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ABSTRACT

We have performed the first detailed spectral analysis of red giant members of the relatively high-metallicity globular cluster (GC)
Tononzintla 2 (Ton 2) using high-resolution near-infrared spectra collected with the Apache Point Observatory Galactic Evolution
Experiment II survey (APOGEE-2), obtained as part of the bulge Cluster APOgee Survey. We investigate chemical abundances for
a variety of species including the light-, odd-Z, α-, Fe-peak, and neutron-capture elements from high S/N spectra of seven giant
members. The derived mean cluster metallicity is [Fe/H]= −0.70 ± 0.05, with no evidence for an intrinsic metallicity spread. Ton 2
exhibits a typical α-enrichment that follows the trend for high-metallicity Galactic GCs, similar to that seen in 47 Tucanae and
NGC 6380. We find a significant nitrogen spread (> 0.87 dex), and a large fraction of nitrogen-enriched stars that populate the cluster.
Given the relatively high-metallicity of Ton 2, these nitrogen-enriched stars are well above the typical Galactic levels, indicating the
prevalence of the multiple-population phenomenon in this cluster which also contains several stars with typical low, first-generation N
abundances. We also identify the presence of [Ce/Fe] abundance spread in Ton 2, which is correlated with the nitrogen enhancement,
indicating that the s-process enrichment in this cluster has been produced likely by relatively low-mass Asymptotic Giant Branch
stars. Furthermore, we find a mean radial velocity of the cluster, −178.6 ± 0.86 km s−1 with a small velocity dispersion, 2.99±0.61
km s−1, which is typical of a GC. We also find a prograde bulge-like orbit for Ton 2 that appears to be radial and highly eccentric.
Finally, the considerably nitrogen-enhanced population observed in Ton 2, combined with its dynamical properties, makes this object
a potential progenitor for the nitrogen-enriched field stars identified so far toward the bulge region at similar metallicity.

Key words. stars: abundances – stars: chemically peculiar – Galaxy: globular clusters: individual: Ton2 – techniques: spectroscopic

1. Introduction

Galactic Globular Clusters (GCs) are valuable ancient relics of
the early epochs of the formation and assembly of the Milky
Way (MW). Thus, studies of them both individually as well as
an ensemble offers crucial pieces of information on the chemical
evolution and dynamical history of their host galaxies.

While they were initially assumed to be chemically homoge-
nous, it has been known for decades that they display light-
element abundance variations (for reviews, see Gratton et al.
2012; Bastian & Lardo 2018), which are now termed multi-
ple populations. Almost all the Galactic GCs spectroscopically
? To whom correspondence should be addressed; E-mail:

jose.fernandez@ucn.cl and/or jfernandezt87@gmail.com

examined so far have been shown to exhibit star-to-star varia-
tions in the light- (C, N), odd-Z (Na, Al), and α- (O, Mg) el-
ements (Gratton et al. 2004; Carretta et al. 2009a,b; Martell &
Smith 2009; Carretta et al. 2010; Villanova et al. 2010, 2014;
Pancino et al. 2017; Schiavon et al. 2017a; Tang et al. 2018;
Masseron et al. 2019; Mészáros et al. 2020, 2021; Frelijj et al.
2021; Geisler et al. 2021; Romero-Colmenares et al. 2021; Tang
et al. 2021), as well as variations in the s-elements (e.g., Yong
& Grundahl 2008; Yong et al. 2009; Marino et al. 2009, 2015),
which seem to be related with the presence of a class of anoma-
lous GCs with peculiar “chromosome maps" (Milone et al. 2017;
Marino et al. 2019, the Type II GCs in ), leading to the sugges-
tion of a complex chemical-enrichment history. Such variations
have been generally hypothesized to be the result of chemical

Article number, page 1 of 12

ar
X

iv
:2

11
0.

10
70

0v
1 

 [
as

tr
o-

ph
.G

A
] 

 2
0 

O
ct

 2
02

1

https://orcid.org/0000-0003-3526-5052
https://orcid.org/0000-0002-7064-099X
https://orcid.org/0000-0003-4573-6233
https://orcid.org/0000-0002-4014-1591
https://orcid.org/0000-0002-9881-6336


A&A proofs: manuscript no. Ton2

Fig. 1. VVV image of Ton 2. JHKs colour image centered on Ton 2,
with a field of view of 6.5×4.5 arcmin; oriented in Galactic coordinates,
with Galactic longitude increasing to the left and Galactic North on top.

feedback from an earlier population of stars (see, e.g., Gratton
et al. 2001; Cohen et al. 2002; Mészáros et al. 2020). However,
to date this interpretation is still unclear and the nature of any
polluters remains uncertain (see, e.g., Renzini et al. 2015; Bas-
tian & Lardo 2018).

The Apache Point Observatory Galactic Evolution Experi-
ment (APOGEE; Majewski et al. 2017) of the Sloan Digital Sky
Survey-IV (Blanton et al. 2017) has made major contributions in
this field. Mészáros et al. (2015), Masseron et al. (2019), Nataf
et al. (2019), Mészáros et al. (2020) and Mészáros et al. (2021)
have provided a large homogenous chemical analysis of GCs
in the H-band, mapping the large population of GC stars with
enhanced Al and N abundances. These have enabled the con-
firmation and detection of the multiple-population phenomenon
over a wide range of cluster metallicities. APOGEE’s near-IR
(NIR) spectral range dramatically reduces the effects of dust ob-
scuration and even allowed, for the first time in most cases, ob-
servations of the chemical composition for some of the many
GCs in the Galactic bulge, which were previously effectively
hidden by the presence of high interstellar extinction and stel-
lar crowding toward this region (see, e.g., Nataf et al. 2019;
Fernández-Trincado et al. 2019d, 2020e, 2021b,d,c; Gran et al.
2021; Romero-Colmenares et al. 2021). Despite this progress,
only a handful of relatively high metallicity GCs have been ex-
plored in detail (see, e.g., Johnson et al. 2018), although those
that have provide evidence for the prevalence of the multiple-
population phenomenon on the metal-rich end (see, e.g., Schi-
avon et al. 2017a; Tang et al. 2017; Mészáros et al. 2020). This is
because relatively metal-rich GCs are concentrated in the bulge,
but the SDSS-IV survey of the bulge did not primarily target
bulge globular clusters (BGCs). Indeed, Mészáros et al. (2020)
present the APOGEE sample of 44 clusters, of which only 8 are
bona fide BGCs according to Massari et al. (2019). Of these,
they dismiss all but 2 from their analysis as either not having a
large enough sample of well-observed members or having too
high reddening.

In order to greatly augment SDSS-IV BGC studies, and help
explore the multiple population phenomenon at the high metal-

licity end, the bulge Cluster APOgee Survey (CAPOS; Geisler
et al. 2021) was implemented as an CNTAC Contributed pro-
gram (External program), focussed on APOGEE observations of
BGCs. CAPOS observed a total of 17 BGCs. An overview and
initial results for the BGCs observed by CAPOS and available in
DR16 (Ahumada et al. 2020) are given in Geisler et al. (2021). A
second study (Romero-Colmenares et al. 2021) presents results
from CAPOS observations of the recently discovered, intriguing
BGC FSR-1758.

Here, we investigate another BGC observed by CAPOS: To-
nantzintla 2 (Ton 2 or Pismis 26) in order to explore another
BGC with relatively high metallicity, whose elemental abun-
dances have not been previously examined, and originally dis-
covered by Pišmiš (1959). Ton 2 is located toward the Galactic
bulge, at α = 17:36:10.56, δ = −38:33:10.8, and close to the
Galactic plane (l = 350.79683◦, b = −3.42328◦; Harris 1996)
in a region that is affected by large and spatially variable fore-
ground colour excess, with E(B−V)= 1.26 (Bica et al. 1996),
persistent over the entire cluster field (Cohen et al. 2018). The
metallicity of this cluster is not well determined, with published
values ranging from −0.73 to −0.26 (see, e.g., Harris 1996; Côté
1999; Dias et al. 2016; Vásquez et al. 2018), with no high-
resolution spectroscopic study so far.

Ton 2 belongs to the select class of GCs that contain high en-
ergy sources, having been clearly detected in X-rays and γ-rays
(e.g., Hertz & Wood 1985; Verbunt et al. 1995), and also in the
radio region (e.g., Boyles et al. 2011). This cluster has been con-
troversial from the dynamical point of view, having been classi-
fied as a low-energy GC (Masseron et al. 2019), as a thick-disk
GC by Pérez-Villegas et al. (2020), and as a possible member
of the Koala accretion event by Forbes (2020). Here we present
the first high-resolution spectroscopic study of Ton 2, based on
APOGEE-2 observations. In Section 2, we describe the observa-
tions. In Section 4, the global properties of the cluster are pre-
sented. In Section 6, the employed atmospheric parameters are
described. In Section 7, the elemental abundances determined
with the BACCHUS code are presented. In Section 8, we provide
a review of the present mass of Ton 2 based on APOGEE-2 +
available kinematic data from the literature. In Section 9, the or-
bit of Ton 2 is examined. Conclusions are presented in Section
10.

2. Observations

We based our analysis on high-resolution (R ∼ 22, 500), near-
infrared (NIR) spectra taken by the Apache Point Observatory
Galactic Evolution Experiment II survey (APOGEE-2; Majew-
ski et al. 2017), one of the internal programs of the Sloan Dig-
ital Sky Survey-IV (Blanton et al. 2017) developed to provide
precise radial velocities (RV <1 km s−1) and detailed chemi-
cal abundances for an unprecedented large sample of giant stars,
aiming to unveil the dynamical structure and chemical history of
the entire MW galaxy.

APOGEE-2 observations were carried out through two twin
spectrographs (Wilson et al. 2019) from the Northern Hemi-
sphere on the 2.5m telescope at Apache Point Observatory
(APO, APOGEE-2N; Gunn et al. 2006) and the Southern Hemi-
sphere on the Irénée du Pont 2.5m telescope (Bowen & Vaughan
1973) at Las Campanas Observatory (LCO, APOGEE-2S). Each
instrument records most of the H-band (1.51µm – 1.69µm) on
three detectors, with coverage gaps between ∼1.58–1.59µm and
∼1.64–1.65µm, and with each fiber subtending a ∼2” diameter
on-sky field of view in the northern instrument and 1.3” in the
southern.
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José G. Fernández-Trincado et al.: Spectroscopic Tomography of Tonantzintla 2

Fig. 2. Differential-reddening corrected (black dots) and uncorrected (orange dots) Optical + NIR CMD. The best isochrone fit (red line) to
Ton 2 stars (black dots) located within 3.5 arcmin from the cluster center for VVV+2MASS and Gaia EDR3 photometry is shown in panels (a)
and (b), respectively, while Ton 2 sources observed with the APOGEE-2 spectrograph are highlighted in the differential-reddening corrected CMD
shown in panel (c). The symbol size is according to the brightness in the Ks band, while the colour-code symbol refers to the S/N of the spectra
which is indicated by the inner-top bar. Ton 2 sources with RV information from literature (Baumgardt et al. 2019) are highlighted with empty red
symbols.

DR 17 will be the final release of APOGEE-2 data from
SDSS-III/SDSS-IV. It will include all APOGEE-2 data, includ-
ing data taken at APO through November 2020 and at LCO
through January 2021. The dual APOGEE-2 instruments have
observed more than 650, 000 stars throughout the MW, targeting
these objects with selections detailed in Zasowski et al. (2017),
Beaton et al. (2021), and Santana et al. (2021). Spectra were re-
duced as described in Nidever et al. (2015), and analyzed us-
ing the APOGEE Stellar Parameters and Chemical Abundance
Pipeline (ASPCAP; García Pérez et al. 2016), and the libraries
of synthetic spectra described in Zamora et al. (2015). The
customised H-band line lists are fully described in Shetrone
et al. (2015), Hasselquist et al. (2016)–neodymium lines (Nd II),
Cunha et al. (2017)– cerium lines (Ce II), and Smith et al. (2021).

3. Ton 2

The GC Ton 2 was observed as part of the bulge Cluster APOgee
Survey (Geisler et al. 2021). Figure 1 shows the VISTA Variables
in the Via Lactea (VVV; Minniti et al. 2010; Saito et al. 2012)
JHKs colour image, centered on Ton 2 with a field of view of
6.5×4.5 arcmin, revealing the evident density of stars associated
with the cluster.

The APOGEE-2S plug-plate containing Ton 2 was cen-
tered on (l,b) ∼ (350◦, −3.0◦), the same plug-plate that contains
FSR 1758 (see, e.g., Romero-Colmenares et al. 2021). In this
plug-plate 12 of 264 science fibers were positioned for poten-
tial Ton 2 members. Targets were selected on the basis of the
VVV/VIRAC (Smith et al. 2018) + Gaia DR2 (Gaia Collabora-
tion et al. 2018) + 2MASS (Skrutskie et al. 2006) catalogs. Our
targets are positioned from near the tip of the red giant branch
(RGB), as shown in the differential reddening-corrected colour
magnitude diagram (CMD) to several magnitudes fainter. All ob-
served Ton 2 stars had 2MASS Ks-band brighter than 13. This

was required in order to achieve a minimum signal-to-noise,
S/N &60 pixel−1, in one plug-plate visit (∼ 1 hour). Although
more visits were originally planned, in the end, given weather,
time allocation, and airmass constraints, only one visit was in-
deed obtained. Seven out of the twelve observed stars reached
S/N> 60 pixel−1, while the remaining spectra have lower S/N,
ranging from 31 to 52 pixel−1 (Table 1). In the following, we use
all stars to provide reliable and precise (< 1 km s−1) radial ve-
locities for cluster membership confirmation, but limit ourselves
to the seven higher S/N stars for the abundance analysis; these
stars are highlighted in Figure 2.

4. Global properties of Ton 2

The colour-magnitude diagram (CMD) presented in Figure
2 was differential-reddening corrected using giant stars, and
by following the same methology as employed in Romero-
Colmenares et al. (2021). For this purpose, we selected all RGB
stars within a radius of 3.5 arcmin from the cluster center and
that have proper motions compatible with that of Ton 2. First,
we draw a ridge line along the RGB, and for each of the se-
lected RGB stars we calculated its distance from this line along
the reddening vector. The vertical projection of this distance
gives the differential interstellar absorption at the position of
the star, while the horizontal projection gives the differential
Optical+NIR reddening at the position of the star. After this first
step, for each star of the field we selected the three nearest RGB
stars, calculated the mean interstellar reddening and absorption,
and finally subtracted these mean values from its Optical+NIR
colours and magnitudes. We underline the fact that the number
of reference stars used for the reddening correction is a compro-
mise between having a correction affected as little as possible by
photometric random error and the highest possible spatial resolu-
tion. Figure 2 shows the result of this correction, with black and
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Fig. 3. Global properties of Ton 2. Panel (a): Spatial position of sources centered on Ton 2, with stars observed by APOGEE-2 highlighted
with the same colour-code as Figure 2, and stars with RV information (red empty circles) from the literature (Baumgardt et al. 2019). The black
dashed circle highlights the projected half-light radius of Ton 2, rh,l = 2.89 pc, while the large black circle marks the two times (2×rh,m) projected
half-mass radius (rh,m = 4.6 pc) from Baumgardt et al. (2019). Panel (b): The proper-motion distribution of sources toward the Ton 2 field, with
blue dotted lines highlighting the nominal Gaia EDR3 proper motions of the cluster (e.g., Vasiliev & Baumgardt 2021). Panel (c): Radial velocity
versus metallicity of our members compared to APOGEE-2S field sources toward Ton 2. The [Fe/H] of our targets have been determined with
the BACCHUS code (see text), while the [Fe/H] of field stars are from the ASPCAP pipeline. The red box limited by ±0.15 dex and ±15 km s−1 and
centered on [Fe/H]= −0.70 and RV = −178.61 km s−1 encloses our potential cluster members.

orange dots highlighting the differential-reddening corrected and
uncorrected CMD, respectively, in the Gaia EDR3 bands (panel
a) and Gaia EDR3 + 2MASS bands (panel b).

In order to estimate the distance of the cluster we performed
an isochrone fitting of the RGB using the PARSEC database1

(Bressan et al. 2012). We had to consider that Bulge clusters are
affected by high reddening, generally exceeding E(B-V)>0.50.
The reddening correction highly depends on the spectral energy
distribution (SED) of the star, i.e. on its temperature. For this rea-
son, the extinction correction was applied point-by-point to the
isochrone using the extinction law of Cardelli et al. (1989). With-
out considering the SED-reddening dependence we could not
have simultaneously fit the RC and the upper-RGB of the cluster
(see Figure 2). The free parameters for this fitting are the true
distance modulus, (m-M)0 (or the equivalent distance in pc), the
interstellar absorption in the V band, AV , and the reddening-law
coefficient, RV . These three parameters were estimated simulta-
neously using the Bp−K vs. K and Bp−Rp vs. G CMDs shown in
Figure 2, assuming an age of 12 Gyrs, and a global metallicity
that considers the α-enhancement of the cluster according to the
relation by Salaris et al. (1993). [Fe/H] and α-enhancement were
obtained from the BACCHUS measurements (see Section 7).

We underline the fact that the simultaneous use of visual/blue
and infrared filters allows the determination of the extinction-law
coefficient RV , which is usually assumed to be 3.1 but that can
vary significantly from the canonical value, especially in the di-
rection of the Galactic Bulge (Nataf et al. 2016), where it can
easily go down to 2.5. Figure 2 shows that we achieved a very
good fit for a distance d� = 7.76 kpc (in reasonable agreement
with recent estimations, 6.99 kpc; Baumgardt & Vasiliev 2021),
an interstellar absorption AV = 4.29, and an extinction-law co-
efficient RV = 2.75. In particular, we confirm that the RV coeffi-
cient in the Bulge direction is lower than the canonical value as-
sumed for other directions in the Galaxy. Assuming an RV value
equal to 3.1 would yield an isochone too blue for the Bp−Rp vs.

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

G CMD. Finally, the interstellar absorption and the extintion-
law coefficient we found can be translated to E(B−V)= 1.56 for
Ton 2, substantially higher than the foreground interstellar red-
dening determined by Bica et al. (1996), E(B−V)= 1.26, and
Harris (1996)–Edition 2010, E(B−V)= 1.24.

5. Kinematic and astrometric properties of Ton 2

Figure 3 summarizes the main physical properties of our sample.
The Ton 2 sources are well-positioned within the cluster tidal ra-
dius, and most of the sources with high S/N spectra collected
with the APOGEE-2 spectrograph are located in the innermost
regions of the cluster, e.g., inside 2 × rh,m (see Figure 3(a)). Fig-
ure 3(b) shows the proper-motion distributions of our sources,
which are located inside a radius of ∼0.7 mas yr−1 from the nom-
inal mean proper motions of Ton 2, µα cos(δ) = −5.913 ± 0.031
mas yr−1 and µδ = −0.758±0.028 (Vasiliev & Baumgardt 2021),
which is clearly offset from the main field locus, greatly facili-
tating cluster membership discrimination.

Figure 3(c) shows the BACCHUS [Fe/H] abundance ratios
versus the radial velocity of our seven potential cluster mem-
bers compared to field stars with ASPCAP/APOGEE-2 [Fe/H]
determinations. The field stars with [Fe/H] determined from
ASPCAP/APOGEE-2 have been shifted by + 0.11 dex in order to
minimize the systematic differences between APOGEE-2 results
and BACCHUS (we refer the reader to Fernández-Trincado et al.
2020c, for further details). The same figure indicates that our tar-
gets have very similar velocities, which are extreme compared to
the field-star distribution, again supporting cluster membership
for all of our targets.

We find a mean RV from 12 APOGEE-2 stars of −178.61±
0.86 km s−1, which is in reasonable agreement with the value
listed in Baumgardt’s web service2, RV= −184.72±1.74 km s−1

(Baumgardt et al. 2019). The red open circles in Figures 3(a)–(b)

2 https://people.smp.uq.edu.au/HolgerBaumgardt/
globular/
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José G. Fernández-Trincado et al.: Spectroscopic Tomography of Tonantzintla 2

Fig. 4. Elemental abundances of Ton 2. [X/Fe] and [Fe/H] abundance density estimation (violin representation) of Ton 2 (black), compared to
elemental abundances of 47 Tucanae (orange) from Mészáros et al. (2020), and NGC 6380 stars (blue) from Fernández-Trincado et al. (2021a).
Each violin representation indicates with vertical lines the mean and limits of the distribution. The abundance ratios shown here have been
computed by adopting photometric atmospheric parameters.

refer to 13 stars with RV information compiled from literature by
Baumgardt et al. (2019), and classified in Vasiliev & Baumgardt
(2021) as high probability (> 95 %) members of Ton 2.

The red box highlighted in Figure 3(c) encloses the seven
potential cluster members with high S/N within ±0.15 dex and
±15 km s−1 from the mean [Fe/H]= −0.70 and RV= −178.61
km s−1 of Ton 2, as determined in this work. Other sources that
fall inside this box are foreground/background stars with other
properties that are not compatible with the cluster.

Table 1 lists the photometric, kinematic, and astrometric
properties for likely members of Ton 2.

6. Atmospheric parameters

We made use of the Brussels Automatic Stellar Parameter
(BACCHUS) code (Masseron et al. 2016) to derive the metal-
licity, broadening parameters, and [X/Fe] abundance ratios for
Ton 2 stars by adopting the same technique as described
in Fernández-Trincado et al. (2019d, 2020e, 2021b,c,d) and
Romero-Colmenares et al. (2021). Table 2 lists the elemental
abundances for the targets analyzed in this work.

We also applied a simple approach of fixing Teff and log g
to values determined independently of spectroscopy, in order to
minimize a number of caveats present in ASPCAP/APOGEE-2
abundances for GCs (see, e.g., Masseron et al. 2019; Mészáros

et al. 2020, 2021; Fernández-Trincado et al. 2019d, 2020e,b,
2021b,c,d; Romero-Colmenares et al. 2021).

In order to obtain Teff and log g from photometry, we first
derived the differential-reddening corrected CMD of Figure 2.
We then horizontally projected the position of each observed
star until it intersected the isochrone and assumed Teff and log
g to be the temperature and gravity of the point of the isochrones
that have the same G and/or Ks magnitude as the star. We un-
derline the fact that, for highly reddened objects like Ton 2, the
interstellar absorption correction depends on the spectral energy
distribution of the star, i.e., on its temperature. For this reason,
we applied a temperature-dependent absortion correction to the
isochrone. Without this, it is not possible to obtain a proper fit of
the RGB, especially of the upper and cooler part. The adopted
atmospheric parameters are listed in Table 2.

7. Elemental abundances

The APOGEE-2 spectra provide access to 26 chemical species.
However, most of the atomic and molecular lines are very weak
and heavily blended, in some cases too much to produce reli-
able abundances in cool, relatively metal-rich bulge GC stars.
For this reason, and after a careful visual inspection of all our
spectra, we provide reliable abundance determinations for eleven
selected chemical species, belonging to the iron-peak (Fe, Ni),

Article number, page 5 of 12
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Table 1. Main physical parameters of Ton 2.

Gaia-EDR3-Ids APOGEE-Ids α δ S/N G0 BP0 RP0 Ks0 RV±∆ µα cos(δ) ± ∆ µ∆

hh:mm:ss dd:mm:ss pixel−1 km s−1 mas yr−1 mas yr−1

S/N > 60
5961843553827536128 2M17360034−3835151 17:36:00.35 −38:35:15.2 275 14.48 17.11 13.11 8.59 −179.48±0.02 −6.02±0.06 −0.69±0.04
5961843283288451584 2M17361421−3834371 17:36:14.22 −38:34:37.1 224 15.05 17.27 13.65 9.24 −184.86±0.02 −5.84±0.04 −0.74±0.03
5961844142282033664 2M17361150−3832114 17:36:11.50 −38:32:11.4 123 15.94 17.79 14.61 10.35 −173.72±0.03 −5.89±0.05 −0.80±0.04
5961844004803160064 2M17360837−3833312 17:36:08.38 −38:33:31.2 109 15.83 17.59 14.54 10.56 −172.66±0.03 −5.89±0.06 −0.83±0.04
5961843347670794496 2M17361331−3833304 17:36:13.31 −38:33:30.5 105 16.04 17.90 14.75 10.67 −177.99±0.03 −6.17±0.06 −0.78±0.04
5961843656906772736 2M17355890−3834199 17:35:58.90 −38:34:19.9 77 16.27 18.09 15.01 11.07 −178.42±0.03 −5.83±0.06 −0.75±0.04
5961843970483273600 2M17360681−3834336 17:36:06.81 −38:34:33.7 63 16.63 18.33 15.35 11.41 −178.87±0.04 −6.13±0.08 −0.85±0.06

S/N < 60
5961844618994711296 2M17362652−3832575 17:36:26.53 −38:32:57.5 52 17.29 18.80 15.88 12.06 −180.52±0.04 −6.02±0.12 −0.87±0.10
5961844275382113536 AP17360238−3832287 17:36:02.38 −38:32:28.7 48 17.04 18.66 15.66 11.53 −177.71±0.06 −5.86±0.10 −0.74±0.08
5961847303378573056 2M17355860−3831162 17:35:58.60 −38:31:16.2 46 17.05 18.77 15.86 12.22 −179.83±0.04 −5.64±0.14 −0.94±0.10
5961846783642974080 2M17354126−3833471 17:35:41.26 −38:33:47.2 45 17.22 18.90 15.96 12.28 −179.25±0.04 −6.06±0.11 −0.81±0.08
5961843519467793024 2M17355543−3835260 17:35:55.44 −38:35:26.1 31 17.48 19.12 16.24 12.60 −179.97±0.08 −5.92±0.13 −0.93±0.10
Baumgardt et al. (2019)
5961842836611880064 ... 17:36:05.02 −38:35:36.2 ... 15.47 17.50 14.17 9.97 −186.93±2.60 −5.95±0.05 −0.82±0.03
5961843210232686720 ... 17:36:07.45 −38:35:02.0 ... 18.42 20.11 17.24 13.68 −176.80±4.41 −6.05±0.21 −1.09±0.16
5961843352008650880 ... 17:36:11.73 −38:33:58.5 ... 16.54 18.19 15.23 11.36 −174.74±4.28 −5.76±0.07 −0.87±0.05
5961843966146050176 ... 17:36:04.19 −38:34:37.8 ... 17.50 19.30 16.32 12.60 −185.79±2.69 −6.03±0.15 −0.95±0.11
5961844000504170112 ... 17:36:07.40 −38:33:48.7 ... 16.68 18.42 15.44 11.67 −185.53±2.29 −5.78±0.09 −0.78±0.06
5961844004803196544 ... 17:36:06.22 −38:33:46.8 ... 18.07 19.38 16.55 13.26 −191.68±2.11 −6.26±0.21 −0.84±0.15
5961844004843014144 ... 17:36:08.45 −38:34:14.6 ... 16.80 18.61 15.58 11.81 −183.80±2.74 −5.93±0.09 −0.73±0.06
5961844004843042816 ... 17:36:09.33 −38:33:26.5 ... 16.03 17.80 14.70 10.70 −182.99±1.89 −5.97±0.06 −0.81±0.04
5961844103583415424 ... 17:36:11.84 −38:32:54.1 ... 15.37 17.32 14.00 9.73 −187.81±0.34 −5.96±0.05 −0.72±0.03
5961845654110501760 ... 17:36:20.49 −38:30:56.6 ... 17.15 18.75 15.94 12.27 −174.72±3.36 −5.81±0.10 −0.63±0.07

Note: Differential reddening-corrected photometric, kinematic, and astrometric properties for members of Ton 2 are listed.

odd-Z (Al), light- (C, N), α-elements (O, Mg, Si, Ca and Ti),
and s-process (Ce) elements.

It is important to note that we did not include sodium in
our analysis, which is a typical species to separate GC popu-
lations, as this relies on two atomic lines (Na I: 1.6373µm and
1.6388µm) in the H-band of the APOGEE-2 spectra. These lines
are generally very weak and heavily blended by telluric fea-
tures, and thus not able to produce reliable [Na/Fe] abundance
determinations in GCs with the typical Teff and metallicities as
Ton 2. For this reason, we place greater emphasis on the ele-
mental abundances of Al, Mg, C, N, and O, which are typical
chemical signatures to distinguish (at least) two main groups of
stars with different chemical composition in the multiple popu-
lation phenomenon (see, e.g., Ventura et al. 2016; Pancino et al.
2017; Tang et al. 2017, 2018; Fernández-Trincado et al. 2019d;
Masseron et al. 2019; Mészáros et al. 2020; Fernández-Trincado
et al. 2020e, 2021b,c,d; Geisler et al. 2021; Mészáros et al. 2021;
Romero-Colmenares et al. 2021; Tang et al. 2021, and references
therein).

Overall, Figure 4 reveals that almost all of the chemical
species examined so far in Ton 2 stars exhibit a very sim-
ilar chemical enrichment as that of 47 Tucanae (disk GC)
from Mészáros et al. (2020) and NGC 6380 (bulge GC) from
Fernández-Trincado et al. (2021a).

7.1. The iron-peak elements: Fe and Ni

We measure a mean metallicity of 〈[Fe/H]〉 = −0.70 ± 0.05(1σ)
± 0.03(std/

√
N), with a dispersion of 0.07 ± 0.02(std/

√
2 × N)

dex.

Table 2 lists a large total [Fe/H] range (0.22 dex) for Ton 2,
which is mainly produced by the high metallicity (−0.55) of the
star 2M17360837−3833312 (hereafter cluster outlier), whose
deviation from the mean is on the order of the typical inter-
nal errors (σ[FeI/H]∗ ∼ 0.11 – 0.21). Finally, the [Fe/H] abun-
dance ratios listed in Table 2 show that the observed dispersion
agrees well with the measurement errors, so we find no evidence
for a statistically significant metallicity spread. Our [Fe/H] is
slightly more metal poor than the [Fe/H]≈ −0.6 estimated by
Côté (1999), and significantly more metal poor than the tabu-
lated by Vásquez et al. (2018) from the CaT reduced equiva-
lent width, [Fe/H]S12 = −0.26. Our [Fe/H] is also slightly more
metal rich than the value tabulated by Dias et al. (2016), [Fe/H]=
−0.73 ± 0.13, which originates from the CMD-based [Fe/H] de-
termination of Bica et al. (1996), and is in reasonable agreement
with the value reported in (Harris 1996), [Fe/H]= −0.7. As our
[Fe/H] determination was estimated directly from Fe I atomic
lines and high-resolution spectra, this is likely more precise than
the literature estimations.

The relatively high metallicity we derive makes Ton 2 an
interesting object, as GCs at comparable metallicity have been
poorly studied within a ∼4 kpc Galactocentric radius. There are
a handful of them with a lack of detailed chemical information
(Terzan 2, Terzan 3, NGC 6637)–(Harris 1996; Baumgardt &
Hilker 2018), with the exception of a few chemical species ex-
amined in Terzan 2 (Geisler et al. 2021). For this reason, in Fig-
ure 4 we compare our chemical makeup of Ton 2 to that of 47 Tu-
canae, taken from Mészáros et al. (2020) and NGC 6380 recently
examined with APOGEE-2S data by Fernández-Trincado et al.
(2021a), both clusters with a similar metallicity as Ton 2. Thus,
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Fig. 5. Combined light-, odd-Z, α-, and s-process elements. Panel (a)–(f): [Mg/Fe]–[Al/Fe], [C/Fe]–[N/Fe], [Al/Fe]–[Ce/Fe], [Si/Fe]–[Al/Fe],
[N/Fe]–[Al/Fe], and [N/Fe]–[Ce/Fe] distributions for Ton 2 (black asterisks), 47 Tucanae (orange circles) from Mészáros et al. (2020), and
NGC 6380 (blue inverted triangles) from Fernández-Trincado et al. (2021a). The typical uncertainties for Ton 2 members are also shown. In panels
(c) and (f), Pearson’s (P: first row of the annotation) and Spearman’s (S: second row of the annotation) coefficients (first entry) and p−values
(second entry) are indicated for Ton 2 (black), NGC 6380 (blue), and 47 Tucanae (orange). As in Fig. 4, the abundance ratios shown here have
been determined by adopting photometric atmospheric parameters.

Ton 2 complements this lack of information within a few kpc
from the Galactic center.

Regarding the other iron-peak elements we examined, nickel
(Ni) is on average slightly super-solar (〈[Ni/Fe]〉 = +0.07±0.05)
with a very small dispersion, σ[Ni/Fe] <0.07 dex, and a rela-
tively high star-to-star spread (∼0.23 dex), which is mainly pro-
duced by the cluster outlier. Therefore, beyond this cluster out-
lier, within uncertainties, we do not detect a significant spread in
this element. It is also probable that the cluster outlier could be
a variable star, which could explain the high offset in [Fe/H] and
[Ni/Fe] compared to other cluster members, as there is some ev-
idence that variability affects the measurement of the iron abun-
dance in some way (see, Muñoz et al. 2018, for instance), caus-
ing an offset with respect to the cluster mean. Thus detailed pho-
tometric and spectroscopic analysis of this star is needed to in-
vestigate for possible variability effects on the metallicity and
nickel derivation.

The average 〈[Ni/Fe]〉 abundance ratio in Ton 2 is slightly
higher than that observed in extragalactic environments at simi-
lar metallicity as Ton 2 (see Fig. 4 in Romero-Colmenares et al.
2021), but a feature common to other bulge GCs at similar metal-
licity such as NGC 6380 (see Figure 4), thus supporting a gen-
uine Galactic origin for Ton 2. This is also well-supported by its
dynamical history (see Section 9).

7.2. The odd-Z element: Al

We find that Ton 2 exhibits a mean aluminium enrichment of
〈[Al/Fe]〉 = +0.39 ± 0.04, with a dispersion of 0.05±0.01 dex.
We did not find a strong variation in [Al/Fe] beyond the typical
errors. As before, the cluster outlier is the star with the lowest
[Al/Fe] abundance ratio in our sample. Unfortunately, beyond
this cluster outlier, and due to the small sample size of Ton 2,
we are unable to identify any clear [Al/Fe] variation in Ton 2. It
is worth to mentioning that both the Pearson’s and Spearman’s
rank coefficients presented in Figure 5 do not support the preva-
lence of an apparent Al-Ce correlation in Ton 2. Thus, with the
present data, we do not find evidence for a clear [Al/Fe]–[Ce/Fe]
correlation in Ton 2.

Moreover, it is important to notice that the possible absence
of a spread in Al appears consistent with expectations of AGB
nucleosynthesis (Ventura & D’Antona 2008; Ventura et al. 2016;
Karakas & Lattanzio 2014; Crestani et al. 2019), and its expected
low production in relatively high metallicity GC stars such as ob-
served in Ton 2. Figure 5(a) shows no clear signs of an Mg-Al
anti-correlation in Ton 2, which is consistent with no net produc-
tion of these elements, rather, just the result of the conversion of
Mg into Al during the Mg-Al cycle (e.g., Pancino et al. 2017).

Figure 5(d) also reveals that Ton 2 exhibits a mean
〈[Si/Fe]〉 = +0.33 ± 0.06, comparable to the aluminium enrich-
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ment as expected from the breakout in the Mg–Al cycle (Pancino
et al. 2017), i.e., with Al-rich stars that also present enrichment
in Si. However, we find a small [Si/Fe] scatter (< 0.13 dex) for
Ton 2, with a non statistically significant Si-Al correlation, as
the [Al/Fe] and [Si/Fe] abundance ratios of stars in Ton 2 con-
centrate tightly around the mean, a typical behavior observed in
almost all the relatively high-metallicity ([Fe/H]> −1) Galac-
tic GCs (see, e.g., Pancino et al. 2017; Masseron et al. 2019;
Mészáros et al. 2020; Geisler et al. 2021).

7.3. The light-elements: C and N

Ton 2 exhibits a high enrichment in nitrogen, with a mean
〈[N/Fe]〉 = +0.87 ± 0.39, and a large star-to-star spread of
+0.81 dex. Almost all the stars examined in Ton 2 are enriched
in nitrogen with no significant [C/Fe] spread, (. +0.17 dex).
Figure 5(b) and (e) do not reveal a statistically significant C-
N anticorrelation and N-Al correlation, however the chemical
trends of these elements are similar to those observed in 47 Tu-
canae and NGC 6380, but with (at least) two groups of stars,
likely compatible with a first stellar generation ([N/Fe]. +0.5
–including the cluster outlier, and the second stellar generations
([N/Fe]& +0.5). This study reveals that a significant fraction of
the stars with enhanced [N/Fe] abundances well above Galactic
levels ([N/Fe]& +0.5) populate Ton 2, a feature that is typical of
stars in bulge clusters such as NGC 6380 (Fernández-Trincado
et al. 2021a), and a clear indication of multiple stellar popula-
tions (see, e.g., Schiavon et al. 2017a; Fernández-Trincado et al.
2020e, 2021b,d; Geisler et al. 2021).

7.4. The α-elements: O, Mg, Si, Ca and Ti

Figure 4 and Table 2 show that Ton 2 exhibits a considerable
α-element enhancement, with mean values ranging from +0.27
to +0.39 ([O/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe] and [Ti/Fe]), and in
reasonable agreement with GCs of similar metallicity such as
47 Tucanae and NGC 6380, with small star-to-star spread (see
Table 2), within our typical uncertainties, with the exception of
the cluster outlier. Oxygen is the only α-element that is slightly
higher than other α-element species, which exhibits homogene-
ity, at least as far as the observed dispersion is concerned.

The α-elements in Ton 2 are overabundant compared to the
Sun, which is a feature common to almost all Galactic GCs and
field stars at similar metallicity as the Ton 2 stars. So, according
to its α-element content, Ton 2 is similar to other Galactic GCs
at similar metallicity, such as 47 Tucanae and NGC 6380.

7.5. The s-process element: Ce

We find a mean 〈[Ce/Fe]〉 = +0.09±0.17, which is slightly over-
abundant compared to the Sun, but comparable to the Ce levels
observed in other Galactic GCs at similar metallicity (see, e.g.
Masseron et al. 2019; Mészáros et al. 2020). The s-process ele-
ment Ce has an observed spread (& +0.41 dex) that exceeds the
observational uncertainties. More importantly, Figure 5(c) and
(f ) reveal the presence of Ce abundances which are remarkably
correlated with N, as indicated by the Pearson and Spearman
correlation test in the same figure. The low p−value indicate that
the observed correlation is unlikely due to random chance.

This atypical feature, has been observed only in the bulge GC
NGC 6380 (Fernández-Trincado et al. 2021a), with the excep-
tion of 47 Tucanae, which exhibits only a marginal correlation
of Ce with N but a very strong correlation of Ce with Al. Thus,

Fig. 6. [(C+N+O)/Fe] as a function of [Ce/Fe] for Ton 2 stars.

we believe that the s-process enrichment in Ton 2 has been pro-
duced by different progenitors, possibly by low-mass AGB stars
(see, e.g., Ventura et al. 2009). In the high-metallicity regime of
Ton 2, the clear increase of the Ce abundance as N increases sup-
ports this assertion. Ton 2 is the second case of a relatively high-
metallicity bulge GC where a clear N-Ce correlation has been
detected, confirming that bulge GCs at this metallicity regime
have likely experienced a different chemical evolution with re-
spect to the bulk of MW GCs. However, a consensus interpre-
tation of the origin for such N-Ce or Al-Ce correlations is still
lacking.

In Figure 6 the [(C+N+O)/Fe] abundance is represented as
a function of [Ce/Fe]. The Ton 2 population split is evident;
the Ce-rich stars have on average a higher [(C+N+O)/Fe] abun-
dance, with ∆rich

poor[(C+N+O)/Fe]∼ +0.15. This correlation be-
tween Ce and the CNO abundance sum strengthens the idea that
relatively low mass AGB stars (∼3 M�, Ventura et al. 2009) have
likely polluted the intra-cluster medium with s-process elements,
similar as in other GCs such as NGC 1851 (Yong et al. 2009),
M 22 (Marino et al. 2011), and ω Cen (Marino et al. 2012). This
finding indicates the prevalence of the correlation of Ce with
CNO in GCs as relatively metal rich as Ton 2.

Figure 7 shows a portion of the spectra around the Ce
II line at 1.637 µm (cyan bands) of two Ton 2 members:
the Ce-rich star 2M17361331−3833304, and the Ce-poor star
2M17360837−3833312, with similar atmospheric parameters
(see Table 2), and the success of the BACCHUS fitting procedure.
The first and third row in this figure manifests the effect on the
synthetic spectrum around the Ce II line in changing the [N/Fe]
abundance ratio listed in Table 2 by ±0.5 dex. Thus, by lowering
or increasing the [N/Fe] abundance ratio by ±0.5 dex the Ce II
line is not well-reproduced by the fit, however, the second row
shows the success of the determined [N/Fe] and [Ce/Fe] on re-
producing the profile of the observed Ce II line.

8. Rough estimate of the cluster mass

The precise APOGEE-2 RV information for our twelve stars
were combined with other existing RV measurements of Ton 2
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Table 2. BACCHUS elemental abundances for the observed stars.

APOGEE-ID S/N Teff log g ξt [C/Fe] [N/Fe] [O/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe] [Fe/H] [Ni/Fe] [Ce/Fe]
pixel−1 K cgs km s−1

2M17360034−3835151 275 3530 0.12 2.64 −0.23 +0.85 +0.20 +0.30 ... +0.41 +0.22 +0.17 −0.75 +0.09 −0.01
(0.17) (0.16) (0.19) (0.23) ... (0.15) (0.08) (0.13) (0.17) (0.15) (0.20)

2M17361421−3834371 224 3730 0.48 1.95 −0.10 +0.36 +0.37 +0.22 +0.36 +0.33 +0.17 +0.21 −0.65 +0.01 −0.15
(0.11) (0.17) (0.23) (0.12) (0.20) (0.12) (0.14) (0.16) (0.21) (0.09) (0.12)

2M17361150−3832114 123 4100 1.15 2.53 −0.23 +1.17 +0.40 +0.23 +0.39 +0.28 +0.32 +0.39 −0.73 +0.09 +0.26
(0.08) (0.14) (0.15) (0.14) (0.18) (0.10) (0.08) (0.19) (0.15) (0.12) (0.11)

2M17360837−3833312 109 4139 1.22 1.59 −0.15 +0.39 +0.46 +0.38 +0.29 +0.40 +0.17 +0.22 −0.55 −0.07 −0.09
(0.10) (0.19) (0.16) (0.17) (0.07) (0.11) (0.13) (0.16) (0.11) (0.14) (0.09)

2M17361331−3833304 105 4139 1.22 2.27 −0.07 +1.04 +0.45 +0.33 +0.42 +0.28 +0.27 +0.30 −0.74 +0.10 +0.23
(0.15) (0.22) (0.17) (0.16) (0.13) (0.15) (0.10) (0.20) (0.19) (0.11) (0.14)

2M17355890−3834199 77 4224 1.37 2.38 −0.18 +1.16 +0.44 +0.22 +0.42 +0.28 +0.36 +0.38 −0.77 +0.15 +0.18
(0.11) (0.14) (0.16) (0.17) (0.12) (0.12) (0.08) (0.22) (0.14) (0.15) (0.11)

2M17360681−3834336 63 4352 1.61 1.93 −0.21 +1.10 +0.37 +0.31 +0.46 +0.28 +0.34 +0.33 −0.69 +0.09 +0.18
(0.27) (0.17) (0.17) (0.17) (0.11) (0.13) (0.05) (0.19) (0.13) (0.13) (0.13)

Mean ... ... ... ... − 0.17 +0.87 +0.39 +0.29 +0.39 +0.33 +0.27 +0.29 −0.70 +0.07 +0.09
1σ ... ... ... ... 0.07 0.39 0.05 0.06 0.04 0.06 0.09 0.09 0.05 0.05 0.17
std ... ... ... ... 0.06 0.33 0.08 0.06 0.05 0.05 0.07 0.08 0.07 0.07 0.16
spread ... ... ... ... 0.17 0.81 0.26 0.17 0.17 0.13 0.19 0.22 0.22 0.23 0.41

Note: The mean elemental abundances, and 1σ error, the standard deviation (std), and spread are shown for the full sample. All of the listed
elemental abundances have been scaled to the Solar reference value from Asplund et al. (2005). 1σ is defined as (84th percentile − 16th percentile)/2.
The estimated uncertainties (σtotal) indicated inside parentheses were computed in the same manner as described in Fernández-Trincado et al.
(2019d).
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Fig. 7. Comparison of synthetic spectra (red lines) to the observed spec-
tra (black symbols) for a Ce-rich and Ce-poor member of Ton 2. In
each row we show the effect of changing the abundance of [N/Fe]. The
second row shows the case of the best-determined [N/Fe] and [Ce/Fe]
abundaces ratios listed in Table 2.

members from Baumgardt et al. (2019). This yields a unique col-
lection of 22 likely members of Ton 2 with RV information. For
our twelve APOGEE-2 sources, we find a mean radial velocity
of −178.61±0.86 km s−1 with a velocity dispersion of 2.99±0.61
km s−1, while for other remaining stars with RV from the liter-
ature we find a mean radial velocity of −183.08 ± 1.74 with a
velocity dispersion of 5.51 ± 1.23 km s−1, in good agreement,
but with an apparent systematic difference of ∼ 4.47 km s−1 be-
tween both samples, comparable to the internal dispersion.

With this relatively large sample of stars with RV informa-
tion, and by appropriately taking account possible systematics of
the combined sample, we match the line-of-sight dispersion pro-
files to the updated version of N-body simulations (private com-
munication, H. Baumgardt) of Ton 2 from Baumgardt & Hilker
(2018); Baumgardt et al. (2019), as shown in Figure 8, and thus
determine the most likely mass of the cluster from kinematic
constraints.

We adopted two radial bins (with bin centers of 0.75′and
3.75′), chosen to ensure that at least eleven stars were in each
bin, resulting in the two points shown in Figure 8. We find
σ0 ∼ 4.77+5.13

−4.40 km s−1, yielding a present-day estimated mass
of ∼ 1.15+1.33

−0.98×105 M� within a projected half-light radius of
rh,l = 2.89 pc taken from (Baumgardt et al. 2019). However, it
is important to note that the observed large error bars shown in
Figure 8 yields a mass uncertainty in the range between 0.64 –
1.57 ×105 M�, which could be better constrained with further
observations.

9. Ton 2 orbit

Orbits for Ton 2 have been predicted with the Galactic dynamic
model GravPot163. The Galactic configuration is the same as
described in Fernández-Trincado et al. (2020d), except for the

3 https://gravpot.utinam.cnrs.fr
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Fig. 8. Velocity dispersion profile of Ton 2. Line-of-sight velocity
dispersion versus radius for our target cluster stars from APOGEE-2
plus Baumgardt et al. (2019) data set. The error bars are refered as
σRV/

√
2 × N, with N the number of stars per bin as indicated in the

plot. The prediction of the best-fitting updated (private communication)
N-body model from (Baumgardt & Hilker 2018) and Baumgardt et al.
(2019) is shown as a solid-grey line, and the light-grey shaded region in-
dicates the 1σ uncertainty from the fit. The upper and lower mass limit
according to the observed error bars is indicated by the black dashed
lines.

bar pattern speeds, for which we adopted the recommended
value of Ωbar = 41 km s−1 kpc−1 (see, e.g., Sanders et al. 2019),
with an uncertainty of 10 km s−1 kpc−1 .

We have employed a simple Monte Carlo approach and the
Runge-Kutta algorithm of seventh to eighth order, as elaborated
by Fehlberg (1968). As input parameters we adopted the fol-
lowing observables: (i) RV = −178.6 km s−1 (see Section 8)
with a dispersion of 2.99 km s−1; (ii) absolute proper motions
µα cos(δ) = −5.913 ± 0.031 mas yr−1 and µδ = −0.758 ± 0.028
mas yr−1 from Vasiliev & Baumgardt (2021); and (iii) a helio-
centric distance of d� = 7.76 kpc (see subsection 4) with an
assumed uncertainty on the order of 10% . The uncertainties in
the input data (e.g. α, δ, distance, proper motions, and RV er-
rors) were randomly propagated as 1σ variations in a Gaussian
Monte Carlo resampling. Thus, we ran orbits computed back-
wards in time over 3 Gyr. The median value of the orbital ele-
ments were found for ten thousand realizations, with uncertainty
ranges given by the 16th and 84th percentile. The resulting orbital
elements are portrayed in Figure 9. Figure 9 (right panel) shows
the minimal and maximum value of the z-component of the an-
gular momentum in the inertial frame {Lz,min, Lz,max}, since this
quantity is not conserved in a model with non-axisymmetric
structures like GravPot16. In the case of Ton 2, Lz,min and Lz,max
are close to each other within the uncertainties, thus confirming
the genuine prograde nature of Ton 2, as shown on the right panel
in Figure 9.

Overall, our orbital analysis suggests that Ton 2 is confined
in a prograde, high-eccentricity (∼ 0.67±0.18) and radial (rperi .

0.74 ± 0.45 kpc) orbit, with relatively low vertical excursions
from the Galactic plane, Zmax . 2.16 ± 0.40 kpc, circulating
(rapo . 3.97±0.18 kpc) within the co-rotation radius. This orbital
configuration suggests that Ton 2 is not uncommon among other
GCs in the inner Galaxy. Figure 9 (left panel) shows that Ton 2
shares similar orbital properties with those GCs in the bulge,
disk, and the class of GCs with low binding energy (L-E) (see,
e.g., Massari et al. 2019). However, the right panel of Figure 9
shows that Ton 2 is on the boundary between the bulge and L-E.

Further inspection on the classification proposed in Massari
et al. (2019), in combination with the relatively high metallicity
of Ton 2 make this object a potential candidate formed in situ,
and part of the Main-Progenitor group (as L-E GCs at metallici-
ties like Ton 2 are less common). It is likely a bulge GC, such as
suggested by its angular momentum distribution, as can be ap-
preciated in Figure 9–{Lz,min, Lz,max}, rather than a disk GC as
suggested by Pérez-Villegas et al. (2020). We also examined the
possible link of Ton 2 with accreted GCs in the same manner as
presented in Fig. 7 in Romero-Colmenares et al. (2021). How-
ever, we find that Ton 2 does not share orbital properties that are
linked with any of the GCs group with an accreted origin (Mas-
sari et al. 2019), therefore we discard this possibility for Ton 2.

It is important to mention that one reason for the discrepant
classification between Pérez-Villegas et al. (2020) (d� = 6.40 ±
0.64 kpc) and our work is due to the adoption of a different he-
liocentric distance. A distance close to the Solar position maxi-
mizes the probability of a disk classification, however, the good
agreement between our estimated distance and the recent revised
estimation by Baumgardt & Vasiliev (2021) favors a larger he-
liocentric distance for Ton 2 (see Section 4).

The orbit configuration of Ton 2 places it among the po-
tential clusters that have likely experienced important mass loss
(e.g., Leon et al. 2000; Moreno et al. 2014; Minniti et al. 2018;
Kundu et al. 2019, 2021) from early epochs, as a result of the
strong tidal field in the inner galaxy, making Ton 2 a potential
progenitor candidate for the chemically unusual stars identified
in the inner Galactic field at similar metallicity as Ton 2 (see,
e.g., Fernández-Trincado et al. 2016, 2017, 2019c,a,b, 2020a,c,d;
Recio-Blanco et al. 2017).

10. Conclusions

We present the first detailed elemental-abundance analysis for
seven stars belonging to the heavily reddened globular cluster
Ton 2 in the direction of the inner Galaxy. We examined eleven
chemical species belonging to the light- (C and N), α- (O, Mg,
Si, Ca, and Ti), iron-peak (Fe and Ni), odd-Z (Al), and s-process
(Ce) elements. Overall, the chemical species examined so far in
Ton 2 are in agreement with other Galactic GCs at similar metal-
licity (e.g., Mészáros et al. 2020). The main conclusions of this
paper are the following:

– Ton 2 exhibits a mean metallicity of 〈[Fe/H]〉 = −0.70±0.05,
with a star-to-star [Fe/H] spread that is comparable to the
uncertainties, with one potential outlier.

– The Mg-Al anti-correlation is not seen in Ton 2, which is in
line with other GCs at similar metallicity (see, e.g., Pancino
et al. 2017).

– We also find a significant variation in cerium, with a
clear [Ce/Fe]–[N/Fe] and [Ce/Fe]–[(C+N+O)/Fe] correla-
tion, and a significant spread in nitrogen (> 0.81 dex),
cerium (> 0.41 dex), and modest spread in the CNO sum,
∆rich

poor[(C+N+O)/Fe]∼ +0.15. We hypothesize that this fea-
ture could be produced by different progenitors, more likely
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José G. Fernández-Trincado et al.: Spectroscopic Tomography of Tonantzintla 2

Fig. 9. Dynamical properties of Ton 2. Left panel: Kernel Density Estimation (KDE) models of the characteristic orbital energy ((Emax +
Emin)/2), the orbital Jacobi energy (EJ), orbital pericenter and apocenter, orbital eccentricity, and maximum vertical height above the Galactic
plane determined from our Galactic model (see Section 9) for GCs with a Galactic origin according to the classification from Massari et al. (2019).
Ton 2 is highlighted with black dot symbols. Right panel: The minimum and maximum value of the z-component of the angular momentum in the
inertial frame, indicating the regions dominated by prograde and retrograde orbits, and those that have prograde and retrograde (P−R) or retrograde
and prograde (R−P) orbits at the same time.

by low-mass (∼3 M�) AGB stars (Ventura et al. 2009), sim-
ilar to that detected in other s-elements in GCs (see, e.g.
Yong et al. 2009; Marino et al. 2011, 2012). Ton 2 is the
second known case in the relatively high-metallicity regime
to exhibit this feature after NGC 6380 (Fernández-Trincado
et al. 2021a), suggesting that this phenomenon could be com-
mon among relatively high-metallicity bulge GCs, and Ce
could be a good indicator for the prevalence of the multiple-
population phenomenon.

– Ton 2 hosts a significant population of nitrogen-enriched
stars indicating the prevalence of the multiple-population
phenomenon in this cluster. Furthermore, the high nitrogen
enrichment of Ton 2 makes this object a potential progeni-
tor of the nitrogen-enhanced metal-rich field stars identified
in the inner Galaxy (e.g., Fernández-Trincado et al. 2017;
Schiavon et al. 2017b; Fernández-Trincado et al. 2019b,a,
2020d,c).

– We find that Ton 2 is likely as massive as ∼ 1.151.33
0.98×105 M�

and likely more massive in the past, having experienced sig-
nificant mass loss from early epochs as a result of the strong
tidal field in the inner Galaxy. Thus, Ton 2 could be one of the
potential progenitors for the chemically unusual stars identi-
fied in the inner Galactic region at similar metallicity (see,
e.g., Fernández-Trincado et al. 2017, 2019b,a, 2020d,c).

– Ton 2 lies in a bulge-like (rapo . 3.97), prograde, high-
eccentricity (∼ 0.67), and radial orbit (rperi . 0.74 kpc), with
relatively low vertical excursions from the Galactic plane
(Zmax . 2.16 kpc). We find that it is a high-metallicity cluster
that does not live in the disk, as previously thought (Pérez-
Villegas et al. 2020) but, rather, in the bulge region. We have
caught Ton 2 near the pericentre of its orbit (Rgal ∼1.29 kpc).
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