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ABSTRACT

The Galactic bulge hosts the Milky Way’s oldest stars, possibly coming from disrupted globular
clusters (GCs) or the bulge’s primordial building blocks, making these stars witnesses to the Galaxy’s
early chemical enrichment. The Galactic bar currently dominates the bulge’s region, altering the orbits
of objects formed before its formation and complicating the trace of the field stars’ original clusters.
Here, we present the discovery of a fossil record of this evolution, SOS1—a star trapped in the bar,
exhibiting significant enhancements in nitrogen, sodium, and aluminum, typical of second-generation
GC stars. SOS1 also shows an s-process Ce enhancement, suggesting an old age and early enrich-
ment by fast-rotating massive stars in the Galaxy’s earliest phases. With the purpose of finding the
SOS1’s parent GC, we derive its precise chemodynamical properties by combining high-precision proper
motions from Gaia with APOGEE detailed chemical abundances. Our analysis suggests that SOS1
was possibly stripped from the GC Terzan 5 by the Galactic bar’s gravitational influence approxi-
mately 350 Myr ago. We also found chemical similarities suggesting that SOS1 belonged to the most
metal-poor, ancient, and peripheral stellar population of Terzan 5. These results not only support the
hypothesis that Terzan 5 is a remnant of a primordial building block of the Galactic bulge, but also
suggest this cluster continues losing stars to the bar. Our method highlights how powerful the use of
chemodynamical properties in the Gaia era is for tracing the Galaxy’s evolutionary history.

Keywords: Galactic bar(2365) — Galactic archaeology(2178) — Globular star clusters(656) — Galaxy
abundances(574) — Milky Way dynamics(1051)

1. INTRODUCTION

The inner Galaxy is the most complex component
of the Milky Way (MW), including a mix of an early
classical bulge, inner halo, inner disk, a bar-induced
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pseudobulge, as well as debris of past accretion events
(Pérez-Villegas et al. 2020; Queiroz et al. 2021; Horta
et al. 2021). It is in the Galactic bulge that the oldest
MW globular clusters (GCs) are found (Barbuy et al.
2018; Souza et al. 2023; Bica et al. 2024). Among them,
Terzan 5, Liller 1, and UKS 1 were suggested as repre-
sentatives of early building blocks, also called Bulge Fos-
sil Fragments (BFFs; Ferraro et al. 2009, 2016; Crociati
et al. 2023). These massive GCs are good candidates for
being the local counterparts of the large star formation
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clumps being observed at high redshift (e.g. Debattista
et al. 2023) and could be tracers of the earliest chemical
enrichment phases of the Universe.
The Galactic bar should form somewhat later (3 − 8

Gyr; Bovy et al. 2019; Wylie et al. 2022; Nepal et al.
2024) through the gravitational instability of the disk
possibly induced by merger events (Merrow et al. 2024).
Stars on bar-shaped orbits span different stellar popu-
lations, collecting material from the outer to the inner
regions, forming a box-shaped structure as a result of
the buckling instability of the bar. The combination of
Apache Point Observatory Galactic Evolution Experi-
ment data release 17 (APOGEE DR17; Abdurro’uf et al.
2022) abundances and Gaia (Gaia Collaboration et al.
2018) data has made it possible to trace the chemo-
dynamical properties of stars in bar shape orbits con-
firming that most of them are metal-rich stars (and
mostly low [α/Fe]). Additionally, a non-negligible frac-
tion was found to be metal-poor (Queiroz et al. 2021),
with around 1/10th the solar metallicity, and had high
[α/Fe] ratios, similar to bulge GCs metallicities and
alpha-enhancement.
Along the bar formation processes, pre-existing bulge

and disk material can be captured by the bar, acceler-
ating the evaporation of stars from previously existing
GCs and oldest building blocks such as BFFs. Identify-
ing those field stars as evaporated from a specific GC or
BFF is challenging because their chemistry can be sim-
ilar to most field stars. The exception is N- and Al-rich
stars, whose chemical pattern is well explained consider-
ing them as second-generation (2G) stars that originate
in GCs (e.g. Carretta et al. 2009; Gratton et al. 2012).
Therefore, these stars are good tracers of GCs debris
(e.g. Fernández-Trincado et al. 2019, 2022; Horta et al.
2021).
Terzan 5 is one of the most massive GCs in our Galaxy

(2 × 106 M⊙; Lanzoni et al. 2010) located in the inner
region (dGC = 1.65 ± 0.13 kpc; Baumgardt & Vasiliev
2021) obscured by a high reddening (E(B− V ) = 2.38;
Valenti et al. 2007). It is assumed to be originally the
nuclear star cluster (NSC) of a building block of the
early Galactic bulge (Ferraro et al. 2009, 2016). Differ-
ently from ω-Centauri which preserve characteristics of
NSC (Neumayer et al. 2020; Limberg et al. 2022; Häberle
et al. 2024), predictions suggest that Terzan 5 has lost
∼ 60% of its initial mass (Romano et al. 2023) since the
formation of the Galactic bulge. Nevertheless, the evi-
dence of NSC formation via merger of clusters spiralling
to the center is still imprinted in Terzan 5 three-modal
metallicity distribution function (MDF; Origlia et al.
2011, 2013): [Fe/H]= +0.30 (popA), [Fe/H]= −0.30
(popB), and [Fe/H]= −0.87 (popC). These character-
istics indicate that Terzan 5 should have contributed
with many of the stars located in the Galactic center
field population. In this work, we analyze the influence
of the BFF, specifically Terzan 5, on the formation of

the Galactic bar through its contribution to N-Al-rich
stars to the field stellar population.
This letter is organized as follows. Section 2 presents

the star analysed in this work as well as its important
chemical and orbital information. In Section 3, we show
the methodology developed to find the most probable
parent clusters of our target. Section 4 shows the fur-
ther comparison between our target and Terzan 5 in
terms of dynamics and chemical abundances. Finally,
the conclusions are drawn in Section 5.

2. DATA

The star 2M17454705-2639109 (hereafter SOS1) ana-
lyzed in this work is located in the inner region of the
MW (dGC = 1.43 ± 0.72 kpc and AV = 4.48 ± 0.91
– Apendix A) at Galactic coordinates l = 1.97◦ and
b = 1.16◦, at a heliocentric distance of 6.9± 1.0 kpc. Its
orbit exhibits a bar-shaped trajectory, indicating that
the star is currently trapped in the MW bar (red line in
panel a of Figure 1).
SOS1 is part of the sample observed with the NASA-

Kepler project K2GO42 − 0125 (PI: M. Valentini) in
the K2 Campaign 11, targeting the Galactic bulge/thick
disk region. We crossmatched the K2 sample with both
Gaia DR3 and APOGEE DR17, obtaining proper mo-
tions, radial velocities, chemical abundances, and atmo-
spheric parameters. The information is listed in Table
1.
The APOGEE abundances and atmospheric parame-

ters were derived using the APOGEE Stellar Parameter
and Chemical Abundances Pipeline (ASPCAP; Garćıa
Pérez et al. 2016). Since the errors provided by the
pipeline are the internal errors from the method em-
ployed, they can be underestimated. Therefore, in Table
1 we added to the errors in effective temperature and
chemical abundance ratios 50K and 0.05 dex, respec-
tively. SOS1 has SNR> 50, RUWE (renormalised unit
weight error) < 1.4, APSCAPFLAGs= 0, STARFLAG= 0,
and FLAG= 0 for all elements. These quality cuts
are similar and recommended in recent studies using
APOGEE DR17 data (e.g. Horta et al. 2021; Queiroz
et al. 2021; Limberg et al. 2022; Souza et al. 2023).

3. SOS1 PARENT CLUSTER

In this section, we present the clues for the most likely
SOS1 parent cluster.

3.1. Chemical clue

SOS1 exhibits an abundance pattern (Figure 1b) of α-
and light-elements different than that of field stars in the
innermost regions of the Galaxy (Queiroz et al. 2021).
From the APOGEE DR17 values, SOS1 presents high
nitrogen (N) and aluminum (Al) abundances ([N/Fe]>
1.0, [Al/Fe]> 1.0) and a carbon (C) depletion ([C/Fe]<-
0.2), which are signatures of 2G GC stars (e.g. Grat-
ton et al. 2012; Mészáros et al. 2020). To validate the
abundances provided by APOGEE, we performed two
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Figure 1. Chemo-dynamical properties of SOS1. a, X-Y and X-Z density projections of the Galaxy with the orbit of SOS1

star (red line). b, abundances of and light-elements for SOS1 (yellow star symbol) compared with field stars in the inner Galaxy

(density plot). c, the left panel shows the Jacobi energy of the GCs compatible within 1σ with SOS1 (shaded yellow region),

and the right panel shows the SOS1 distance to the centre of the selected clusters.

different sanity checks to confirm the high values of N
and Al abundances. The first test compares the SOS1
spectrum to the spectrum of a reference star (STARB
in Table 1) with similar atmospheric parameters, with,
however, low N and Al abundances; in the second test we
roughly measured the abundances through a line profile
fitting using synthetic spectra. The details of the valida-
tion test are given in the Appendix B. Therefore, given
its orbit and chemistry, SOS1 is a good candidate for
an evaporated star from a GC currently trapped by the
bar.
Two main scenarios could be evoked to explain SOS1.

In the first scenario, the star could have been ejected
from the cluster due to a strong encounter (e.g., star-
binary interaction). While such encounters are capable
of producing hypervelocity stars with velocities > 103

km s−1, the typical ejection speed is around 30% higher
than the escape velocity of the cluster’s core (Weather-
ford et al. 2023). For massive GCs, the escape velocity
is ∼ 50 km s−1 (Baumgardt & Hilker 2018). In the sec-
ond scenario, GCs that are tidally interacting with the
Galactic bar can lose stars to the Galaxy via tidal strip-
ping, mainly affecting stars located in the outer parts
of the cluster (Moreno et al. 2022). The star is then
slowly stripped from the cluster during several passages
of the GC through the bar. Even though SOS1’s total
velocity with respect to the Galactic center of 96 ± 3
km s−1 could still be consistent with an ejection from a
strong encounter, more than 75% of stars escape from

GCs through a combination of weak encounters and tidal
effects (Weatherford et al. 2023), being the most plau-
sible scenario for SOS1. Recently, Minniti et al. (2024)
found a GC that is falling towards the center of the MW,
illustrating a process that could explain SOS1 and likely
occurred in many clusters throughout the history of the
Galaxy.
SOS1 is overabundant in s-process element Cerium

([Ce/Fe] = +0.43 - see Table 1), mainly produced by
low- and intermediate-mass stars and restored to the in-
terstellar medium on longer timescales. Fast-rotating
massive stars can, however, boost the production of s-
process elements (Frischknecht et al. 2016) and explain
large enhancements of Ce early on in the Universe. In
addition, the fast chemical enrichment expected to have
occurred in the innermost regions of the MW can ex-
plain the moderate metallicities of the oldest bulge GCs
and field stars (Chiappini et al. 2011; Barbuy et al. 2018;
Souza et al. 2024). Other recent studies have found Ce-
enhanced stars in the bulge, similar to what we find
here for SOS1 (e.g. Razera et al. 2022; Sales-Silva et al.
2024). This chemical property is also compatible with
SOS1 being a fossil record of the earliest chemical en-
richment phases of the MW when fast-rotating massive
stars would have played an important role.

3.2. Dynamical clue

A star captured by the bar is expected to retain a) the
chemical composition of the material from which it was
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Table 1. Radial velocity, astrometric, atmospheric,

and chemical information of SOS1 and STARB stars

SOS1 STARB

APOGEE ID 2M17454705-2639109 2M07273047-7511343

RV (km s−1) −75.41± 0.04 +63.48± 0.04

µ∗
α (mas yr−1) −1.45± 0.10 +5.12± 0.01

µδ (mas yr−1) −6.20± 0.06 −4.72± 0.01

Teff (K) 4366± 61 4357± 62

log g 1.51± 0.04 1.51± 0.04

SNR 129 117

RUWE 1.008 1.078

ASPCAPFLAG 0 0

STARFLAG 0 0

d⊙ (kpc) 6.86± 0.81 6.15± 0.21

AV (mag) 4.48± 0.92 0.87± 0.18

[Fe/H] −0.94± 0.06 −1.07± 0.06

[C/Fe] −0.37± 0.08 −0.36± 0.08

[N/Fe] +1.15± 0.08 +0.11± 0.08

[C/N]corrected +0.18± 0.08 –

[O/Fe] +0.13± 0.08 +0.28± 0.08

[Mg/Fe] +0.13± 0.07 +0.19± 0.07

[Ca/Fe] +0.35± 0.08 +0.14± 0.09

[Si/Fe] +0.18± 0.07 +0.17± 0.08

[Na/Fe] +0.27± 0.14 +0.32± 0.18

[Al/Fe] +0.96± 0.08 −0.16± 0.09

[Mn/Fe] −0.17± 0.08 −0.34± 0.09

[V/Fe] +0.14± 0.13 +0.16± 0.09

[Ce/Fe] +0.43± 0.08 −0.18± 0.08

[Co/Fe] +0.23± 0.11 −0.78± 0.13

formed, and b) the original dynamical signature as the
Jacobi energy (EJ) for a longer time. In what follows, we
use both dynamical and chemical information to iden-
tify the most probable GC from which SOS1 originally
belonged.
In this work, we performed the orbital analysis em-

ploying the analytic approximation by Sormani et al.
(2022) of the N−body Galactic model from Portail
et al. (2017) constructed to be used in combination
with the Action-based GAlaxy Modelling Architecture
(AGAMA; Vasiliev 2019) Python code. We integrated
the orbits 13 Gyr backwards. Since our focus relies
on the Galactic centre, this model is more convenient
since it fits well with the kinematics and stellar den-
sity distribution of the inner Galaxy, including the
bar and X-shape structures. As a consequence of the
adopted Galactic potential, which includes an axisym-
metric background and a bar component that rotates,
there is no conservation of the total energy (ET ) and
the z-component of the angular momentum (LZ) along
the orbit integration. Instead of these quantities, in the
bar rotating frame, the EJ is conserved. The EJ , in
units of mass, is calculated as follows:

EJ =
1

2
V′2 +Φ(r′)− 1

2
Ω2

p

(
x

′2 + y
′2
)

(1)

where Ωp is the pattern speed of the bar, assumed to be
−39 km s−1 kpc−1 (Portail et al. 2017).
Assuming that the parent cluster of SOS1 is still or-

biting the MW, we selected the GCs with EJ compatible
within 1σ with the EJ of SOS1 (Figure 1c left panel),
this sample consisting of the most probable SOS1’s par-
ent clusters (see all their information in Table 2). The
closest GC to SOS1 with similar EJ (as selected before)
is Terzan 5 (Figure 1c right). At the same time, SOS1
is far from the Terzan 5’s center by six times its tidal
radius, showing that SOS1 is no longer gravitationally
bound to any cluster.
To find the most probable former GC of SOS1, we

compared its orbit with that of individual GCs (Ap-
pendix C provides more details on the orbital integra-
tion). For each pair SOS1-GC, a total of 2.5× 105 com-
binations of orbits are analysed, and we searched for
a crossing point in each one. Nevertheless, if the star
has a velocity high enough at the crossing point, it can
pass through the cluster volume without being bound to
it. Therefore, to consider the crossing as a dissociation
point1, the star must be within the cluster volume de-
fined as a tidal radius and gravitationally bound to the
cluster (Figure 2).
By performing the dissociation point analysis for each

pair, Terzan 5 was determined to be the most probable
parent cluster. Although the number of found disso-
ciation points for SOS1-Terzan 5 is a small fraction of
the number of orbital tracebacks performed, it is still
larger than the number of dissociation points found be-
tween SOS1 and any of the other GCs by a factor >200
(see Table 2). This is especially true when limiting our
analysis to only the past 2 Gyr, during which the em-
ployed Galactic potential should be most accurate; in
this time, there are >900 dissociation points between
SOS1 and Terzan 5, but none between SOS1 and any
other observed GC (see Table 2). This dynamical find-
ing suggests that Terzan 5 is more likely to have spawned
SOS1 than any other observed GC.
It is worth mentioning the fact that our boundedness

criterion for identifying a dissociation point is an ap-
proximation, which assumes that the GC is not evolving
(e.g. fixed tidal radius) and the orbits are only under
the influence of the Galactic potential with no dynami-
cal friction effect.

4. TERZAN 5 AS THE SOS1 PARENT CLUSTER

Recovering the time at the dissociation point, which
we call the dissociation time (τd), the result is a time dis-
tribution where we applied the Gaussian Mixture Mod-
els (GMM) fitting to obtain the time when the bar cap-
tured the star from the cluster. To avoid overfitting the

1 The dissociation point is defined as the last orbital point when
the star was finally captured from a specific cluster by the Galac-
tic potential.
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Figure 2. Dissociation point selection criteria (Inter-

active figure). The top panel shows the SOS1 distance to

GC’s centre in units of tidal radius as a function of time. The

black horizontal dotted line shows the tidal radius region lim-

iting the cluster volume. The bottom panel shows the SOS1

total energy with respect to the GC as a function of time.

The black horizontal dotted line represents the bound energy

limit. The red dotted lines show the dissociation point with

the corresponding distance to the cluster centre (top panel)

and the bound energy (bottom panel).

distribution, we determined the number of individual
Gaussian components to use in the GMM by using the
Akaike information criterion (AIC), specifically choosing
the first number of components for which the AIC pa-
rameter becomes constant (insert plot in Figure 3). For
Terzan 5, we found 16 dissociation time distributions
employing the AIC test (Figure 3). For the interval be-
tween 0 and -2 Gyr, where we can trust our analysis,
we found two dissociation times τd1 = −353± 12(±107)
Myr (red line in Figure 3 ) and τd2 = −970± 63(±286)
Myr (yellow line). The τd1 distribution contributes 15%
to the total distribution (black line), while τd2 9%. We
performed 2000 Monte Carlo realizations to obtain the
uncertainties, and we are providing two values. The first
one represents the uncertainty in the mean value, while
the second one is the standard deviation of the distribu-
tion. Even though the time distribution presents values
up to 13 Gyr ago, these points do not make physical
sense because the Galaxy potential should evolve with
time, and at that time, even the bar had not been formed

Figure 3. Dissociation time calculation. The gray

histogram shows the distribution of lookback time obtained

from the dissociation points. The black solid line shows the

multiple Gaussian distribution obtained through the GMM

fitting, and the individual Gaussians are as black thin dashed

lines. The two significant dissociation times τd1 and τd2 are

highlighted as red and yellow lines, respectively. The number

above each Gaussian represents the individual contribution

to the total fitting. The inset plot shows the AIC test.

yet. Therefore, the results for SOS1-Terzan 5 are within
the time range having a physical meaning. In summary,
the dynamical results suggest that SOS1 was possibly
gravitationally bound to Terzan 5 at −353 ± 12(±107)
Myr ago.
Given that there are inherent uncertainties linked to

the Galactic potential and other caveats (see Appendix
C), chemical analysis is needed to strengthen the above
results further. SOS1 has a metallicity value that is
in agreement with Terzan 5’s most metal-poor popu-
lation (PopC), which it is also the oldest one (Ferraro
et al. 2016). It is important to mention that the other
survived GCs in our sample present a single metallicity
distribution function, and all of them are more metal-
rich than SOS1 (see Table 2). Differently from a classic
GC, Terzan 5 also shows populations of stars with dif-
ferent ages, a very old population (> 12 Gyr) and an
intermediate-age population (∼ 5 Gyr). Figure 4 shows
SOS1’s abundances of O, Mg, Ca, Si, C, and Al com-
pared with Terzan 5 (Origlia et al. 2011, 2013). Even
though popC comprises only three stars, it is possible
to observe good compatibility between SOS1 and popC
for the α-elements.
The SOS1’s chemical pattern, typical from a 2G GC,

means that although most of the α-elements will be pre-
served (especially Ca and Si), light elements will show
variations with respect to the 1G stars in the cluster.
The expected abundance differences of C, N, O, Mg,
Al, and Si between 1G and 2G stars were provided by

https://stefanoos.github.io/sos1_files//interactive_figures/dissociation_time_new.html
https://stefanoos.github.io/sos1_files//interactive_figures/dissociation_time_new.html


6 Souza et al.

Milone et al. (2018). Following their values, we estimate
the expected variations from 1G to 2G stars for Terzan
5 most metal-poor PopC (Figure 4; see Appendix E for
the details about the method employed to derive the 2G
enrichments). The maximum possible abundance differ-
ences are indicated by the arrows in Figure 4. It can
be seen that the position of SOS1 in each of the [X/Fe]
(for X = O, Mg, Ca, Si, C, and Al) is always within the
range of the expected variations, confirming that SOS1
is chemically compatible with the PopC stars of Terzan
5.
Recently, Romano et al. (2023) derived the chemical

evolution model for Terzan 5. They found that the clus-
ter chemical pattern could be explained by a double-
burst of a primordial cloud with a mass of 4 × 107 M⊙
(with a delay of 5 Gyr between both bursts), and ∼ 60%
of stars stripped. The authors also suggest that the
metal-poor population of Terzan 5 is located mainly in
the outer part of the cluster, being, therefore, easier to
be stripped from the cluster and trapped by the Galactic
bar than most internal stars, a scheme consistent with
SOS1’s properties.
As mentioned before, the high Ce enrichment of SOS1

could indicate a very old age, therefore, an additional
important link between SOS1 and Terzan 5 is the age.
Although SOS1 has NASA K2 mission data (Howell
et al. 2014), the quality of the light curves was insuf-
ficient to allow the determination of its seismic age (see
Appendix D). Nevertheless, the other age determination
method for red giants is based on the [C/N] abundance
ratio, which is modified after the first dredge-up. This
process brings new material synthesized in their cores
through the CNO cycle toward the atmosphere. Since
the maximum penetration during the first dredge-up de-
pends on the stellar mass, the mixture brought up to
the stellar surface also depends on the mass, which can
be related to the stellar age (Masseron & Gilmore 2015;
Salaris et al. 2015; Lagarde et al. 2017). However, inside
GCs in addition to the expected from stellar evolution,
the 2G stars are also enriched in N and depleted by C
because of the internal chemical evolution of the GC.
Therefore, to use the [C/N]−age relations for 2G stars
such as SOS1, the observed [C/Fe] and [N/Fe] need to
be corrected by the expected enrichment and depletion
typically happening in 2G stars in GCs.
Applying the corrections derived above (represented

by arrows in Figure 4), we derived the age using the
C/N chemical clock and adopting different calibrations
(Appendix E). Although the approach used here to esti-
mate the age is very uncertain, this procedure can lead
to, at last, a lower limit for the SOS1 star. We find an
old age distribution for SOS1 and, therefore, compatible
with the age distribution of Terzan 5 (rightmost panel
of Figure 4).

5. CONCLUSIONS

In this work, for the first time in our knowledge, we
present an example of a chemodynamical tracing of a
specific star not part of a known stellar stream back to
an origin in a specific GC. By means of the history of
SOS1, we analyzed the influence of Terzan 5 on the for-
mation of the Galactic bar in providing the field stellar
population with N-Al-rich stars.
We determine that SOS1 is likely a past member of

a 2G population in a GC. Even though the origin from
a completely destroyed GC remains as a possibility, we
found a good chemodynamical agreement between SOS1
and Terzan 5, making Terzan 5 the most plausible sur-
vived GC from which SOS1 could be a member in the
past.
SOS1 exhibits distinct chemo-dynamical properties,

including nitrogen enhancement ([N/Fe] = +0.71) and
a significant aluminum enhancement ([Al/Fe] = +0.31),
both of which are characteristic of 2G stars from GCs.
These elements, along with its consistent orbit with
the bar structure, strongly suggest that SOS1 was once
part of a GC, possibly stripped from Terzan 5 af-
ter several close encounters with the Galactic bar at
−353± 12(±107) Myr ago.
The metallicity of SOS1 strongly agrees with the ex-

pected 2G stars of the most metal-poor population in
Terzan 5, popC, which has a median metallicity of
[Fe/H]∼ −0.80. The same chemical analysis was per-
formed on the other GCs. Nevertheless, they have sim-
ple MDF and are more metal-rich than SOS1 (see Table
2). Additionally, the SOS1 enhanced levels of s-process
elements, such as cerium ([Ce/Fe] = +0.60), support
the hypothesis that it retains chemical signatures from
the early enrichment phases of the Milky Way’s inner
regions.
This study highlights SOS1 as a fossil record of the

ancient processes that shaped the inner Galaxy. The
chemical and orbital evidence converges to suggest that
Terzan 5, and potentially other BFF, have significantly
contributed to the build-up of the stellar populations in
the Galactic bar. Investigating stars like SOS1 provides
crucial insights into the role of GCs in the formation and
evolution of the Milky Way bulge and bar regions.
This work thus provides strong foundation for similar

studies in the future, with even better datasets coming
from the next Gaia releases and large spectroscopic sur-
veys.
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Figure 4. Chrono-Chemical comparison between SOS1 and Terzan 5. The abundances of α elements, C, and Al vs.

the iron content [Fe/H] for Terzan 5 (Origlia et al. 2011, 2013) (blue) and the SOS1 (yellow). The arrow in each panel shows the

average maximum difference (Milone et al. 2018) between 1G (dotted line) and 2G for a metallicity around [Fe/H]= −1.0, the

Terzan 5’s popC (the arrows are shifted in the x-axis to make the plot clearer). The rightmost panel shows the age distribution

for Terzan 5 (black histogram) compared to different age determinations for SOS1 (colored lines).
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A. INTERSTELLAR REDDENING FROM DIBS

We obtained an independent measurement of extinction AV by measuring the equivalent width (EW) of near-infrared
diffuse interstellar bands (DIBs) in the SDSS-IV/APOGEE spectrum of SOS1. Even though it is still unclear what
creates DIBs, it has been widely shown that their features correlate with dust and gas in the interstellar medium.
Hence, it is possible to measure AV via empirical relations (e.g. Kos et al. 2014).
We used the DIB at λ 1.527 µm, using the same procedure as in (e.g. Elyajouri et al. 2017). The stellar normalised

spectrum was divided by the best-fit model spectrum, and then we measured the EW of the DIB feature in the residual
spectrum with a Gaussian fit. For better error estimation, we measured the EW 50 times, varying the continuum
placement and limits for the fit each time. Line-of-sight extinction, AV , has been then calculated using:

EWDIB = 102mÅ×A1.01±0.01
V (A1)

The resulting reddening value is AV = 4.477 with σAv=0.351fit+0.564EW meas mag, where the associated error considers
the error contribution from Eq. A1 and the EW measurement.

B. ABUNDANCES VERIFICATION

In order to validate the high values of N and Al provided by APOGEE for SOS1, we performed two different
validation test:

1. We selected a star with similar atmospheric parameters gravity log g, effective temperature Teff , metallicity
[Fe/H], and SNR as SOS1, with solar N and Al. The reference star has APOGEE ID 2M07273047-7511343
(hereafter STARB, its information is in Table 1). Figure 5 shows the direct comparison between SOS1 and
SARTB spectra. The upper panels compare the Al abundance for the lines AlI 16718.90Å (left) and 16763.30Å
(right). The blue line represents STARB, while SOS1 is in red. The direct comparison for N abundances is in
the bottom panels. This analysis clearly shows the difference between both spectra for Al and N, showing that
SOS1 is indeed N- Al-rich.

2. We remeasured Al, C, and N abundances through spectrum synthesis using the MOOG2017 code (Sneden et al.
2012) with solar abundances adopted from Asplund et al. (2009). Figure 6 shows the spectral fitting for the Al
lines ALI 16718.90 Å (upper left) and 16763.30 Å (upper right), where the very high Al abundance is made
clear from a comparison with the synthetic spectra for different [Al/Fe] values. For the C and N abundances
(bottom panel), we overplotted synthetic spectra with different combinations of C, N, and O abundances in the
wavelength between 15300.00 Å and 15400.00 Å . On average, the SOS1 observed spectrum is well reproduced
by high N and low C values, as provided by APOGEE.

These qualitative validation tests show that the abundances provided by APOGEE DR17 for SOS1 (and STARB)
are not due to artifacts in the ASPCAP pipeline.

C. ORBITAL ANALYSIS

For each object, SOS1 and all 165 MW GCs, we generated 500 initial conditions through a Monte Carlo (MC)
resampling considering the errors in proper motions, radial velocity, and distance.
We employed well-known orbital classification criteria by Portail et al. (2015) to compute the probability of the

stars that support the bar structure. To do that, for each orbit, we computed the fast Fourier transform to identify
the main frequencies in the Cartesian x and z-coordinates and the Cylindrical radius R. With these frequencies, we
can analyse the ratios fR/fX and fZ/fX , which provide a numerical interpretation of how many radial or vertical
excursions the orbits have for one loop, respectively. Orbits that support the bar structure must be confined no farther
than the corotation radius, which for the adopted model is placed at ∼ 6 kpc, and also has fR/fX = 2.0± 0.1 (Portail
et al. 2015). Therefore, the final probability of following the bar (PBar) for the object is the number of orbits with
fR/fX = 2.0± 0.1 divided by the total of the initial conditions, in this case, 500.
Since SOS1 is not a hypervelocity star, the hypothesis of smooth capture is the most probable scenario to explain

its current configuration: runaway star member of a GC 2G population. It is worth mentioning that another possible
explanation is that the SOS1 parent cluster was completely dissolved in the inner part of the Galaxy. This scenario
needs a Galactic potential, which evolves with time and formalism for tidal forces and dynamical friction. For that
reason, we will not explore this scenario in this work. We selected the GCs with EJ compatible within 1σ with SOS1
EJ value. The left plot on panel c of Figure 1 shows the EJ for the most compatible GCs. We show the input and
output information of orbital integration, and the probability of belonging to the bar for the most likely SOS1 parent
cluster in Table 2. The observational parameters of the GCs were taken from Baumgardt’s compilation 2.

2 https://people.smp.uq.edu.au/HolgerBaumgardt/globular/

https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
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Figure 5. Verification of the APOGEE-ASPCAP abundances of Al (upper panels) and N (bottom panels): comparison of

spectra of the sample star SOS1 (red line) with a reference star (STARB) with similar stellar parameters and solar abundances

(blue line).

Table 2. Orbital input and output parameters of SOS1 and its most likely parent cluster. The input values were

taken from Baumgardt’s compilation1, and the output was obtained from orbital integration.

SOS 1 Palomar 1 Terzan 2 Terzan 5 NGC 6440 Terzan 6 NGC 6528

Input parameters

RA (deg) 266.446 +53.334 261.888 267.020 267.220 267.693 271.207

DEC (deg) −26.653 +79.581 −30.802 −24.779 −20.360 −31.275 −30.056

Rsun (kpc) 6.9± 1.0 11.1± 0.3 7.8± 0.3 6.6± 0.2 8.3± 0.2 7.3± 0.4 7.8± 0.2

<RV> (km s−1) −75.4± 0.1 −75.7± 0.2 133.5± 0.7 −81.9± 0.9 −69.4± 0.9 137.2± 1.7 211.9± 0.4

µ∗
α (mas yr−1) −1.45± 0.02 −0.26± 0.03 −2.14± 0.03 −1.86± 0.03 −1.19± 0.02 −4.99± 0.05 −2.17± 0.02

µδ (mas yr−1) −6.20± 0.06 +0.02± 0.03 −6.26± 0.03 −5.11± 0.03 −4.00± 0.02 −7.46± 0.05 −5.64± 0.02

Mass (M⊙) — (9.26± 1.83)× 102 (8.05± 2.31)× 104 (1.09± 0.08)× 106 (5.69± 0.45)× 105 (1.00± 0.01)× 105 (9.44± 0.91)× 104

Massini (M⊙) — 1.23× 104 5.89× 106 4.20× 107 6.17× 106 4.57× 106 2.14× 106

rt (pc) — 22.84 12.45 51.26 33.88 13.89 10.98

Age (Gyr) > 10.0 7.3± 1.2 — 12.0± 1.0 13.0± 1.5 — 11.0± 1.0

[Fe/H] −0.96± 0.06 −0.65± 0.10 −0.69± 0.10 −0.23± 0.10 −0.36± 0.10 −0.56± 0.10 −0.11± 0.10

[Fe/H] FLAG (# of peaks) — 1 1 3 1 1 1

Output parameters

rapo (kpc) 1.6± 0.3 21.6± 0.4 0.9± 0.1 1.9± 0.1 1.5± 0.2 1.5± 0.2 1.7± 0.2

rperi (kpc) 0.04± 0.02 15.81± 0.14 0.21± 0.06 0.10± 0.02 0.04± 0.02 0.03± 0.01 0.04± 0.02

|Z|zm (kpc) 0.71± 0.20 5.51± 0.14 0.49± 0.08 0.87± 0.06 1.23± 0.05 1.01± 0.09 1.11± 0.06

ecc 0.95± 0.02 0.16± 0.01 0.63± 0.12 0.89± 0.02 0.95± 0.03 0.96± 0.02 0.96± 0.02

EJ (105km2 s−1) −1.652± 0.072 −1.635± 0.008 −1.699± 0.018 −1.602± 0.009 −1.582± 0.007 −1.620± 0.032 −1.582± 0.008

Pbar % 84 0 0 94 0 9 27

Ndiss (# of points) — 0 0 3794 15 1 0

Ndiss > −2 Gyr (# of points) — 0 0 936 0 0 0
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Figure 6. Verification of APOGEE-ASPCAP abundances. Upper panels: Spectrum synthesis of Al. The coloured lines repre-

sent synthetic spectra with no Al abundance (blue), solar Al abundance (orange), and [Al/Fe]= 1.17 (green, the value provided by

APOGEE). Bottom panels: Spectrum synthesis of C, N, and O. The blue line is the normal CNO abundance set [C,N,O/Fe] =

(0.0, 0.0,+0.40), orange line [C,N,O/Fe] = (−0.15,+0.60,+0.06), and green line [C,N,O/Fe] = (−0.31,+1.15,+0.13) the set

provided by APOGEE.

With the selection of the SOS1 most likely parent clusters, as mentioned before, mainly from dynamics, we compared
SOS1 and each GC, considering the entire orbit. To do that, we compared each orbit of SOS1 with each GC, in total,
for each pair SOS1-GC, 500 · 500 = 2.5 · 105 combinations.
As the first step, we computed the point of the orbit where SOS1 is within the GC tidal radius. We employed

literature values of tidal radius (Baumgardt & Vasiliev 2021). During the orbital time, SOS1 can move through all the
MW GCs during its orbits. Therefore, we only accepted the close encounter point where the star is also gravitationally
bound to the cluster potential. We calculated the total energy of SOS1 inside the GC for all close encounter points
due to the cluster potential, where the points with negative energy were considered gravitationally bound. For the
combinations with more than one close encounter gravitationally bound point, we considered only the first one (closest
to the present day) and assumed that SOS1 belongs to the cluster before the first point. The number of combinations
with gravitationally bound close encounter points shows the probability of SOS1 being a cluster member. Also, it
provides the dissociation time when SOS1 was completely captured from the cluster by the Galactic bar. For the
selected GCs (see Figure 1), only Terzan 5 has substantial close encounter points for the 2.5 · 105 orbit combinations
(Table 2).

D. NOTE ON THE SOS1 LIGHT-CURVE

Based on the atmospheric parameters from APOGEE-DR17 and scaling relations (Kjeldsen & Bedding 1995), we
expect SOS1 to exhibit a power spectrum with an excess due to solar-type oscillations at approximately 4µHz. Unfor-
tunately, several factors have made the extraction of the solar oscillation signal impossible. Firstly, this campaign was
interrupted due to a configuration error in the drift control, resulting in a reduced duty cycle and a difference in signal
levels between the two portions of the light curve. Additionally, this star was located in CCD2.1 of the Kepler/K2
field. For this campaign, which focused on the bulge direction, CCD2.1 is characterized by a high density of sources,
more than three orders of magnitude higher than a typical Kepler/K2 field. A test conducted by degrading a Kepler
target light curve with similar log(g) and Teff to K2-like characteristics indicates that the noise level in SOS1’s light
curve is a thousand times higher than in the simulated one. This suggests that the high noise level is what makes a
robust detection of solar-type oscillations impossible.
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E. AGE DERIVATION

We attempted to constrain the stellar age following two different approaches.

E.1. Bayesian Age determination

The mass and age of SOS1 were derived using the Bayesian code PARAM3 (Rodrigues et al. 2017a, and references
therein), which matches observed quantities (Teff , [Fe/H], luminosity) to a grid of stellar evolutionary tracks. The
unreliable Gaia parallax due to SOS1’s distance was replaced by the Starhorse (Queiroz et al. 2023) distance (Table
1).
We computed three grids of models using the MESA code (r-11701 Paxton et al. 2018), covering a mass range of 0.6

to 2.5 M⊙ with 0.05 M⊙ steps. The grids differ in alpha-element enhancement: solar, [α/Fe] = 0.2, and [α/Fe] = 0.4,
with 12 iron content values from [Fe/H] = −2.50 to 0.25 (Asplund et al. 2009). Opacity tables were computed
using OPAL for the stellar interior and Wichita University data (private communication) for low temperatures. The
atmospheric boundary conditions follow the KS grey T (τ) law, and convection is modelled using MLT (Cox & Giuli
1968). A diffusive model for extra mixing at the convective envelope base (Kahn et al. 2019) and core convection in
the HeB phase (Bossini et al. 2017) were applied. Microscopic diffusion was also included.
Models were followed from the PMS phase to the first AGB pulse or peak luminosity post-He burning. Radial

mode oscillations were computed for models along evolutionary tracks to sample different phases. These models form
the basis of PARAM, which estimates stellar parameters using Teff , log g, [Fe/H], [α/Fe], and seismic parameters
(Rodrigues et al. 2017b).
The output provides the probability distributions of mass, age, radius, and density. SOS1’s broad age distribution

(rightmost panel of Figure 4) arises from degeneracies in red giant evolutionary tracks, making it hard to distinguish
between different masses and ages without seismology.

E.2. Chemical clock: [C/N]–age relation

The [C/N]−age relation is widely used in the literature. The main idea is that, for red giants, the abundance of
N and C in the stellar surface changes during the evolution after the first dredge-up. The variation depends on the
mass and, consequently, the age. Before applying the calibrations, we remove the effect of MPs from the C and N
abundances of SOS1. This correction is necessary because the calibrations derived in the literature (e.g. Casali et al.
2019; Spoo et al. 2022) are based purely on stellar evolution. The corrections are as follows:

[C/N]SOS1 = [C/N]1G + [C/N]MPs (E2)

basically, the abundances derived from APOGEE for 2G stars are the abundance of 1G stars added by a contribution
from MPs: enhancement for N and depletion for C. The variations due to MPs were derived using the values considering
all GCs and doing a linear regression for logMass (Baumgardt & Vasiliev 2021) vs. abundance variations (Milone et al.
2018). The differences are then obtained by interpolating for the Terzan 5’s mass (Baumgardt & Vasiliev 2021).
The values are represented in Figure 4 as red arrows. We placed the arrows starting from the median value of the

Terzan 5’s popC since Origlia et al. (2013) have not found evidence of 2G stars in their sample. It is also important
to note that the N abundance is not presented in Figure 4 because there are no calculations for this element. The
variations due to MPs are then removed (or added) from the values derived by APOGEE, resulting in the possible 1G
values. The distributions are displayed in Figure 7.
Having obtained the corrected [C/N] abundance, we then applied the [C/N]−age relation using four different cali-

brations: Spoo et al. (2022) for APOGEE DR16 and DR17; Casali et al. (2019) derived using Gaia-ESO Survey. The
rightmost panel of Figure 4 shows the resulting age distributions for each calibration. For comparison purposes, we
also plotted the age distribution for Terzan 5 (Ferraro et al. 2016).
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Pérez-Villegas, A., Barbuy, B., Kerber, L. O., et al. 2020,

MNRAS, 491, 3251, doi: 10.1093/mnras/stz3162

Portail, M., Gerhard, O., Wegg, C., & Ness, M. 2017,

MNRAS, 465, 1621, doi: 10.1093/mnras/stw2819

Portail, M., Wegg, C., & Gerhard, O. 2015, MNRAS, 450,

L66, doi: 10.1093/mnrasl/slv048

Queiroz, A. B. A., Chiappini, C., Perez-Villegas, A., et al.

2021, A&A, 656, A156,

doi: 10.1051/0004-6361/202039030

Queiroz, A. B. A., Anders, F., Chiappini, C., et al. 2023,

A&A, 673, A155, doi: 10.1051/0004-6361/202245399

Razera, R., Barbuy, B., Moura, T. C., et al. 2022, MNRAS,

517, 4590, doi: 10.1093/mnras/stac2136

Rodrigues, T. S., Bossini, D., Miglio, A., et al. 2017a,

MNRAS, 467, 1433, doi: 10.1093/mnras/stx120

—. 2017b, MNRAS, 467, 1433, doi: 10.1093/mnras/stx120

Romano, D., Ferraro, F. R., Origlia, L., et al. 2023, ApJ,

951, 85, doi: 10.3847/1538-4357/acd8ba

Salaris, M., Pietrinferni, A., Piersimoni, A. M., & Cassisi, S.

2015, A&A, 583, A87, doi: 10.1051/0004-6361/201526951

Sales-Silva, J. V., Cunha, K., Smith, V. V., et al. 2024,

ApJ, 965, 119, doi: 10.3847/1538-4357/ad28c2

Sneden, C., Bean, J., Ivans, I., Lucatello, S., & Sobeck, J.

2012, MOOG: LTE line analysis and spectrum synthesis,

Astrophysics Source Code Library, record ascl:1202.009.

http://ascl.net/1202.009

Sormani, M. C., Gerhard, O., Portail, M., Vasiliev, E., &

Clarke, J. 2022, MNRAS, 514, L1,

doi: 10.1093/mnrasl/slac046

Souza, S. O., Ernandes, H., Valentini, M., et al. 2023,

A&A, 671, A45, doi: 10.1051/0004-6361/202245286

Souza, S. O., Libralato, M., Nardiello, D., et al. 2024, arXiv

e-prints, arXiv:2407.15918,

doi: 10.48550/arXiv.2407.15918

Spoo, T., Tayar, J., Frinchaboy, P. M., et al. 2022, AJ, 163,

229, doi: 10.3847/1538-3881/ac5d53

Valenti, E., Ferraro, F. R., & Origlia, L. 2007, AJ, 133,

1287, doi: 10.1086/511271

Vasiliev, E. 2019, MNRAS, 482, 1525,

doi: 10.1093/mnras/sty2672
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