 0.014 ± 0.002 0 .007 11 .9 2.6–11.9 
NGC 5927 0.040 ± 0.004 0.141 ± 0.010 0 .018 5 .1 1.6–5.1 
NGC 5986 0.020 ± 0.002 0.070 ± 0.007 0 .017 4 .3 –
NGC 6101 0.007 ± 0.001 0.026 ± 0.004 0 .010 7 .1 –
NGC 6121 0.020 ± 0.001 0.088 ± 0.008 0 .013 6 .8 0.4–6.8 
NGC 6205 0.003 ± 0.001 0.013 ± 0.001 0 .004 10 .9 3.3–10.9 
NGC 6218 0.008 ± 0.001 0.029 ± 0.003 0 .006 6 .7 1.6 - 6.7 
NGC 6254 0.018 ± 0.003 0.071 ± 0.006 0 .010 10 .8 0.0–10.8 
NGC 6341 0.003 ± 0.001 0.011 ± 0.001 0 .003 8 .4 –
NGC 6366 0.029 ± 0.003 0.101 ± 0.007 0 .009 6 .9 0.0–6.9 
NGC 6656 0.020 ± 0.003 0.082 ± 0.015 0 .019 8 .4 –
NGC 6712 0.026 ± 0.001 0.079 ± 0.013 0 .010 8 .5 0.8–8.5 
NGC 6752 0.005 ± 0.001 0.016 ± 0.001 0 .003 8 .5 0.9–8.5 
NGC 6760 0.050 ± 0.008 0.160 ± 0.025 0 .015 3 .4 –
NGC 6809 0.006 ± 0.001 0.021 ± 0.002 0 .009 10 .9 2.1–10.9 
NGC 6838 0.019 ± 0.002 0.077 ± 0.007 0 .005 3 .5 0.0–3.5 
NGC 6934 0.006 ± 0.001 0.023 ± 0.004 0 .006 3 .3 0.0–3.3 
NGC 6981 0.004 ± 0.001 0.016 ± 0.001 0 .004 5 .3 0.5–5.3 
NGC 7006 0.003 ± 0.001 0.010 ± 0.001 0 .002 3 .2 0.0–3.2 
NGC 7078 0.009 ± 0.001 0.032 ± 0.003 0 .005 8 .4 –
NGC 7089 0.004 ± 0.001 0.016 ± 0.002 0 .003 8 .4 1.6–8.4 
NGC 7099 0.003 ± 0.001 0.010 ± 0.002 0 .007 8 .1 –
NGC 7492 0.002 ± 0.001 0.005 ± 0.002 0 .002 3 .4 0.0–3.4 
IC 4499 0.004 ± 0.001 0.017 ± 0.003 0 .003 6 .6 –
Palomar 11 0.018 ± 0.003 0.054 ± 0.009 0 .008 2 .8 –
Terzan 8 0.003 ± 0.001 0.016 ± 0.002 0 .005 5 .1 –

Table 4. Fraction of 1G stars for the five GCs without previous determina- 
tions of the ChMs. 

ID N 1G / N TOT N stars 

NGC 1904 0.33 ± 0.03 319 
NGC 4147 0.36 ± 0.04 92 
NGC 6712 0.58 ± 0.03 304 
NGC 7006 0.52 ± 0.07 55 
NGC 7492 0.36 ± 0.04 117 
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The resulting ChM for AGB stars in NGC 104 is plotted in panel
c) of Fig. 15 . Clearly, AGB stars comprise a group 1G stars that are
istributed around the origin of the ChM and a group of 2G stars
ith large values of � c U, B, I and � B, I . Noticeably, the fraction of
G stars along the AGB is 58 ± 5 per cent and is significantly larger
han that derived from the ChM of RGB stars (40 ± 1 per cent).
his is in agreement with the spectroscopic study of NGC 104 from
ohnson et al. ( 2015 ), where the fraction of Na-poor and Na-rich stars
hanges from 45:50 on the RGB to 63:37 on the AGB. Although this
henomenon still misses a definitiv e e xplanation, our results support
he idea that 2G stars are affected by larger amounts of RGB mass-
oss than 1G stars (Campbell et al. 2013 ; Johnson et al. 2015 ; Tailo
t al. 2015 , 2020 ). It is also interesting to notice that the fractions
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Figure 14. Fraction of 1G stars against the present-day cluster mass for 
Galactic GCs. Gray points indicate literature results (Milone et al. 2017a ; 
Dondoglio et al. 2021 ), whereas magenta dots mark the clusters without 
previous studies on the ChM. Cluster masses are from Baumgardt & Hilker 
( 2018 ). 
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f 1G inferred from wide-field photometry is much larger than that 
btained from the traditional ChM in the central region (18 ± 1 
er cent from Milone et al. 2017a ). This results is quite expected
iven that 2G stars of NGC 104 are more centrally concentrated than
he 1G ones (Milone et al. 2012b ; Cordero et al. 2014 ; Dondoglio
t al. 2021 ). When we estimate the population ratio from the ground-
ased ChM of the stars in the HST field of view, we find a fraction of
G stars of 21 ± 3 per cent, in agreement with the values provided
y the papers quoted abo v e, in the same region. 

 SU M M A RY  A N D  C O N C L U S I O N S  

y far, the photometric catalogues provided by Peter Stetson have 
rovided state-of-the-art photometry of GC stars from ground-based 
acilities (Stetson & Harris 1988 ; Stetson 2005 ; Stetson et al. 2019 ).

e have analyzed photometry and astrometry of 43 GCs in the U , B ,
 , and I bands by Stetson et al. ( 2019 ) and combined them with stellar
roper motions and parallaxes from Gaia eDR3 (Gaia Collaboration 
t al. 2021 ). 

We identified bonafide cluster members and estimated the amount 
f differential reddening in the field of view of each cluster and
ound that the maximum reddening variation ranges from � E ( B −
 ) ∼ 0.19 mag to less than 0.01 mag. The amount of differential

eddening correlates with the average reddening in the direction of 
he cluster. Nevertheless, clusters with similar values of E ( B − V )
an exhibit different amounts of differential reddening. We corrected 
he photometry of 18 GCs with significant variation of reddening and 
ublicly release the differential-reddening catalogues. 
Clearly, high-resolution reddening maps for GC cluster members 

ave various astrophysical applications. As an example, applying the 
nfraRed Flux Method to better determine the ef fecti ve-temperature 
cale of the RGB will hav e sev eral implications for the study of
tellar populations and stellar modelling (e.g. Salaris et al. 2018 ; 
asagrande et al. 2021 ). In this work, we focus on the multiple-
opulation phenomenon. 
To investigate multiple populations from ground-based photome- 

ry, we started using NGC 288 as a test case. The reason for this choice
s that NGC 288 is a quite simple cluster in the context of multiple
opulations, where 1G and 2G stars exhibit distinct sequences in 
he photometric diagrams that are commonly used to investigate the 

ultiple populations (Monelli et al. 2013 ; Piotto et al. 2013 ; Milone
t al. 2017a ; Cordoni et al. 2020 ). The main results on NGC 288 can
e summarized as follows. 

(i) Based on the I versus B − I CMD and the I versus C U, B, I 

seudo-CMD of NGC 288, we built the � c U, B, I versus � B, I ChM
or RGB stars. The NGC 288 stars distribute into two main blobs
n the ChM. We matched the catalogue from Stetson et al. ( 2019 )
nd from HST photometry (Milone et al. 2017a ) to identify stars
ith both HST and ground-based photometry. We find that the 1G

tars defined by Milone et al. ( 2017a ) distribute around the origin
f the � c U, B, I versus � B, I ChM, while 2G stars exhibit large values
f � c U, B, I and � B, I . This is the first time that a ChM is derived
rom ground-based Johnson–Cousin photometry (see also the work 
y Hartmann et al. ( 2022 ) who derived the ChM from ground-based
hotometry, by using the U band and the narrow-band filters centred
round 3780 and 3950 Å). 

(ii) We also show that the � U, B versus � B, I ChM, which is derived
y the I versus B − I and I versus U − B CMDs, provides a clear
eparation between 1G and 2G stars. 

(iii) We used the values of [O/Fe], [Na/Fe], and [Fe/H] inferred 
y Carretta et al. ( 2009 ) from high-resolution spectroscopy to infer
he chemical composition of the stellar populations identified on 
he ChM. We find that 1G stars and 2G stars have the same iron
bundance ( � [Fe/H] 2G–1G = −0.01 ± 0.01). 2G stars are sodium
nhanced ( � [Na/Fe] 2G-1G = 0.42 ± 0.04) and depleted oxygen 
epleted ( � [O/Fe] 2G–1G = −0.28 ± 0.09) with respect to the 1G.
his result is consistent with previous findings by Marino et al.
 2019a ) based on the HST ChM and the elemental abundances from
arretta et al. ( 2009 ). Ho we ver, the largest field of view co v ered by

he ground-based photometry used in this paper provides improved 
esults. Indeed, we used larger samples of 1G and 2G stars for which
pectroscopic estimates of chemical composition are available. 

(iv) We studied the radial distribution of stellar populations of 
GC 288 and find that the fraction of 1G stars is consistent with
 flat distribution. Similarly to NGC 288, the 1G and 2G stars of
arious GCs (e.g. NGC 6752, NGC 6362, M5, NGC 6366, NGC 6838
mong the others Lee 2017 ; Dalessandro et al. 2018 ; Milone et al.
019 ; Dondoglio et al. 2021 ) share the same radial distribution. These
bservations are consistent with a scenario where both populations 
orn with the same radial distributions. Ho we ver, a lack of radial
radient of the population ratio is also expected in the scenarios
here 2G stars form in the innermost cluster regions. These scenarios
redict that the multiple populations of some clusters are fully mixed
ue to dynamical evolution (Vesperini et al. 2013 ). 
esults on NGC 288 are consistent with the scenario by H ́enault-
runet et al. ( 2015 ). Indeed, according to these authors (see their
g. 16), NGC 288 is on the edge between the e v aporation and
 xpansion-dominated re gions of the plot. 
 cluster that is in the expansion-dominated phase of its evolution

s believed to be not fully mixed. On the contrary, clusters in the
 v aporation-dominated phase are believed to be completely relaxed 
nd to have their populations mixed, after losing a large fraction
f their initial mass. Therefore, NGC 288 might have reached a
ignificant mixing between its stellar populations, explaining the 
MNRAS 517, 5687–5703 (2022) 
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(a) (b) (c)

Figure 15. This figure illustrates the procedure to derive the ChM of AGB stars in NGC 104 (47 Tucanae). Panels (a) and (b) represent the I versus B − I and I 
v ersus C U, B, I diagrams, respectiv ely. The red and blue lines mark the boundaries of the AGB sequence, while the aqua segments indicate the width of the AGB 

sequence. AGB stars are marked with dots. Only AGB stars between the two horizontal (pink dots) lines are used to derive the ChM plotted in panel (c). 

o  

o  

t  

t  

fi  

fi  

i  

c

 

G  

C  

N  

d  

o  

m
 

2  

c  

p  

2  

C  

t  

t
 

N  

N  

i  

l  

t  

C  

w  

2  

e
 

t  

m  

e  

v  

s  

(

 

t  

s  

t  

s  

s  

i
 

d  

t  

g  

b  

a  

p  

H

A

T  

(  

v  

’  

a  

(  

h  

(  

t

D

T  

t

R

A
B  

B  

B
C

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5687/6786286 by C
N

R
S user on 13 April 2023
bserved flat radial distribution of the 1G fraction. NGC 104, on the
ther hand, is in the expansion-dominated phase of its evolution,
herefore it still shows spatial and kinematic differences between the
wo populations, as shown in the radial distribution of NGC 104 (see
g. 19 of Dondoglio et al. 2021 ). This is also consistent with our
nding that the fractions of 1G inferred from wide-field photometry

s much larger than that obtained from the traditional ChM in the
entral region of NGC 104. 

Driven by the results on NGC 288, we present the ChMs of 29
Cs, where the bulk of 1G and 2G stars can be distinguished in the
hM. Our sample comprises five Type I GCs, namely NGC 1904,
GC 4147, NGC 6712, NGC 7006 and Palomar 11, without previous
eterminations of ChMs. For these clusters, we calculated the fraction
f 1G stars and find that they follow the same relation with cluster
ass as the other studied Galactic GCs. 
The atlas of 29 ChMs reveals that the extensions of the 1G and

G sequences as well as the relative numbers of 1G and 2G stars
hange from one cluster to another. We thus confirm that multiple
opulations exhibit a large degree of variety (see also Renzini et al.
015 ; Milone et al. 2017a , 2020a ). Moreo v er, the ground-based
hMs allow to disentangle between Type I and Type II GCs. Indeed,

he latter exhibit a ChM sequence with large � B, I values that run on
he right-hand side of the main ChM. 

We find that the 1G sequences of several GCs (e.g. NGC 5927,
GC 6366, NGC 104, NGC 6838, NGC 6712, NGC 5272,
GC 6254, NGC 3201, and NGC 4833) are clearly elongated

n the � c U, B, I versus � B, I ChM, whereas the other GCs show
ess-extended 1G sequences along the abscissa of the ChM. We
hus confirm the recent disco v eries of extended 1G sequences in the
hM and corroborate the conclusion that the pristine material from
hich GC formed was not chemically homogeneous (Milone et al.
015 , 2017a ; Cabrera-Ziri, Lardo & Mucciarelli 2019 ; Legnardi
t al. 2022 ). 

Based on high-resolution spectroscopy and HST multiband pho-
ometry, the presence of star-to-star metallicity variations seems the

ost plausible explanation for the 1G extended sequence (Marino
t al. 2019a ; Kamann et al. 2020 ; Legnardi et al. 2022 ). Helium
ariations and stellar binarity have been considered as alternative
olutions, but they do not seem to fully reproduce the observations
Milone et al. 2018 ; Marino et al. 2019a ; Kamann et al. 2020 ). 
NRAS 517, 5687–5703 (2022) 
The ChMs provided in this paper provide further constraints of
he chemical composition of 1G stars. We disco v ered that the 1G
equence of some clusters like NGC 6366 and NGC 6838 is thicker
han the 2G sequence along the � c U, B, I direction. Moreo v er, the
lope of the 1G sequence of NGC 104 and NGC 5927 have positive
lopes in the � c U, B, I versus � B, I , in contrast with what is observed
n the remaining GCs with extended 1G. 

In summary, results on NGC 288 and on the other studied clusters
emonstrate that the � c U, B, I versus � B, I ChM is an efficient tool
o identify and characterize multiple populations in GCs from
round-based photometry. The ChMs that we have introduced can
e obtained from photometry from wide-field facilities. This fact
llows us to o v ercome the main limitations on the study of multiple-
opulations that were associated with the small field of view of the
ST cameras. 
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