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A B S T R A C T 

Pseudo two-colour diagrams or Chromosome maps (ChM) indicate that NGC 2808 host five different stellar populations. 
The existing ChMs have been derived by the Hubble Space Telescope photometry, and comprise of stars in a small field of 
view around the cluster centre. To o v ercome these limitations, we built a ChM with U , B , I photometry from ground-based 

facilities that disentangle the multiple stellar populations of NGC 2808 o v er a wider field of view. We used spectra collected by 

GIRAFFE@VLT in a sample of 70 red giant branch and seven asymptotic giant branch (AGB) stars to infer the abundances of 
C, N, O, Al, Fe, and Ni, which combined with literature data for other elements (Li, Na, Mg, Si, Ca, Sc, Ti, Cr, and Mn), and 

together with both the classical and the new ground-based ChMs, provide the most complete chemical characterization of the 
stellar populations in NGC 2808 available to date. As typical of the multiple population phenomenon in globular clusters, the 
light elements vary from one stellar population to another; whereas the iron peak elements show negligible variation between 

the different populations (at a level of � 0.10 dex). Our AGB stars are also characterized by the chemical variations associated 

with the presence of multiple populations, confirming that this phase of stellar evolution is affected by the phenomenon as well. 
Intriguingly, we detected one extreme O-poor AGB star (consistent with a high He abundance), challenging stellar evolution 

models that suggest that highly He-enriched stars should a v oid the AGB phase and evolve as AGB-manqu ́e star. 

Key words: techniques: spectroscopic – stars: abundances – globular clusters: individual: NGC 2808. 
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 I N T RO D U C T I O N  

n the past 15 yr, the o v erwhelming observ ational e vidence of
ultiple stellar populations in globular clusters (GCs) has challenged 

he idea that a GC consists of stars born at the same time out of the
ame material (see Bastian & Lardo 2018 ; Gratton et al. 2019 ; Milone
 Marino 2022 , for recent re vie ws). 
Thanks to the introduction of new and powerful tools to investigate 

he different populations of stars in GCs, we no w kno w that
he phenomenon of multiple stellar populations is complex, and 
e still lack a convincing satisfactory explanation. Studies based 
n the Hubble Space Telescope ( HST ) high precision photometry 
av e rev ealed that the interweav e of multiple stellar populations is
 ariegate. Ne vertheless, some general patterns have been identified, 
ossibly pointing to a general formation scenario. Indeed, the cluster- 
o-cluster differences may be ascribed to external conditions, such 
s the cluster mass or the birth-site (e.g. Milone et al. 2017 ; Lagioia
t al. 2019 ). 

The ‘chromosome map’ (ChM) diagram, introduced by Milone 
t al. ( 2015 ), is a formidable tool to enhance our knowledge
bout the multiple stellar population phenomenon. This photometric 
 E-mail: marilia.gabriela.carlos@gmail.com 
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iagram is able to maximize the separation of different stellar 
opulations on a plane constructed by properly combining the 
275W , F336W , F438W , and F814W HST filters. As discussed
y Milone and coauthors, the x -axis of this map ( � F275W,F814W 

) is
ostly sensitive to effective temperature variations associated with 

elium differences, while the y -axis ( � C F275W ,F336W ,F438W 

) is highly
ensitive to atmospheric chemical abundances. The major players 
n shaping the maps are light elements, primarily nitrogen, whose 
bundances impact on the atmospheres of the stars, together with He
nd the o v erall metallicity, as stars with distinct He and/or metals
ave different internal structure, being indeed described by distinct 
sochrones (Milone et al. 2015 , 2018 ). 

A great variety of morphologies can be identified in the ChMs, with
he GCs displaying different substructures and minor populations 
ev er observ ed before. The e xistence of a separate class of clusters
ith variations in the o v erall metallicity has been clearly assessed,

nd defined as the group of objects displaying a Type II ChM
orphology, to be distinguished from the Type I clusters (see Milone

t al. 2017 for details). 
In an effort of providing a chemical key to read ChMs, Marino

t al. ( 2019a ) exploited spectroscopic elemental abundances from 

he literature to assign the chemical composition to the distinct 
opulations as identified on the ChMs of different GCs. Among 
he investigated chemical species, those with a larger number of 
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easurements in the literature, the element that was found to best
orrelate with the ChM pattern was Na, and a general empirical
elation was even provided between � C F275W ,F336W ,F438W 

and the
bundances of this element. Ho we ver, although Na is probably the
ost studied element in the context of multiple stellar populations,

he Na abundance itself does not directly affect any of the fluxes
n the passbands used to construct ChMs. Instead, these fluxes are
ffected by nitrogen coming from the destruction of carbon and
xygen. 
A first limit in the analysis by Marino et al. ( 2019a ) was that not
any abundances of N were available on the ChM, so we still lack a

irect spectroscopic investigation on how this species, and possibly
, affects the distribution of stars in these photometric diagrams.
 second limit is that the assignment of stars to different stellar
opulations is basically confined to the small field observed with
ST cameras, from which ChMs have been constructed. Hence, no

nformation about the behaviour of stellar populations in the outer
arts of the GCs was obtained. 
In this work, we analyse chemical abundances of different stellar

opulations in the GC NGC 2808, attempting a population assign-
ent to our entire sample of stars by exploiting new photometric
iagrams constructed from ground-based photometry in a larger field
f view. 
Among GCs with a Type I ChM morphology, NGC 2808 displays

he most spectacular map in terms of extension and number of stellar
opulations. At least five main red giant branch (RGB) clumps of
tars have been identified in the ChM of this GC. Its first population
osts two groups of stars designated as population A and B, whereas
he second population is composed of three distinct sub-populations,
amely C, D, and E (Milone et al. 2015 ). NGC 2808 is also one
f the GCs with larger He internal variations with the E population
eing enhanced by � (Y) = 0 . 089 ± 0 . 010 with respect to the first
opulation (Milone et al. 2018 ). Since NGC 2808 has a relatively
arge mass ( M = 7 . 42 ± 0 . 05 × 10 5 M �; Baumgardt & Hilker 2018 ),
ts wide helium spread corroborates the evidence that massive GCs
 xhibit e xtreme chemical composition. Stellar populations enhanced
n He have also been detected among stars in different evolutionary
tages, namely from its split main sequence (D’Antona et al. 2005 ;
iotto et al. 2007 ; Milone et al. 2015 ), and then, through direct
nalysis of He spectral lines, in its blue horizontal branch (HB;
arino et al. 2014 ). 
Being among the most fascinating clusters from the multiple

tellar populations perspective, NGC 2808 has a large number of
pectroscopic studies in literature, from high resolution in-depth
nalysis that might include the light, iron-peak, and s- process
lements in stars at different life stages [e.g. Marino et al. 2017
or asymptotic giant branch stars (AGB), and Carretta 2015 and
 ́esz ́aros et al. 2020 for RGB stars], passing through the detailed

nspection of specific elements (such as the observations of Na–O
nticorrelation in the RGB and HB in Carretta et al. 2006 and Gratton
t al. 2011 , respectively, or the work on Li in RGB stars from D’Orazi
t al. 2015 , and the Mg-Al anticorrelation from Pancino et al. 2017
nd Carretta et al. 2018 ) to low resolution spectra studies (e.g. Latour
t al. 2019 ; Hong et al. 2021 ). 

Our work aims to provide a full chemical characterization of the
istinct stellar populations observed on the ChM of this intriguing
luster. To do this, we use high-resolution spectra to infer new
bundances for C, N, along with O, Al, Ni, and Fe, for 77 giants
70 RGB + 7 AGB) and take advantage of the literature abundances
or other elements. Our results, based on the largest number of stars
ith ChM information, will add valuable constraints to the scenarios
f formation and enrichment of this GC. 
NRAS 519, 1695–1712 (2023) 
The paper is organized as follows. Section 2 presents the photomet-
ic and spectroscopic data set, Section 3 contains the analysis of the
etailed spectroscopic study, results and discussion are in Section 4 ,
nd Section 5 provides the summary and conclusions. 

 DATA  

e present a photometric and spectroscopic analysis of giant stars in
GC 2808 to inspect the chemical abundances of the different stellar
opulations identified on the ChM. Our analysis includes stars in the
luster central region for which we exploit HST photometry and in
he external field by using ground-based photometry. In the following
ubsections, we describe the photometric and spectroscopic dataset
mployed here. 

.1 Photometric data set 

ur photometric data set includes both ground-based and HST pho-
ometry. The ground-based photometry is provided by the catalogue
y Stetson et al. ( 2019 ) and is obtained from images collected
ith different ground-based facilities. It consists in U , B , V , and

 photometry for stars in a 6.7 arcmin radius centred on NGC 2808. 
The photometry has been corrected for differential reddening as

n Milone et al. ( 2012 ). 
In addition, we used stellar proper motions from the Gaia early

ata release 3 ( Gaia eDR3; Gaia Collaboration 2021 ) to separate the
ulk of cluster members from field stars (see Cordoni et al. 2018 for
etails on the procedure to select the probable cluster members). 
Multiband HST photometry is available for stars in two distinct

elds of view, namely a central field, and an outer field, which is
ocated ∼5.5 arcmin south-west from the cluster centre. Photometry
n the F275W, F336W, and F438W bands of both fields is derived
rom images collected in the Utraviolet and Visual Channel of the

ide Field Camera 3 (UVIS/WFC3), while photometry in F814W
s obtained from images taken with the Wide Field Channel of the
dvanced Camera for Surv e ys (WFC/ACS). The footprints of the

mages used in this paper are shown in Fig. 1 . 
The photometric catalogues of stars in the central field are provided

y Milone et al. ( 2015 , 2018 ) and we refer to these papers for details
n the data and the data reduction. The external field comprises
 × 360s + 3 × 350s + 10s WFC/ACS images in F814W (GO 10992,
I Piotto) and 12 × 905s, 2 × 592s + 4 × 342s, and 3 × 217s + 213s, in
275W , F336W , and F438W , respectively (GO 15857, PI Bellini). We
sed the computer programme img2xym to measure stellar positions
nd magnitudes (Anderson et al. 2006 ). Briefly, we build a catalogue
f candidate stars that comprises all point-like sources where the
entral pixel has more than 50 counts within its 3 × 3 pixels and
ith no brighter pixels within a radius of 0.2 arcsec. We used the
est av ailable ef fecti ve point spread function model to derive the
agnitude and the position of all candidate stars. 
Ground-based photometry has been used to estimate the atmo-

pheric parameters of the spectroscopic targets while both ground-
ased and HST photometry are used to identify the stellar popula-
ions within NGC 2808 through the ChMs. The V versus ( V − I )
olour–magnitude diagram (CMD) constructed with ground-based
hotometry is shown in Fig. 2 . 

.1.1 Chromosome maps 

e associated the spectroscopic targets to the five stellar populations
dentified by Milone et al. ( 2015 ), based on their positions in the



NGC 2808 1697 

Figure 1. Footprints of the UVIS/WFC3 (black) and WFC/ACS (red) images used in this paper. The circles represented with blue solid and dashed lines 
indicate the core and the half-light radii of NGC 2808 (from the 2010 version of the Harris 1996 , catalogue). 
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 CF275W , F336W , F438W 

v ersus � F275W,F814W 

ChMs deriv ed from stars in 
he central and external HST fields illustrated in Fig. 1 . 

To associate the stars without HST photometry with the distinct 
tellar populations we introduced a new ChM that is based on ground-
ased photometry alone (see also Jang et al. 2022 ). We used the I
ersus B − I CMD, which is sensitive to the helium content of
he distinct stellar populations, and the I versus C U , B , I pseudo-CMD, 
hich separates stellar populations with different nitrogen content. 
hese diagrams are plotted in the panels (a) and (b) of Fig. 3 , where
e illustrate the main steps of the procedure to derive the ChM. In a
utshell, we first build the red and blue boundaries of RGB stars in
he diagrams of Figs 3 (a) and (b) (see Milone et al. 2015 , 2017 for
etails) and used them to derive the � B , I and � C U , B , I pseudo-colours 
f RGB stars. To do this, we adapted to the ground-based photometry
he equations by Milone et al. ( 2017 ): 

 B , I = W B , I 
X − X fiducial R 

X fiducial R − X fiducial B 
, (1) 

 C U,B,I = W C U,B,I 

Y − Y fiducial B 

Y fiducial R − Y fiducial B 
, (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 
dopted values for RGB widths W B , I and W CU, B , I correspond to the 
olour separation between the RGB boundaries 2.0 I mag abo v e the
S turn-off. 
The resulting � C U, B , I versus � B , I is plotted in panel (c) of Fig. 3 .

n this diagram, the first population (or 1P) stars are clustered 
round the origin of the ChM, whereas second population (2P) stars
efine a sequence on the ChM that extends towards large values of
 C U, B , I and � B , I . We refer to the paper by Jang et al. ( 2022 ) for
 xtensiv e discussion of the � C U, B , I versus � B , I ChM of RGB stars
n Galactic GCs. 

.2 Spectroscopic data set 

he initial sample consists of 81 giant stars observed with the
pectrograph FLAMES/GIRAFFE (Pasquini et al. 2002 ) at the Very 
arge Telescope (observation programme 094.D-0455). The stars 
ere observed in two different configurations, the HR4 set-up has 
av elength co v erage from 4188 to 4297 Å with R ≈ 24000 and the
R18 set-up with wav elength co v erage from 7468 to 7889 Å and
 ≈ 20150. 
We identified 26 stars in the HST ChM, including 24 stars in

he central field and 2 in the external field. The ChM derived from
round-based photometry comprises 26 spectroscopic targets. 
The data reduction was done using the EsoReflex-based GIRAFFE 

ipeline (Ballester et al. 2000 ), which includes bias subtraction, flat-
eld correction, and wavelength calibration. The individual expo- 
ures were then corrected to the rest-frame system and eventually 
ombined by using IRAF 1 routines. The final signal-to-noise ratio 
S/N) of the co-added spectra is S / N ∼ 200. 

The list of the observed spectroscopic targets is reported in Table 1 ,
ogether with coordinates, radial velocities (RVs), stellar parameters, 
MNRAS 519, 1695–1712 (2023) 

art/stac3561_f1.eps
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M

Figure 2. CMDs of stars in the field of view of NGC 2808 based on Stetson et al. ( 2019 ) photometry. Panel (a) shows the differential-reddening corrected V 

versus V − I CMD of probable cluster members (grey points) and field stars (orange points). The red line represents the best-fitting isochrone from the Dartmouth 
stellar evolution data base (Dotter et al. 2008 ). We assumed [Fe / H] = −1 . 17, [ α/ Fe] = 0 . 40, Age = 12 . 5 Gyr, E(B − V) = 0 . 17 mag, and distance modulus, 
( m − M ) 0 = 14.98 mag. Panels (b) and (c) show a zoom of the panel (a) CMD and of the U versus U − I , respectively, around the RGB and the AGB region 
studied with spectroscopy. The RGB and AGB stars in our spectroscopic sample are indicated as black filled circles and open triangles, respectively. 

Figure 3. This figure summarizes the procedure to derive the ChM from ground-based photometry. Panels (a) and (b) show the I versus B − I and the I 
v ersus C U , B , I pseudo-CMD, respectiv ely, of probable NGC 2808 cluster members zoomed around the RGB. The red and blue fiducials mark the red and blue 
RGB boundaries, respectively, while the aqua segments indicates the RGB colour widths. Only the RGB stars between the two horizontal lines and marked with 
black dots are used to derive the ChM. The resulting � C U, B , I versus � B , I ChM is plotted in panel (c). 
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nd chemical abundances obtained as explained in the next sections,
nd proper motions from Gaia . 

 SPECTROSCOPIC  DATA  ANALYSIS  

e derived chemical abundances for cluster stars only. The sample of
robable cluster members has been selected based on stellar proper
otions and RVs. 
NRAS 519, 1695–1712 (2023) 
We consider proper motions from Gaia eDR3 (Gaia Collaboration
021 ). After an inspection of the vector-point diagram of proper
otions four stars were identified as outliers and remo v ed from our

ample. 
The RVs were obtained with the aid of the FXCOR task from

RAF using a synthetic spectrum template obtained through the
014 March version of MOOG (Sneden 1973 ). This spectrum was
omputed with a stellar model atmosphere interpolated from the

art/stac3561_f2.eps
art/stac3561_f3.eps


NGC 2808 1699 

Table 1. Right ascension and declination ( J 2000, deg), RVs (km s −1 ), proper motions (mas y −1 ), ef fecti v e temperature (K), surface gravity (de x), microturbulence 
velocities (km s −1 ), chemical abundances inferred in this work (dex) for the spectroscopic sample, and a flag indicating the ChM information. 

Star RA Dec. V rad μα, δ T eff log g ξ t [Fe/H] [C/Fe] [N/Fe] [O/Fe] [Al/Fe] [Ni/Fe] ChM 

� 

RGB spectroscopic sample 
N2808 2 36 137.97362 −64.84250 120.7 (1.39,0.05) 4909 2.56 1.28 −1.13 −0.13 0.30 0.56 −0.03 0.19 1 
... 
AGB spectroscopic sample 
N2808 2 9 wf 137.85825 −64.89367 100.1 (0.95,0.36) 4692 1.97 1.43 −1.20 −0.54 0.43 < -0.73 1.01 0.08 0 
... 

Note. This table is available in its entirety in machine-readable form in the online journal. � 0 for no ChM information, 1 for target in the HST ChM, and 2 for 
objects in the ground based ChM. 
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Table 2. Line list used in the determination of Fe and Ni abundances. 

Wavelength ( Å) Species χ exc (eV) log gf 

7491.647 Fe I 4.300 −1.060 
7495.066 Fe I 4.220 −0.100 
7507.266 Fe I 4.410 −1.470 
7511.019 Fe I 4.180 0.119 
7531.144 Fe I 4.370 −0.940 
7568.899 Fe I 4.280 −0.880 
7583.796 Fe I 3.020 −1.880 
7586.018 Fe I 4.310 −0.270 
7710.363 Fe I 4.220 −1.070 
7723.210 Fe I 2.280 −3.580 
7748.284 Fe I 2.950 −1.750 
7751.109 Fe I 4.990 −0.830 
7780.568 Fe I 4.470 −0.090 
7807.909 Fe I 4.990 −0.640 
7832.196 Fe I 4.430 −0.019 
7711.723 Fe II 3.900 −2.540 
7522.758 Ni I 3.655 −0.570 
7525.111 Ni I 3.633 −0.550 
7555.598 Ni I 3.844 −0.050 
7574.043 Ni I 3.830 −0.530 
7714.314 Ni I 1.934 −2.200 
7727.613 Ni I 3.676 −0.170 
7788.936 Ni I 1.949 −2.420 
7797.586 Ni I 3.895 −0.260 
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astelli & Kurucz ( 2004 ) grid, adopting the parameters ( T eff , log g ,
t , [Fe/H]) = (4800 K, 2.5, 1.5 km s −1 , −1.2), and cross-correlated
ith the observed spectra. Each spectrum was corrected to the 

est-frame system, and the observed RVs were then corrected to 
he heliocentric system. The average RV found in our work for
GC 2808 is 102.9 ± 1.1 km s −1 , in good agreement with the value
f 101.6 ± 1.2 km s −1 from the 2010 version of Harris ( 1996 ). 

.1 Stellar parameters 

he stellar parameters ef fecti ve temperature ( T eff ), surface gravity
log g ), microturbulent velocity ( ξ t ), and [Fe/H] were, thus, deter-
ined for 77 giant stars, including 70 RGB stars and seven AGB stars.
F or consistenc y, the photometry adopted here to determine stellar

arameters for all the stars is from ground-based facilities (Stetson 
t al. 2019 ). The corresponding I versus V − I and U versus U − I
MDs are shown in Fig. 2 . The effective temperature, T eff , of each

tar was determined using the ( V − I ), ( V − R ), ( B − V ), ( U −
 ), and ( R − I ) colours and the calibration from Alonso, Arribas
 Mart ́ınez-Roger ( 1999 ), adopting the Bessell ( 1979 ) corrections

rom the Cousins to the Johnson systems. We adopted a reddening of
( B − V) = 0 . 17 mag and a distance modulus of 14.98 mag, which
re the values that best fit the CMD of Fig. 2 . Our best determination
f the ef fecti ve temperature of each star corresponds to the average of
he T eff values derived from the various colours. The typical standard 
eviation is 65 K. 
We applied bolometric corrections from Alonso et al. ( 1999 ) with
 = 0 . 85 M � and the T eff value calculated from each colour to

nfer the average log g value for all the stars (the standard deviation
onsidering the distinct log g values is 0.03 dex). 

To infer microturbulence, ξ t , we used the empirical relation from 

arino et al. ( 2008 ), where the value ξ t depends on stellar gravity. 
Finally, we derive the Fe abundance of each star by the equi v alent

idth (EW) method with the aid of the 1D LTE 2014 version of the
ode MOOG (Sneden 1973 ) and the Kurucz grid of ATLAS9 model
tmospheres (Castelli & Kurucz 2004 ) with [ α/ Fe] = 0 . 40. We
dopted the line list presented in Table 2 , which includes 15 Fe I lines
nd one Fe II line from Heiter et al. ( 2021 ). The number of lines con-
idered to e v aluate [Fe/H] v aried from 6 to 16 depending on each star.
he internal error associated with the [Fe/H] values was estimated 
onsidering the stellar parameters uncertainties as detailed below, 
nd the statistical error from the several lines analysed. The obtained 
ypical [Fe/H] error from our spectra is 0.08 dex (see Table 3 ). 

To identify the presence of possible systematics associated with 
ur analysis, we compared our stellar parameters with the ones 
btained by Carretta ( 2015 ). Eight out of 77 stars in our sample have
een studied in Carretta ( 2015 ) as well. We find an average offset of
 T eff = 24 K between our values and the T eff from Carretta ( 2015 ),
ith associated dispersion of 36 K. This difference is probably 
artially caused by the difference in the method to acquire T eff as well
s the distinct reddening adopted. The largest discrepancy has been 
btained for surface gravities, for which our values are ∼0.26 dex
igher than the log g by Carretta ( 2015 ) and an associated dispersion
f 0.03 dex. Ho we ver, we can explain this difference as mostly due
o the distinct distance modulus adopted; Carretta ( 2015 ) used a
istance modulus of 15.59 (from Harris 1996 , 2010 version), and if
e consider the same distance modulus the difference between the 

og g values would decrease to 0.02 dex. Our ξ t values agree with
hose of Carretta and collaborators, being only marginally lower 
y ∼0.12 km s −1 with an associated dispersion of 0.10 dex. The
ifference between our [Fe/H] and the ones of Carretta ( 2015 ) shows
n average discrepancy of ∼0.08 dex and an associated dispersion of
.04 dex. The mean discrepancy in the [Fe/H] values is even lower
f we consider the difference in the adopted solar constants [in this
ork we adopted A(Fe) � = 7.50 from Asplund et al. 2009 ; while
arretta 2015 adopted A(Fe) � = 7.54 from Gratton et al. 2003 ]. 
This comparison between different data sets suggests that esti- 
ates of internal uncertainties associated with our stellar parame- 

ers are σT eff ∼ 50 K, σ log g ∼ 0 . 10 dex , σξt ∼ 0 . 10 km . s −1 , and
[ Fe / H ] ∼ 0 . 1 dex . These uncertainties do not include possible
MNRAS 519, 1695–1712 (2023) 
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Table 3. Sensitivity of derived abundances to the uncertainties in the stellar parameters, the signal to noise ( σ fit ), abundances of C and O (when applicable), 
and the subsequent total error ( σ total ). 

Internal errors 
� T eff. ± 50 K � log g ± 0.10 �ξt ± 0 . 10 km s −1 � [Fe/H] ± 0.10 � [O/Fe] ± 0.25 � [C/Fe] ± 0.20 σ fit σ total 

[Fe/H] 0.03 0.01 0.03 – – – 0.06 0.08 
[C/Fe] 0.03 0.00 0.00 0.07 0.06 – 0.06 0.11 
[N/Fe] 0.08 0.01 0.00 0.05 0.08 0.23 0.11 0.28 
[O/Fe] 0.06 0.04 0.00 0.02 – – 0.18 0.23 
[Al/Fe] 0.04 0.01 0.01 0.02 – – 0.15 0.16 
[Ni/Fe] 0.03 0.01 0.04 0.01 – – 0.10 0.11 

Systematic errors 
� T eff. ± 100 K � log g ± 0.30 �ξt ± 0 . 30 km s −1 � [Fe/H] ± 0.10 � [O/Fe] ± 0.25 � [C/Fe] ± 0.20 σ fit σ total 

[Fe/H] 0.07 0.01 0.09 – – – 0.06 0.13 
[C/Fe] 0.07 0.02 0.00 0.07 0.06 – 0.06 0.13 
[N/Fe] 0.17 0.05 0.00 0.05 0.08 0.23 0.11 0.32 
[O/Fe] 0.12 0.10 0.01 0.02 – – 0.18 0.25 
[Al/Fe] 0.04 0.01 0.01 0.02 – – 0.15 0.17 
[Ni/Fe] 0.07 0.04 0.10 0.01 – – 0.10 0.16 
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ystematics that could be present between our values and the
iterature ones, such as the systematic difference that we have found
n the surface gravities between our values and Carretta ( 2015 ). 

.2 Chemical abundances 

eside Fe, we inferred chemical abundances for the light elements C,
, O, Al, and for the iron-peak element Ni. For the light elements we

dopted a spectral synthesis analysis using the 1D LTE 2014 version
f the code MOOG (Sneden 1973 ) and the Kurucz grid of ATLAS9
odel atmospheres (Castelli & Kurucz 2004 ) with [ α/ Fe] = 0 . 40.
ig. 4 (panels c, d, e, and f) shows the spectral regions adopted to
nalyse each element. 

The heads of the CH G band (A 

2 � − X 

2 II) at ∼4312 Å and
4323 Å were used in the C abundances determination by assuming

he O abundances determined in this work (as explained below).
itrogen abundances were inferred from the CN band (B 

2 	 − X 

2 	)
t ∼4215 Å by assuming both the previously measured O and C
bundances. 

The triplet in the 7770 Å region was used to determine the O
bundances. Our line list in this spectral region is based on the
urucz line compendium, 2 with log gf values of the three O lines

rom Wiese, Fuhr & Deters ( 1996 ). The 7771.94 Å O line was mildly
ffected by the MgH molecules, which could introduce biases in the
 abundances given the large star-to-star Mg variations observed in
GC 2808 (e.g. Pancino et al. 2017 ; Carretta et al. 2018 ). Thus, for

he O estimates we adopted values from −0.2 to 0.4 in [Mg/Fe] for
ach star according to their Al abundances and the [Al/Fe] versus
Mg/Fe] anticorrelation from Carretta et al. ( 2018 , see their fig. 3). We
lso assessed the impact of CN abundances into the O determinations
nd found that in our stars a change in C and N by ∼0.3 dex affects
he abundances from the 7774.17 Å and 7775.39 Å lines in the most
-poor stars by as much as 0.2 dex. To a v oid the introduction of

uch systematics due to our assumptions in CN for the most O-poor
opulation, for stars with [O / Fe] � 0 . 3 dex, we infer O abundances
rom the first triplet line at 7771.94 Å only. The O I 7770 Å triplet is
no wn to suf fer from large departures from LTE (Amarsi et al. 2018 ),
specially towards higher T eff . To account for this, the abundances
nferred from the different components were individually corrected
NRAS 519, 1695–1712 (2023) 
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y interpolating the 1D non-LTE grid presented in Amarsi, Nissen
 Sk ́ulad ́ottir ( 2019 ). 
Al abundances were obtained by spectral synthesis of the doublet

t 7835 Å region. The line list used in this region was generated
y LINEMAKE 3 (Placco et al. 2021 ). Since we want to investigate
he [Al/Fe] versus [O/Fe] anticorrelation, the Al abundances were
lso corrected for departures from LTE, similarly to O abundances
iscussed abo v e. This was done by interpolating the 1D non-LTE grid
f abundances corrections presented in Nordlander & Lind ( 2017 ). 
Ni was inferred at the same manner as the Fe abundances, e.g.

hrough the assessment of equi v alent widths by using the Ni lines
isted in Table 2 . 

An estimate of the final errors associated with our chemical
bundances has been derived by determining the variation of each
lement after the stellar parameters have been changed, once at a
ime, by their assumed uncertainties (see discussion in the previous
ection). For the elements obtained through EWs, we also include
he statistical error associated with the abundances inferred from the
pectral lines that were measured. For the other elements, derived by
pectral synthesis, we consider the rms deviation of the observed line
rofile relative to the synthetic spectra, and the continuum setting.
able 3 lists the contribution of each error source to the final estimated
ncertainties due to the internal errors for our inferred abundances.
e also list how our chemical abundances change by varying T eff ,

og g , ξ t by larger amounts, as possibly due to systematics. We
mphasize that our interest is on the internal star-to-star variations
n NGC 2808 giants, so that the systematic variations may be
onsidered as a reference when comparing with different analysis. 

The final abundances of the element ‘X’ obtained in our study
re shown as [X / Fe] = A( εX � ) − A( εX �) − [Fe / H] , where A( εX � ) =
og N(X) / N(H) + 12 is the absolute abundance of a star and A( εX �) is
he solar photospheric abundances values from Asplund et al. ( 2009 ).

 RESULTS  A N D  DI SCUSSI ON  

he astrometric positions, stellar parameters, and chemical abun-
ances inferred in this work are listed in Table 1 . The table is divided
nto RGB and AGB stars. 
 https:// github.com/vmplacco/ linemake . 

http://kurucz.harvard.edu/
https://github.com/vmplacco/linemake


NGC 2808 1701 

Figure 4. Comparison between two stars with similar photometry (panel a ) but from different populations according to their ChM position (panel b ). Red 
solid lines show the spectra of N2808 2 26 ( T eff = 4909 K, log g = 2.56, ξt = 1 . 28 km s −1 , [Fe / H] = −1 . 13) and the dashed blue lines represent the spectra 
of N2808 5 12 ( T eff = 4893 K, log g = 2.44, ξt = 1 . 31 km s −1 , [Fe / H] = −1 . 12) for four distinct regions of their spectra: O triplet at 7770 Å (panel c), Al 
doublet at 7835 Å (panel d), CH G band A 

2 � − X 

2 II (panel e), and CN band B 

2 	 − X 

2 	 (panel f). 

Figure 5. [Fe/H] distribution for the 70 RGB stars in our sample. The black 
dashed line indicates the average [Fe/H] value. 
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In the following subsections, we discuss the general chemical 
bundances of RGB and AGB stars in NGC 2808, and finally we
resent the analysis of the chemical patterns associated with the 
istinct stellar populations as observed on the ChM. 

.1 The chemical composition of RGB stars 

n Fig. 5 , we show the histogram distribution of [Fe/H]. Our analysed
tars have a mean iron content of [Fe / H] = −1 . 05 ± 0 . 01. The
ssociated dispersion of 0.07 de x, v ery similar to the estimated error
f 0.08 dex, suggests that our sample of stars is consistent with an
omogeneous Fe distribution. 
As expected for Milky Way GCs, the chemical content of the light

lements C, N, O, and Al, involved in the high-temperature p -capture
eactions, differs from star to star (e.g. Gratton, Sneden & Carretta
004 ). The variation of this set of elements is visualized in Fig. 4 ,
hich presents the comparison of two stars with similar atmospheric 
arameters (panel a ) but from different populations, according to the
ocation on the ChM (panel b ). According to the classification of

ilone et al. ( 2015 ), the two represented stars, namely N2808 2 26
red triangle) and N2808 5 12 (blue square) belong to populations B
nd D, respectiv ely. The y sho w dif ferent abundances of C (panel e),
 (panel f), O (panel c), and Al (panel d) that can be easily identified
y eye from a quick inspection of their spectra. 
Specifically, for our spectroscopic sample of RGB stars, the 

O/Fe] varies from � −0.73 to + 0.73 dex with an average value
f [O / Fe] = 0 . 13 ± 0 . 05 and an associated dispersion of 0.42 dex.
C/Fe] abundances range from −0.93 to 0.02 with an average value
f [C / Fe] = −0 . 42 ± 0 . 03 and an associated dispersion of 0.26 dex.
N/Fe] abundances vary from −0.50 to 1.35 with an average of
N / Fe] = 0 . 74 ± 0 . 06 and an associated dispersion of 0.49 dex. The
alues of [Al/Fe] go from −0.24 to 1.14 with average abundance 
f [Al / Fe] = 0 . 38 ± 0 . 06 and an associated dispersion of 0.46 dex.
ifferently, [Ni/Fe] has a smaller variation, ranging from −0.05 to 
.25 dex, with a verage ab undance of [Ni / Fe] = 0 . 08 ± 0 . 01 and
ssociated dispersion of 0.06 dex. 

The expected (anti-)correlations of [C/Fe], [N/Fe] and [Al/Fe] 
ith [O/Fe] are shown in Fig. 6 . For comparison purposes, we also
MNRAS 519, 1695–1712 (2023) 
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Figure 6. Abundances obtained in the current work for RGB stars (black squares) compared to data from M ́esz ́aros et al. ( 2020 ) (blue triangles) and Carretta 
( 2015 ), Carretta et al. ( 2018 ) (grey circles). Top left-hand panel shows [C/Fe] versus [O/Fe], top right-hand panel presents [N/Fe] versus [C/Fe], [N/Fe] versus 
[O/Fe] is in the left middle panel, [Ni/Fe] versus [O/Fe] is presented in the right-hand middle panel, [Al/Fe] versus [O/Fe] is shown in the bottom left-hand 
panel and [Fe/H] versus [O/Fe] is in the bottom right-hand panel. The typical error (mean value) is displayed in red. The Spearman coefficients ( rs ) for each 
possible (anti-)correlation are reported in all panels. 
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how [Ni/Fe] and [Fe/H] abundances versus [O/Fe]. The classical 
nticorrelation between [N/Fe] and [C/Fe] is presented in the top 
ight-hand panel. 

The variations in the abundances from C, N, O, and Al show the
ntense interplay in the production and destruction of these elements 
n the different objects in NGC 2808. As a product of the CNO
ycle, during hot hydrogen burning, C and O are reduced while N is
ighly enhanced. At the same time, Al is produced through the Mg-
l chain (Arnould, Goriely & Jorissen 1999 ; Karakas & Lattanzio 
003 ). Meanwhile, [Ni/Fe] is constant with [O/Fe], and also constant 
n the different populations (see discussion in Section 4.4 ). 

For our sample of stars with the full set of C, N, and O abundances
vailable (excluding the upper limits), we find an average C + N + O
 v erall abundance of A(C + N + O) = 8 . 16 ± 0 . 02 with associated
ispersion of 0.10 dex. 
We also notice that the o v erall C + N + O content slightly decreases

hen moving from first-population stars to populations C and D. 
Ho we ver, we notice that values of A(C + N + O) may be signif-

cantly affected by systematic uncertainties of the absolute abun- 
ances of C, N, and O. To estimate the robustness of our C + N + O
bundances, we estimated the variations in A(C + N + O) that we
btain by changing C, N, O, individually. To do this, we varied
ach element at time by an amount corresponding to its internal 
ncertainty (Table 3 ). 
We find that the C + N + O content is not significantly affected by

ystematic errors in C. 
On the contrary, N and O variations correspond to significant 
 + N + O changes, which may have different effects on the different

tellar populations. Specifically, a systematic variation of N by 
.28 dex mostly affect Populations C and D stars, with the latter
arying up to ∼0.2 dex. 

Systematic errors in O mostly affect the most O-rich populations, 
i.e. the 1P). An oxygen variation by ±0.23 dex corresponds to a
 + N + O increase by ∼0.2 dex in Population 1 stars, to a decrease
y ∼0.1 dex and ∼0.05 in Populations C and D, respectively. We
onclude that the relative C + N + O content of the distinct stellar
opulations is significantly affected by systematic errors in the C, N, 
nd O determinations. This fact prevents us from firm conclusion 
n C + N + O variations among the distinct stellar populations of
GC 2808. 

.2 The chemical composition of AGB stars 

ur spectroscopic sample comprises seven probable AGB stars, as 
learly suggested by the location of these stars in the U versus ( U −
 ) CMD (see Fig. 2 ). 

In this sample, all the analysed light elements show a significant 
ange, specifically: [O/Fe] vary from � −0.73 to 0.83 dex with an
verage value of [O / Fe] = 0 . 37 ± 0 . 21 dex (associated dispersion
f 0.52 dex); [C/Fe] abundances range from −0.98 to −0.25 dex and
verage value of [C / Fe] = −0 . 47 ± 0 . 10 dex (associated dispersion
f 0.25 dex); [N/Fe] varies from + 0.40 to + 1.17 dex with an
 verage ab undance of [N / Fe] = + 0 . 64 ± 0 . 10 dex (associated
ispersion of 0.25 dex); and [Al/Fe] values range from −0.25 to 
.01 dex with average abundance of [Al / Fe] = 0 . 16 ± 0 . 19 dex
associated dispersion of 0.46 dex). Additionally, similar to the RGB 

ample, [Ni/Fe] abundances span a smaller range from −0.04 to 
.13 de x, with av erage abundance of [Ni / Fe] = 0 . 05 ± 0 . 02 dex and
ispersion of 0.06 dex. 
The abundances of our AGB stars in comparison with the results

or RGB are shown in Fig. 7 . For completeness, we show results
rom AGB stars by M ́esz ́aros et al. ( 2020 ). An inspection of the
N/Fe] (middle left), [Ni/Fe] (middle right), [Al/Fe] (bottom left), 
nd [Fe/H] (bottom right) versus [O/Fe] plots indicates that those 
tars have similar abundances when compared to the RGB stars in
ur sample. Ho we ver, the upper panels of Fig. 7 ([C/Fe] versus [O/Fe]
nd [N/Fe] versus [C/Fe]) might indicate that our AGB stars 

have lower content of C, in general, when compared to the RGB
ample (by a factor of ∼1.1). This behaviour could be related to the
if ferent e volutionary stage of the A GB stars. In particular , the C
 N processing occurring in the RGB envelopes could modify the

N surface abundances on the AGB (e.g. Smith & Norris 1993 ). 
From the Al–O anticorrelation presented in Fig. 7 , we observe

GB stars belonging to both first and second populations in agree-
ent with Marino et al. ( 2017 ) in the same cluster. Interestingly

nough, we note that the O abundance inferred for one star is very low,
ith none of such extremely-O depleted stars, possibly associated 

o the population E on the ChM, included in the sample of Marino
t al. ( 2017 ). This star (N2808 2 9 wf) also displays high [Al/Fe],
hich is compatible with the star belonging to the extremely helium-

ich population. On the other hand, we note that this object has
ore [C/Fe] and less [N/Fe] content than what is expected for the

xtremely He-enriched stellar population. 
We regard this star as an interesting target for future observations

ith higher resolution spectroscopy. Indeed, the stars with the 
ighest content of He (D’Antona et al. 2005 ; Milone et al. 2015 )
ould in principle a v oid the AGB phase becoming AGB-manqu ́e

tars (Greggio & Renzini 1990 ; Gratton et al. 2010 ; Chantereau,
harbonnel & Meynet 2016 ). Nonetheless, Marino et al. ( 2017 )
etected an AGB star with the same chemical composition as 
opulation-D stars. This finding demonstrates that NGC 2808 stars 
ith Y ∼ 0.3 can evolve to the AGB phase; in addition, Lagioia

t al. ( 2021 ) found that several AGB stars can be associated with
opulation D and possibly population E, based on their positions on
he ChM. These findings might challenge the current stellar evolution 

odels (Chantereau et al. 2016 ). 
The evidence that He-rich stars in GCs skip the AGB phase and

volve as AGB manqu ́e, together with the presence of extremely
lue He-rich HB stars, makes it tempting to link the phenomenon
f multiple stellar populations with the X-UV Upturn phenomenon 
f elliptical galaxies. The latter consists of a ‘UV rising branch’ at
avelengths shorter than λ � 2500 Å observed in the spectra of ellip-

ical galaxies (e.g. Code 1969 ), whose origin is still contro v ersial. By
ar , A GB manqu ́e stars and extreme HB stars are considered among
ources that are likely to produce the largest contribution to the UV
utput from a galaxy (e.g. Renzini 1990 ). Hence, if elliptical galaxies
ost multiple stellar populations, similar to GCs, it is possible that
elium-rich stars are responsible for the X-UV upturn phenomenon. 
Recent works have provided robust evidence of a significant 

mount of AGB manqu ́e stars, among He-rich GC stars (e.g.
ampbell et al. 2013 ; Marino et al. 2017 ; Lagioia et al. 2021 ). The
isco v ery of a He-rich AGB star would certainly indicate that a small
raction of AGB He-rich stars skip the AGB phase. Ho we ver, a large
tatistic sample of He-rich AGB stars is needed to estimate their
raction and their contribution to the total X-UV flux of a GC. 

.3 Literature comparison 

everal studies of the chemical abundances in NGC 2808 can be
ound in the literature, so it is worth discussing here a comparison
ith previous results. The most recent studies by Carretta ( 2015 )

nd Carretta et al. ( 2018 ) include the [O/Fe], [Al/Fe], and [Ni/Fe]
bundances. In addition, M ́esz ́aros et al. ( 2020 ) presented [C/Fe],
N/Fe], [O/Fe], and [Al/Fe] abundances, based on APOGEE spectra. 
MNRAS 519, 1695–1712 (2023) 
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Figure 7. Abundances for AGB stars obtained in the current work (purple squares) compared to AGB stars from M ́esz ́aros et al. ( 2020 ) (blue triangles) and 
our study of RGB stars (light grey circles). Top left-hand panel shows [C/Fe] versus [O/Fe], top right-hand panel presents [N/Fe] versus [C/Fe], [N/Fe] versus 
[O/Fe] is shown in the left middle panel, [Ni/Fe] versus [O/Fe] is presented in the right middle panel, [Al/Fe] versus [O/Fe] is shown in the bottom left-hand 
panel, and [Fe/H] versus [O/Fe] is shown in the bottom right-hand panel. The typical error (mean value) is displayed in red. The Spearman coefficients ( rs ) for 
each possible (anti-)correlation are reported in all panels. 
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NGC 2808 1705 

Figure 8. The upper panels shows the HST ChM from the two field of view shown in Fig. 1 that include data from Milone et al. ( 2015 ) (left) and our ChM 

from ground based photometry (right), with the spectroscopic data divided in populations A + B (red), C (yellow), D (cyan) and E (dark blue). [N/Fe] (bottom 

left-hand panel) and [Al/Fe] (bottom right-hand panel) versus [O/Fe] for our RGB sample (grey circles) with the populations colour coded in agreement with 
the ChM panels. Spectroscopic data with HST ChM information are represented with filled circles, while filled triangles show spectroscopic data with ground 
based ChM information. 
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Our average [Fe/H] for NGC 2808 is −1.05 dex with a dispersion
f 0.07 dex (considering only RGB stars). 
This value is 0.09 dex higher than the one reported in Harris

 1996 ) (2010 version, [Fe/H] = −1.14 dex that is an average result
ompiled with values found in the literature), 0.08 dex greater than 
he [Fe/H] average from Carretta ( 2015 ) ([Fe/H] = −1.13 dex) but if
e consider the same solar constant for Fe the difference decreases 

o 0.04 dex, and 0.12 dex smaller than the average metallicity from
 ́esz ́aros et al. ( 2020 ) ([Fe/H] = −0.93 dex) and again, if we

onsider the same Fe solar constant the difference diminishes to 
.07 dex. 
Figs 6 and 7 show the literature comparison for the (anti-)

orrelations between [C/Fe], [N/Fe], [Al/Fe] and [O/Fe], as well as 
Ni/Fe] versus [O/Fe] and [Fe/H] versus [O/Fe] for RGB and AGB 

tars, respectively. The classical anticorrelation between [C/Fe] and 
N/Fe] and their comparison with literature studies is also shown. 
or a better comparison, the abundances from Carretta ( 2015 ), 
arretta et al. ( 2018 ), and M ́esz ́aros et al. ( 2020 ) presented in

hese figures are also corrected to the same solar constants used in
ur work. 
Although the methods and spectral regions used to analyse the 
hemical abundances of different elements from Carretta ( 2015 ), 
arretta et al. ( 2018 ), and M ́esz ́aros et al. ( 2020 ) are distinct from
ur work, we found a reasonable concordance of our findings when
ompared to these studies. Carretta ( 2015 ) used the [O I ] forbidden
ines at ∼6300 Å and several Ni I lines from 4900 to 6800 Å. For
l determination, Carretta et al. ( 2018 ) used the method presented

n Carretta et al. ( 2012 ) that analysed the Al I doublet at 8772–73 Å.
astly, M ́esz ́aros et al. ( 2020 ) used infrared features to determine the
bundances of Al, C, N, and O. 

Our RGB C abundances are higher than the ones from M ́esz ́aros
t al. ( 2020 ) by a factor of ∼1.3, while the N from M ́esz ́aros
t al. ( 2020 ) are higher than our results by a factor of ∼1.7. We
nalysed RGB stars that are below or abo v e the luminosity bump
with magnitudes in the interval 15.0 � V � 16.6), while M ́esz ́aros
t al. ( 2020 ) only have stars above the RGB bump (with stars as
right as V ∼ 13.5), so a mild difference is expected. Although we
ave stars both below and abo v e the RGB b ump, our ab undances of
C/Fe] and [N/Fe] do not show any trend with luminosity; probably
ecause our sample does not include very bright RGB stars. 
MNRAS 519, 1695–1712 (2023) 
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Table 4. Average abundances for each population of stars, with their respective mean errors, dispersion ( σ ), and number of stars (#). 

Current work 
Pop. A + B σ # Pop. C σ # Pop. D σ # Pop. E σ # 

〈 [Fe / H] 〉 −1.07 ± 0.02 0.07 20 −1.04 ± 0.01 0.04 12 −1.05 ± 0.02 0.06 10 −1.02 ± 0.02 0.06 6 
〈 [C / Fe] 〉 −0.16 ± 0.02 0.08 20 −0.40 ± 0.03 0.09 12 −0.68 ± 0.02 0.05 10 −0.72 ± 0.03 0.07 6 
〈 [N / Fe] 〉 0.21 ± 0.05 0.23 19 0.95 ± 0.05 0.17 12 1.17 ± 0.04 0.11 10 1.22 ± 0.02 0.06 6 
〈 [O / Fe] 〉 0.51 ± 0.03 0.14 20 0.09 ± 0.05 0.17 12 � −0.39 0.14 8 � −0.58 0.14 5 
〈 [Al / Fe] 〉 −0.05 ± 0.02 0.09 20 0.28 ± 0.08 0.28 12 0.90 ± 0.03 0.08 10 0.95 ± 0.05 0.12 6 
〈 [Ni / Fe] 〉 0.08 ± 0.02 0.08 20 0.06 ± 0.02 0.07 12 0.06 ± 0.02 0.05 10 0.09 ± 0.02 0.04 6 
Literature data a 

Pop. A + B σ # Pop. C σ # Pop. D σ # Pop. E σ # 
〈 [Fe / H] 〉 −1.12 ± 0.01 0.02 27 −1.12 ± 0.01 0.02 14 −1.10 ± 0.01 0.01 4 −1.11 ± 0.01 0.02 6 
〈 A(Li) 〉 1.16 ± 0.02 0.05 5 1.10 ± 0.03 0.08 6 1.05 ± 0.02 0.05 6 0.82 ± 0.11 0.16 3 
〈 [O / Fe] 〉 0.27 ± 0.02 0.09 25 −0.16 ± 0.08 0.30 11 −0.35 ± 0.11 0.19 3 −0.46 ± 0.07 0.16 2 
〈 [Na / Fe] 〉 0.02 ± 0.02 0.08 27 0.32 ± 0.03 0.12 14 0.39 ± 0.04 0.06 4 0.44 ± 0.04 0.10 6 
〈 [Mg / Fe] 〉 0.37 ± 0.01 0.05 27 0.27 ± 0.03 0.11 14 0.12 ± 0.07 0.12 4 0.09 ± 0.06 0.14 6 
〈 [Al / Fe] 〉 −0.08 ± 0.04 0.18 21 0.72 ± 0.13 0.47 9 1.09 ± 0.04 0.08 4 1.13 ± 0.09 0.21 6 
〈 [Si / Fe] 〉 0.27 ± 0.01 0.03 27 0.31 ± 0.01 0.04 14 0.34 ± 0.02 0.03 4 0.36 ± 0.02 0.05 6 
〈 [Ca / Fe] 〉 0.32 ± 0.01 0.03 27 0.33 ± 0.01 0.02 14 0.32 ± 0.01 0.02 4 0.32 ± 0.01 0.03 6 
〈 [Sc / Fe] 〉 −0.03 ± 0.01 0.04 27 0.01 ± 0.01 0.04 14 0.01 ± 0.01 0.03 4 0.05 ± 0.01 0.02 6 
〈 [Ti / Fe] 〉 0.22 ± 0.01 0.04 27 0.21 ± 0.01 0.02 14 0.211 ± 0.01 0.02 4 0.18 ± 0.01 0.03 6 
〈 [Cr/ Fe] 〉 −0.04 ± 0.01 0.03 27 −0.03 ± 0.01 0.03 14 −0.03 ± 0.01 0.01 4 −0.01 ± 0.01 0.01 6 
〈 [Mn / Fe] 〉 −0.38 ± 0.01 0.01 5 −0.36 – 1 −0.38 – 1 −0.40 – 1 
〈 [Ni / Fe] 〉 −0.07 ± 0.01 0.02 27 −0.07 ± 0.01 0.02 14 −0.07 ± 0.02 0.03 4 −0.07 ± 0.01 0.02 6 

Note. a Data from Carretta ( 2015 ), Carretta et al. ( 2018 ), and D’Orazi et al. ( 2015 ). 
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.4 Chemical abundances along the ChMs 

he upper panels of Fig. 8 show the ChMs of NGC 2808 from HST
nd ground-based photometry. The spectroscopic sample is colour-
oded according to their populations based on the classification in
ilone et al. ( 2015 ). In the following, we investigate the chemical

omposition of four stellar populations: the first population 1P, and
he three main groups of second-population stars, namely C, D, and
. 4 Fig. 8 shows [N/Fe] (bottom left-hand panel) and [Al/Fe] (bottom

ight-hand panel) versus [O/Fe] for the sample of RGB stars and the
ighlighted stars for which we have ChM information. 5 

N is the most sensitive element (presented in our work) for the
ocation of a star in the ChM, as shown by Marino et al. ( 2019a ). Due
o the filters used in the construction of a ChM, variations in N would
ranslate in a different position for the stars in this diagram. Oxygen
ariation also affect, to a minor extent, the position of a star along the
hM. Thus, in our study, the [N/Fe] versus [O/Fe] plot is an efficient

ool to analyse multiple populations in a GC with spectroscopic data.
he left bottom panel of Fig. 8 shows this anticorrelation and the clear
eparation between 1P stars and Population C stars. Populations D
nd E share similar N contents, whereas the most extreme star from
opulation E present the lowest O abundances. We note a clear
eparation among the distinct populations also in the right bottom
NRAS 519, 1695–1712 (2023) 

 1P stars of NGC 2808 host two main stellar subpopulations, named A and B 

y Milone et al. ( 2015 ). Ho we ver, one spectroscopic target only belongs to the 
opulation A based on it’s position in the HST ChM. Moreo v er, the ground- 
ased ChM does not provide a clear separation between Population A and B 

tars. Based on ChM analysis, Population A and B stars share nearly the same 
hemical composition, b ut ha ve slightly different metallicity (corresponding 
o a variation in iron abundance by less than 0.1 dex Marino et al. 2019b ; 
egnardi et al. 2022 ). For these reasons, we will consider all 1P stars in the 
ame sample, without distinguishing between Population A and B stars. 
 We note that abundances of N and O are not available for all spectroscopic 
argets. Hence, the number of coloured stars in the upper and lower panels of 
ig. 8 do not match with each other. 
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anel of Fig. 8 , which shows the anticorrelation of [Al/Fe] versus
O/Fe]. 

Table 4 summarizes the average abundances of each element
tudied here for each ChM population, both for HST and ground-
ased photometry. [Fe/H] is constant in the distinct populations, at a
evel of � 0.10 dex. The abundances of [C/Fe] and [O/Fe] decrease
rom 1P (i.e. Populations A + B) stars to E population stars, while
N/Fe] and [Al/Fe] abundances increase. Except for O and Li, which
re substantially lower in the E population with respect to population
 stars, we do not observe large differences in the other light elements
etween these two stellar populations. 

Fig. 9 shows the same (anti-)correlations presented in Fig. 6 , but
ow with the average abundances for each population of the ChM
llustrated by coloured circles (red for population A + B, C in yellow,
 in cyan, and dark blue for population E). We find distinct average

bundances for the different stellar populations, with population E
blue circles) showing the lowest O abundances (with some stars
aving only upper limits). 
To further analyse the chemical abundances along the ChM

f NGC 2808, in Figs 10 and 11 we plot the chemical abun-
ances as a function of the � C F275W ,F336W ,F438W 

(from HST pho-
ometry) and � C U , B , I (from ground-based photometry) values,
espectively. 

Carbon and oxygen both show a strong anticorrelation with
 C F275W ,F336W ,F438W 

, with Spearman coefficients r S = −0.92 and r S 
 −0.88, respectively, which indicates that 1P stars, located at lower

alues of � C F275W ,F336W ,F438W 

, have higher content of these elements.
n the other hand, [N/Fe] and [Al/Fe] are positively correlated with
 C F275W ,F336W ,F438W 

, with Spearman coefficients equal to + 0.94 and
 0.93, meaning that A + B stars have less [N/Fe] and [Al/Fe] in com-

arison with populations C, D, and E stars. Meanwhile, [Ni/Fe] and
Fe/H] do not present any (anti-)correlation with � C F275W ,F336W ,F438W 

Spearman coefficients r S = 0.07 and r S = −0.25, respectively)
hich indicates that there are no variations of those abundances,
ithin our uncertainties, through the different populations hosted in
GC 2808. 



NGC 2808 1707 

Figure 9. Abundance panels for RGB stars (grey circles) with their a verage ab undances for each population highlighted. Population A + B is represented by red 
squares, the yellow squares illustrate population C, averages for population D are shown as cyan squares, and dark blue squares display values for population 
E. Top left-hand panel shows [C/Fe] versus [O/Fe], top right-hand panel presents [N/Fe] versus [C/Fe], [N/Fe] versus [O/Fe] is in the left middle panel, [Ni/Fe] 
versus [O/Fe] is presented in the right middle panel, [Al/Fe] versus [O/Fe] is shown in the bottom left-hand panel, and [Fe/H] versus [O/Fe] is in the bottom 

right-hand panel. 
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The ground-based ChM show a similar behaviour. Fig. 11 displays 
 C U , B , I versus [C/Fe], [N/Fe], [O/Fe], [Al/Fe], [Ni/Fe], and [Fe/H]. 

C/Fe] and [O/Fe] show strong anticorrelation with � C U , B , I , with 
heir respective Spearman coefficients being r S = −0.90 and r S = 

0.82. [N/Fe] and [Al/Fe] have prominent correlation with � C U , B , I , 
ith r S = + 0.91 and r S = + 0.89, respectively, demonstrating once
ore the strong dependence of the light elements with the location on

he y -axis of the ChM. Analogous to the result shown in Fig. 10 , the
ottom panels of Fig. 11 show the weak (or no) correlation of [Ni/Fe]
nd [Fe/H] with � C U , B , I , corroborating that there are no significant
MNRAS 519, 1695–1712 (2023) 
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Figure 10. � C F275W ,F336W ,F438W 

versus [C/Fe] (top left-hand panel), [N/Fe] (top right-hand panel), [O/Fe] (middle left-hand panel), [Al/Fe] (middle right-hand 
panel), [Ni/Fe] (bottom left-hand panel), and [Fe/H] (bottom right-hand panel). The typical errors are marked in red. 

v  

N
 

w  

b  

C  

s  

a  

p
 

C  

a  

g  

m  

i  

d  

d  

d  

C  

b  

D  

c  

s  

1
 

i  

(  

t  

f  

e  

a  

b  

a  

&  

t  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/2/1695/6880167 by U
ni PD

 user on 10 February 2023
ariations of those abundances through the different populations of
GC 2808. 
The agreement between the relations of each analysed element

ith the ChM values shown in Figs 10 and 11 for HST and ground-
ased photometry , respectively , demonstrates the ef fecti veness of the
hM constructed from ground-based photometry in separating the

tellar populations in GCs. The combined efforts from both HST
nd ground-based ChMs is an important tool to analyse the multiple
opulation phenomenon in GCs o v er a wide field of view. 
For a complete assessment of chemical variations along the

hMs, we assemble literature high resolution spectroscopic data
nd combine them with the recent information from our new
round-based ChM. Lithium is a crucial element to understand
ultiple populations. As it is easily destroyed by proton-capture

n stellar environments, the observed abundances for this element
epend on the interplay between several mechanisms that can
ecrease the internal and surface Li content of low-mass stars at
ifferent phases of their evolution. The Li abundances along the
NRAS 519, 1695–1712 (2023) 
hM of NGC 2808 has been discussed in Marino et al. ( 2019a )
y using the ChM from HST photometry and Li abundances from
’Orazi et al. ( 2015 ). They found lithium abundances only slightly

hanging from one population to another, with one population-E
tar being depleted in lithium by only ∼0.2 dex with respect to
P stars. 
We take advantage of our newly introduced ground-based ChM to

nvestigate the Li abundances along this diagram. The D’Orazi et al.
 2015 ) sample includes 12 stars with available ChM position from
he large field of view of the ground-based photometry, plus 8 stars
rom the two HST fields of view. Since these stars are in a similar
volutionary stage, we are able to compare the [Al/Fe] and A(Li)
ccording to their distinct populations. These stars are below the RGB
ump; hence, they do not experience yet extra mixing that induce
nother event of severe depletion in the Li content (e.g. Charbonnel
 Zahn 2007 ), the first strong episode of Li dilution occurs during

he first dredge-up. Fig. 12 shows the A(Li) versus [Al/Fe] plot, using
bundances from D’Orazi et al. ( 2015 ), with the average values for

art/stac3561_f10.eps
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Figure 11. � C U , B , I versus [C/Fe] (top left-hand panel), [N/Fe] (top right-hand panel), [O/Fe] (middle left-hand panel), [Al/Fe] (middle right-hand panel), 
[Ni/Fe] (bottom left-hand panel), and [Fe/H] (bottom right-hand panel). The typical errors are marked in red. 
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ach population highlighted. We observe the majority of 1P stars 
ho wing lo wer content of Al and slightly higher Li than 2P stars.

ost stars of population C have low Al, and Li similar to population
 stars. The three population E stars 6 display high Al abundances 

nd the lowest Li content. This result is in agreement with Marino
t al. ( 2019a ) for stars in the HST ChM. 

We also compile the abundances from Carretta ( 2015 ) and Carretta
t al. ( 2018 ) that have ChM information. Table 4 and Fig. 13
ummarizes the average chemical abundances from Carretta ( 2015 ), 
arretta et al. ( 2018 ), D’Orazi et al. ( 2015 ), in addition to our results,

eparated by the populations marked in the ChM. 
Following the outcome from our spectroscopic analysis, the 

iterature chemical abundances from light elements, O, Na, Mg and 
l, are the most sensitive to distinct ChM populations, while Si
 We note here that the Li abundances of the three E stars are not upper limits. 

+

t

nd Sc have little changes, and Ti and the iron peak elements, Cr,
n, Fe, and Ni, present negligible v ariation within the dif ferent

opulations. 
Finally, we compare our C, N, and O abundances for which we

ave HST ChM information to the [C/Fe], [N/Fe] and [O/Fe] values
y Milone et al. ( 2015 ) inferred from a photometric analysis based on
he comparison between the observed diagrams with stellar models 
nd synthetic spectra. The average abundances of each element in a
iven population are listed in Table 5 with respect to population B.
n our work, we did not separate populations A and B, although one
tar with HST ChM information being consistent with population 
, namely N2808 1 8 0. For the sake of information, we report for

his star abundances of [Fe/H] = −0.95 (marginally higher than 
he average 1P value), [C/Fe] =−0.25, [N/Fe] =−0.05 and [O/Fe] =
 0.29. 
The comparison between our average chemical abundances and 

he ones from Milone et al. ( 2015 ) shows that: 
MNRAS 519, 1695–1712 (2023) 
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Figure 12. [Al/Fe] versus NLTE A(Li) from D’Orazi et al. ( 2015 ) with the 
corresponding population tagging according to our HST and ground based 
ChMs (circles) compared to their averages abundances (squares). 
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(i) we have more moderate values of � [C / Fe] , while Milone
t al. ( 2015 ) presented more extreme values for these quantities in
opulations D and E, though being compatible for population C; 
(ii) our results for � [N / Fe] are compatible with the work of
ilone et al. ( 2015 ) for populations C, D, and E; 
(iii) differently, our � [O / Fe] are substantially larger than the ones

rom Milone et al. ( 2015 ). 

Results from Milone et al. ( 2015 ) are entirely based on multi-
and photometry. The comparison between the N abundance from
pectroscopic- and photometric-based analysis demonstrates that
hotometry is an excellent tool to assess the content of this element,
hich, together with helium, is the element that most affects the

ocation of a star on the ChM. Our comparison shows that photometry
llows to qualitatively distinguish stellar populations with different
bundances of C and O. 

 SUMMARY  A N D  C O N C L U S I O N S  

his work investigates multiple stellar populations along the RGB
nd the AGB of NGC 2808 by combining information from different
echniques. We use the multiband HST photometry and proper

otions for stars in the ∼2.7 × 2.7 arcmin central field (e.g. Milone
t al. 2015 ) and derived similar high-precision photometry and proper
otions of stars in an external field, ∼5.5 arcmin south-west from the

luster centre. Moreo v er, we used U , B , I photometry from ground-
ased facilities (Stetson et al. 2019 ) and stellar proper motions from
aia eDR3 (Gaia Collaboration 2021 ) and GIRAFFE@VLT spectra.
hile stellar proper motions were used to identify probable cluster
embers, photometry was instrumental for two main results: 

(i) HST photometry allowed us to derive the classical
 CF275W , F336W , F438W 

versus � F275W,F814W 

ChM of RGB stars and
etect the five main stellar populations of NGC 2808 (A–E) for two
ifferent fields of view. 
(ii) We also present a ChM constructed from ground-based

hotometry alone. This new ChM, which is derived from the I
ersus B − I CMD and I versus � C U , B , I pseudo-CMD of RGB
tars, allows to identify multiple stellar populations along the RGB.
he fact that accurate U , B , I photometry is now available from wide-
eld telescopes opens the possibility to investigate multiple stellar
opulations o v er a wider field of view. 
NRAS 519, 1695–1712 (2023) 
To constrain the chemical composition of the stellar popula-
ions of NGC 2808 we investigated 77 giant stars, including 70
GB and 7 AGB stars, by using high-resolution spectra from
LAMES/GIRAFFE at the Very Large Telescope. We determined

heir stellar parameters and abundances for six elements: C, N, O,
l, Ni, and Fe. Results on chemical abundances coupled with the
opulation assignment based on the ChM can be summarized as
ollows: 

(i) We detected large star-to-star variations in C, N, O, and Al.
he maximum internal elemental variation range from ∼0.7 dex

n carbon, to ∼1.1 dex in nitrogen, and aluminium, and up more
han 1.3 dex in oxygen. The abundances of these elements show the
ell-known (anti-)correlations, expected for these elements being

nvolved in the high-temperature H-burning. These abundances are
trongly dependent on the location of the stars on the ChM. On the
ther hand, iron and nickel remain essentially constant through the
ifferent stellar populations. 
(ii) Hence, we found a remarkable correspondence between the

bundances of RGB stars and their position on the ChMs. The
C/Fe] and [O/Fe] abundances increase with � CF275W , F336W , F438W 

nd � CU , B , I , while [N/Fe] and [Al/Fe] anticorrelate with
 CF275W , F336W , F438W 

and � CU , B , I . 
(iii) We derived the chemical composition of stars in the main

opulations of NGC 2808. The 1P stars (populations A + B) have
ower content of aluminium and nitrogen in contrast with higher
bundances of oxygen and carbon. While aluminium and nitrogen
ecome gradually higher for populations C and D reaching their
ighest values in population E, oxygen and carbon have systemati-
ally lower abundances compared to population C to E. The two most
e-enriched populations, namely D and E, do not show significant
ifferences in light elements, except for O and Li, which is more
epleted in the E stars. 
(iv) The agreement between the relative variations in the chemical

omposition among the different populations, as obtained from the
lassical and ground-based ChM, strongly suggests that the latter
ill be a powerful tool for characterizing GC stellar populations in

arger fields of view. 

In addition, we assemble high-resolution spectroscopy data from
arretta ( 2015 ), Carretta et al. ( 2018 ), and D’Orazi et al. ( 2015 ) with

he new information from our ground-based ChM and observe the
ollowing: 

(i) The light elements Li, O, Na, Mg, and Al show the larger
ariations from populations C, D, and E in respect to population
 + B, in comparison with other elements analysed. 
(ii) Si and Sc show little changes from populations C, D, and E

ompared to 1P (populations A + B). 
(iii) Ti and the iron peak elements Cr, Mn, Fe, Ni show negligible

r no variation between the distinct populations. 

The analysis of the chemical composition of seven AGB stars
hows that they also span a range of [O/Fe] and [Al/Fe] that is
omparable with that of the RGB stars. AGB stars exhibit correlations
etween N and Al and C and O as well as the C–N and O–Al
nticorrelations, in close analogy with what is observed for the RGB.
he main difference is that the 1P stars that populate the AGB exhibit
igher nitrogen abundances and lower carbon content than the RGB
rst population. 
Intriguingly, we detect one AGB star (N2808 2 9 wf) that is

trongly depleted in oxygen and highly enhanced in aluminium.
ased on the abundances of these elements, this AGB star would
e associated with the helium-rich stellar populations of NGC 2808

art/stac3561_f12.eps
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Figure 13. Average chemical abundances from stars in populations C (yellow), D (cyan), and E (dark blue) with respect to the 1P (A + B), with our results (open 
stars) and data from Carretta ( 2015 ), Carretta et al. ( 2018 ), and D’Orazi et al. ( 2015 ) (filled squares). All elements have � [X/Fe] reported, with the exception 
of lithium ( � A(Li)) and iron ( � [Fe/H]). 

Table 5. [C/Fe], [N/Fe], and [O/Fe] abundances for each population with 
respect to 1P stars. 

Our work 
Population � [C / Fe] � [N / Fe] � [O / Fe] 

A + B 0.0 0.0 0.0 
C −0.21 ± 0.03 0.66 ± 0.10 −0.45 ± 0.06 
D −0.50 ± 0.03 0.96 ± 0.07 −0.81 ± 0.07 
E −0.56 ± 0.06 0.98 ± 0.08 −1.04 ± 0.15 

Milone et al. ( 2015 ) 
Population � [C / Fe] � [N / Fe] � [O / Fe] 
A 0.2 ± 0.2 0.0 ± 0.1 0.2 ± 0.1 
B 0.0 0.0 0.0 
C −0.1 ± 0.1 0.6 ± 0.2 0.0 ± 0.1 
D −0.8 ± 0.3 1.1 ± 0.1 −0.5 ± 0.1 
E −0.9 ± 0.3 1.2 ± 0.2 −0.7 ± 0.1 
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 Y � 0.32). Our disco v ery, together with previous spectroscopic
vidence of an AGB star associated with the population D (Marino
t al. 2017 ) demonstrates that stars with high helium abundances 
an evolve into AGB. A similar conclusion comes from the ChMs
f AGB stars, which reveals distinct populations of AGB stars that 
re associated with population D and possibly population E (Marino 
t al. 2017 ; Lagioia et al. 2021 ). These findings seem in contrast
ith the predictions of evolutionary models of the helium-rich stars, 
hich should skip the AGB phase (e.g. Chantereau et al. 2016 ). 
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