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APOGEE detection of N-rich stars in the tidal tails of Palomar 5
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ABSTRACT

Recent results from chemical tagging studies using Apache Point Observatory Galactic Evolution Experiment data suggest a
strong link between the chemical abundance patterns of stars found within globular clusters (GC), and chemically peculiar
populations in the Galactic halo field. In this paper, we analyse the chemical compositions of stars within the cluster body and
tidal streams of Palomar 5, a GC that is being tidally disrupted by interaction with the Galactic gravitational potential. We report
the identification of nitrogen-rich (N-rich) stars both within and beyond the tidal radius of Palomar 5, with the latter being clearly
aligned with the cluster tidal streams; this acts as confirmation that N-rich stars are lost to the Galactic halo from GCs, and
provides support to the hypothesis that field N-rich stars identified by various groups have a GC origin.

Key words: Globular Clusters.

1 INTRODUCTION

Our understanding of the Galaxy’s formation is greatly informed by
identifying where stars in the Milky Way were born. To reconstruct
the evolution of the Galaxy is to deduce a history of merger events,
accretion and internal evolution; the study of these processes is
especially significant as hierarchical mass assembly is a keystone
consequence of Lambda Cold Dark Matter (ACDM) cosmology.
Constraining the evolution of the Milky Way could therefore act as
a test of ACDM.

A longstanding question is whether globular cluster (GC) dis-
solution has contributed to the stellar content of the Galaxy, and
if so, to what extent (Tremaine, Ostriker & Spitzer 1975). Various
studies over the past decade have identified field stars with abundance
patterns characterized by enrichment in N and Na and depletion in
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C and O (e.g. Martell et al. 2011; Lind et al. 2015, see Ramirez,
Meléndez & Chanamé (2012) for the identification of the Na—-O
anticorrelation signature of GCs.). Such chemistry has long been
associated with GC stars, suggesting that GC disruption may indeed
contribute stars to the halo field. More recently, a weak chemical
tagging study by Schiavon et al. (2017) unveiled a large population
of N-rich stars in the inner Galactic halo, which prompted further
searches based on APOGEE data as well as other data sets (e.g.
Ferndndez-Trincado et al. 2017, 2019a; Tang et al. 2021) suggesting
that the contribution of GC dissolution to the halo mass budget may
be substantial (see also, e.g. Hughes et al. 2020; Horta et al. 2021).
The identification of putative GC escapees in the field is facilitated
by the existence of chemical composition variations among stars in
GCs. Although these chemical inhomogeneities have been docu-
mented long ago (e.g. Kraft 1979), it was only after the detection of
distinct evolutionary sequences in cluster CMDs (e.g. Piotto 2008),
and the measurement of detailed star-to-star abundance variations
all the way down to the turnoff (e.g. Cannon et al. 1998), that the

2202 Jaquialdas GO uo Jasn AlsIaAlun saloopy uyor j0odiani Aq 6/€6719/22/2€/€/01S/31011e/SEIUW/ W0 dNo"olWapeoe//:sdny WwoJl papeojumoq


http://orcid.org/0000-0003-4652-1090
http://orcid.org/0000-0001-8108-0935
http://orcid.org/0000-0003-1856-2151
http://orcid.org/0000-0002-4912-8609
mailto:S.G.Phillips@2017.ljmu.ac.uk

3728  S. G. Phillips et al.

phenomenon was attributed to the presence of multiple stellar pop-
ulations in GCs (for reviews see e.g. Renzini et al. 2015; Bastian &
Lardo 2018). In this framework, so-called ‘first generation’ stars
within GCs display chemical abundances indistinguishable from field
stars at the same metallicity. Conversely, ‘second generation’ GC
stars are characterized by abundance patterns enhanced in elements
such as He, N, Na, and Al, and diminished in C, O, and Mg (for a
review see e.g. Bastian & Lardo 2018). Because stars in the latter
category can be discriminated from their field counterparts at the
same metallicity, they are used as tracers of GC dissolution. Indeed,
chemically peculiar halo stars identified in various studies occupy
the same locus in the C-N, Na—O, and AlI-Mg chemistry planes as
‘second generation’ GC stars.

Early detections of N-rich stars in the halo suggested the con-
tribution of GC disruption to the stellar mass budget to be at the
few percent level (e.g. Martell et al. 2011, 2016). However, the
identification of a large population in the inner halo by Schiavon
et al. (2017) implied that the proportion of field stars which originate
in GCs may be as high as ~25 percent in the inner 2-3 kpc of
the Galactic halo. This would imply that the mass contained within
disrupted GCs would far exceed that locked in existing GCs. Horta
et al. (2021) used APOGEE DR16 data (Jonsson et al. 2020) to
measure the number density of field N-rich stars as a function of
Galactocentric distance in the halo, placing the contribution from
disrupted GCs to the field at 27.57}3 percent at » = 1.5kpc, and
4.2Jj}:§ percent at r = 10kpc, reconciling the measurements by
Martell et al. (2016) and Schiavon et al. (2017).

The results outlined above have important implications for our
understanding of the formation and destruction of GCs (Hughes et al.
2020) and the formation of the Galactic halo itself. Therefore, it is
imperative to examine the underlying assumption that field N-rich
stars and their GC counterparts share the same origin.

In this context, identifying N-rich stars as they are being shed by
their parent GC would provide strong additional evidence in favour
of the GC origin hypothesis for these types of field stars.

The aim of this paper is to identify N-rich stars being lost from a
GC currently undergoing disruption, and thus provide a snapshot of
the journey of N-rich stars from the GC into the field. The natural
starting point for such a search would be a GC with massive and
well-characterized tidal streams. While a significant proportion (~
20 per cent) of GCs exhibit tidal extensions (Kundu, Minniti & Singh
2019), Palomar 5 was chosen as the target for this study because of
its well-defined tidal streams extending to over ~30° on the sky
(Starkman, Bovy & Webb 2020). It is metal poor and has a low
mass, with the majority of its initial mass believed to have now been
lost to its streams, and has recently been identified as the host of
a supramassive population of stellar mass black holes (Gieles et al.
2021). For the purposes of this enquiry, its relevant features are the
N-rich stars in the cluster centre and tidal streams.

The paper is structured as follows: In Section 2, we introduce our
data sources and the criteria by which our sample was selected. In
Section 3, we present and discuss the results, which are summarized
in Section 4.

2 DATA AND METHODS

This study makes use of stellar parameters and chemical abundances
from the seventeenth data release of SDSS-IV/APOGEE 2 (Blanton
et al. 2017; Majewski et al. 2017; Abdurro’uf et al. 2021, DR17 to
be described in depth in Holtzman et al, in preparation), and proper
motions obtained from cross-matching with the Gaia eDR3 catalogue
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(Gaia Collaboration et al. 2016, 2021) using TOPCAT software (Taylor
2005). The public-source code GALPY! is used to create a model of
radial velocities along the tidal streams (Bovy 2015).

2.1 Data source

The Apache Point Observatory Galactic Evolution Experiment
(APOGEE 2) is a stellar spectroscopic survey within the Sloan Digital
Sky Survey (SDSS-1V), which has collected high-quality NIR spectra
for over 700 000 stars across all regions of the Galaxy. A detailed
description of the target selection can be found in Zasowski et al.
(2017), Beaton et al. (2021) and Santana et al. (2021). APOGEE 2
operates from twin near-infrared (NIR) spectrographs (Wilson et al.
2019) installed on the 2.5-m Sloan telescope at the Apache Point
Observatory (Gunn et al. 2006), and at the 2.5-m du Pont telescope
at Las Campanas Observatory (Bowen & Vaughan 1973), which
essentially enables all-sky coverage.

APOGEE 2 provides NIR spectra from which radial velocities,
stellar parameters, and detailed chemical compositions can be de-
termined with high precision. The data from individual plates on
individual observing nights are reduced using the APRED pipeline,
with the APSTAR pipeline run following multiple individual visits,
to resample the spectra obtained on to a fixed wavelength grid. The
data finally enter the APOGEE Stellar Parameters and Chemical
Abundances pipeline (ASPCAP) in which stellar parameters are
analysed and calibrated, and abundances of up to 20 elements are
determined. ASPCAP derives atmospheric parameters and abun-
dances by matching synthetic spectra based on model atmospheres
(Gustafsson et al. 2008; Mészaros et al. 2012) to the observations
with the public code FERRE? (Allende Prieto et al. 2006) (for further
details, see Nidever et al. 2015, Garcia Pérez et al. 2016, Holtzman
et al. 2015, 2018, Jonsson et al. 2020).

2.2 Sample selection

The positions of the entire APOGEE DR17 sample were initially
visualized using the TOPCAT software (Taylor 2005) to identify those
fields which were near-coincident with the streams as defined by a
model calculated using GALPY; the data were limited to these fields
of interest.

This GALPY model predicts the radial velocities and positions
of stream members. The data from these fields of interest formed
the parent sample, for which proper motions were obtained through
a cross-match with the Gaia eDR3 catalogue. The coordinates of
the parent sample and radial velocity model were transformed from
equatorial coordinates to ¢-space as defined by Erkal, Koposov &
Belokurov (2017), employing the transformation matrix supplied in
their Appendix. The GALPY models were found to agree approxi-
mately — to within a narrow angular range — with the 50th percentile
model defined by Erkal et al. (2017) at distances within ~10° from
the cluster centre, which was sufficient for this study.

Candidate members of Palomar 5 were identified by selecting
those stars that had a radial velocity measurement within 20 kms™!
of the stream model and were proximal in on-sky position. The
tolerance in velocity difference was deliberately generous to account
for model inaccuracies; we could only achieve an approximate fit to
the position of the tidal streams with GALPY. This may be attributable
to the simplicity of our GALPY model which does not account for

Uhttps://github.com/jobovy/galpy
Zhttps://github.com/callendeprieto/ferre
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Figure 1. Comparison of our sample stars with literature data in proper
motion space. Stars shown in red and blue are those in the APOGEE DR17
catalogue meeting our membership criteria.

aspects of dynamical history which may be specific to the streams
under consideration, such as potential subhalo impacts and disc
interactions. Further plausible sources of inaccuracies in the model
include its sensitivities to the solar motion and Galactic potential;
the potential implemented, McMillan17, may not be optimal for the
case of Palomar 5. However, that a second selection method which
did not use radial velocity as a criterion returned the same stellar
sample (as described below) lends confidence to our ability to trust
our GALPY model in the capacity to which we used it.

GC tidal radii are often uncertain, and in the case of Palomar 5 a
range of measurements are found in literature: Kuzma et al. (2015)
adopt r, = 8.3 arcmin on the basis of a model by Dehnen et al. (2004),
while Xu et al. (2021) determine r, = ~17.99 &£ 1.49 arcmin on the
basis of a King model fit. The Gaia eDR3 update of the Baumgardt &
Hilker (2018) catalogue, for which parameters are listed in an online
database® provides r, = 7.2 arcmin. As the aim of this paper is
the identification of stars beyond the tidal radius, we considered the
largest of these values to avoid mistakenly identifying stars within the
tidal radius as extra-tidal due to underestimating its extent. Palomar
5 members were considered to be those whose radial velocities differ
from that of the cluster (taken from Baumgardt & Hilker 2018) by no
more than 10 km s~!. Noting that the velocity dispersion of Palomar
5 is only 0.6 km s~! (Baumgardt & Hilker 2018) our adopted radial
velocity tolerance was designed to maximize the candidate cluster
member sample.

The above sample of candidate stars was then restricted to those
with combined spectra achieving an S/N > 70 to ensure the reliability
of their chemical composition measurements. Additional cuts were
made on certain physical parameters: a cut of log(g) < 3.6 was made
to remove contamination by foreground dwarf stars. Effective tem-
perature was limited to the range 3500 < 7. < 4750 K to encompass
all potential Palomar 5 stars while excluding both stars cool enough
for their elemental abundances to be impacted by systematic effects,
and stars hot enough to have unreliable abundances in C and N.
The remaining sample was further proper-motion filtered through
comparison with eDR3 data for Palomar 5 samples compiled by
Ibata et al. (2017) and Kuzma et al. (2015), as shown in Fig. 1. Stars
with proper motions deviating by more than 2o of the mean proper
motion of the Palomar 5 members identified by Ibata et al. (2017)
were removed from the sample. None of those remaining candidates

3https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
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Figure 2. The sample of identified Palomar 5 stars is shown in comparison
to the samples obtained from literature, distributed along the tidal stream
models in ¢-space. Blue points are cluster stars, red points are extra-tidal
stars aligned with the stream.

had an ASPCAP flag raised, indicating that their stellar parameters
and chemical compositions are reliable.

Upon implementation of the aforementioned restrictions, the
metallicity distribution of the surviving sample showed two peaks;
one of these aligned with the approximate metallicity expected for
Palomar 5, and the other was comprised of higher metallicity stars
not associated with the cluster. Palomar 5 candidate members were
then isolated by retaining only stars within the —1.5 < [Fe/H] < -1
interval. This left a sample of seven Palomar 5 candidate stars, which
reflects the fact that quantity was a secondary consideration to purity
in the final stage of our sample selection process.

We checked our candidate sample by pursuing a second approach
to selecting Palomar 5 stars in which no radial velocity criteria were
adopted. We began by limiting the parent sample in temperature,
gravity and SNR as before, and imposed spatial and metallicity cuts.
The initial cut was made by limiting the parent data set to stars around
the stream. We used a polynomial fit to the shape of the stream in
¢-space to select stars within one degree of the stream tracks defined
by Erkal et al. (2017). The remaining stars were distributed across
a region in proper motion space defined by a small radius from the
central values of proper motion for the Palomar 5 cluster, and thus no
proper motion restriction was imposed. The metallicity distribution
function of the stars formed two peaks, the secondary peak falling
within the range —1.5 < [Fe/H] <—1. The radial velocities of the
stars forming this secondary peak were examined and those with
radial velocities consistent with Palomar 5 formed the final sample.
It was found to consist of the same stars as had comprised the sample
obtained by the first selection method, adding confidence to the
robustness of the stars’ credibility as cluster members.

The positions of the Palomar 5 stars thus identified are shown in
comparison to literature samples along the extent of the stream in
Fig. 2 and in the vicinity of the cluster centre in Fig. 3. The IDs of
these stars are listed in Table 1. In the next section, we examine the
chemical properties of our sample of Palomar 5 members.

3 RESULTS

In this section, we study the distribution of Palomar 5 members in
chemical composition planes, usually adopted for the diagnosis of
multiple populations in GCs. All the data employed in this analysis
comes from APOGEE DR17. To illustrate the regions of chemical
planes occupied by stars from different populations within GCs, the
Palomar 5 sample was plotted alongside data for stars from the GC
MS5 (NGC 5904).

This choice was made as M5 is a cluster which has been well
sampled by APOGEE and has a metallicity ([Fe/H] = -1.29)
comparable to that of Palomar 5, so that its stars demarcate the
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Figure 3. Literature samples of Palomar 5 stars are shown in comparison with
the sample obtained by this study in ¢-space, focusing on the area immediately
surrounding the cluster centre. Two values determined in separate works for
the cluster tidal radius are shown: 8.3 arcmin from Kuzma et al. (2015) and
17.99 arcmin from Xu et al. (2021). Stars we identify as members of Palomar
5 are indicated by red and blue points. Two of our Palomar 5 stars are located
beyond the cluster tidal radius and aligned with the trailing stream (to the
right of the cluster on this plot).

Table 1. APOGEE IDs of identified Palomar 5 stars.

Star ID Location Type
2M15155284 + 0003219 Cluster N-rich
2M15155888-0005171 Cluster N-normal
2M15160866-0008031 Cluster N-rich
2M15162090-0008426 Cluster N-normal
2M15163494-0017256 Cluster N-normal
2M15183589 + 0027100 Stream N-rich
2M15204588 + 0055032 Stream N-rich

locus of GC stars in various chemical planes, illustrating well-known
anticorrelations.

In the following chemistry plots, elemental abundances and
their associated errors are obtained from ASPCAP, where stellar
parameters are derived from fitting the entire APOGEE spectrum. See
Jonsson et al. (2020) for a detailed description of the determination
of the elemental abundances and their errors.

3.1 Carbon-Nitrogen

We first examine abundances in the carbon-nitrogen plane in Fig. 4,
where stars are distributed along two distinct branches, N-normal
and N-rich. The N-normal branch corresponds to the so-called
“first generation’ GC stars, which have chemical abundance patterns
similar to field stars of the same metallicity. Conversely, the N-rich
branch contains stars deemed to be so-called second generation.
Each of the branches is characterized by an anticorrelation between
the abundances of carbon and nitrogen, which is unrelated to the
phenomenon of multiple populations known to characterize GC
populations (e.g. Renzini et al. 2015; Bastian & Lardo 2018). Instead,
it is a consequence of the mixing that takes place during the evolution
of low-mass stars along the giant branch.

During the first dredge-up, a star’s convection zone deepens as it
evolves up the giant branch, reaching layers in which the abundances
of carbon and nitrogen attained equilibrium levels through the CN(O)
cycle during the star’s main-sequence lifetime (Salaris et al. 2020).
When the products of the CN(O) cycle are brought to the stellar
surface the atmospheric abundances of those elements are altered.
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Figure 4. The Carbon—Nitrogen plane: This plot identifies members of the
Palomar 5 tidal streams as N-rich. For the Palomar 5 stars, errorbars are
plotted on data points, whereas for M5 stars, a single mean errorbar is shown
in the lower right of the plot.

As stars evolve further up the giant branch, those abundances are
further affected by additional non-convective mixing. The physical
processes underlying this mixing are not well understood, with
various potential explanations including stellar rotation and the
influence of magnetic fields. The result is an increase of relative
nitrogen abundance and a corresponding decrease in relative carbon
abundance, hence the anticorrelation observed in C-N along both
the N-rich and N-normal branches in Fig. 4. In order to bring this
phenomenon into sharp relief, we adopt different symbols in Fig. 4
for M5 stars above and below the red giant branch (RGB) bump.

Now focusing on the Palomar 5 members, we see that they are
distributed along both N-rich and N-normal branches, indicating the
presence of the multiple populations phenomenon in this cluster.
The two stars which were seen in the spatial plots to be aligned
with the tidal streams and at distances beyond the tidal radius of
the cluster are seen to be both enriched in nitrogen. One of these
two stars has previously been identified as a likely extratidal star
by Ferndndez-Trincado et al. (2019b). As seen in Fig. 8, one of the
N-rich stream stars appears to be on the RGB while the other aligns
with the asymptotic giant branch (AGB).

To further support the conclusion that the multiple populations
phenomenon is present in our Palomar 5 sample, we show in Fig. 5 a
spectral comparison of a nitrogen rich and a nitrogen normal star
which have otherwise nearly identical stellar parameters (e &
4500K, log(g) ~1.2, [Fe/H] ~ -1.3, [C/Fe] ~ -0.5, [O/Fe] ~ + 0.3).

3.2 Magnesium-Aluminium

In Fig. 6, we display our sample stars in the Mg—Al plane. An
anticorrelation in AI-Mg can in some cases be a distinctive signature
of ancient GCs, though it is not observed in all GCs which display
anticorrelation in N-C and Na-O, and the extent of the Al-Mg
anticorrelation is generally greater for clusters which are more
massive and more metal poor (Carretta et al. 2009; Ventura et al.
2016; Pancino et al. 2017). As the Mg—Al cycle is initiated at 7~ 50
MK, a temperature achieved in the core of a massive star only in the
final stages of its main-sequence lifetime, various models have been
suggested to account for the anticorrelation. These include pollution
from asymptotic giant branch stars, a scenario from which the greater
extent of the AI-Mg anticorrelation at lower cluster metallicities
arises naturally (Ventura et al. 2016; Bastian & Lardo 2018).
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Figure 6. Magnesium—Aluminium plane: Palomar 5 stars do not show the
anticorrelation observed for M5 stars, contrary to what would be expected for
the cluster metallicity. Caution is required in the interpretation of this, given
the small size of the sample.

In the Mg—Al chemical plane, an anticorrelation is observed for
MS. The Palomar 5 sample appears narrowly distributed, the range
of Mg and Al abundances being far smaller than is observed in M5,
which is unexpected for its metallicity. It is possible that the lack of
a clear Mg-Al anticorrelation is a result of our small sample size.
Nevertheless, the ramifications of the Mg—Al anticorrelation being
absent in Palomar 5 stars are worth considering.

Nataf et al. (2019), analysing a large cluster sample based on
APOGEE DR14 (Abolfathi et al. 2018), established a relation
between GC metallicity and the minimum mass required for the
presence of an Al-Mg anticorrelation:

Mgc

log ~ 4.5 4+ 2.17([Fe/H] + 1.30). (1)
Mg

Using the value given in Nataf et al. (2019) of [Fe/H] = —1.41

for Palomar 5 in order to be consistent with the equation derived
in their work, the mass which would be required for Palomar 5
to display aluminium enrichment would be 1.83 x 10* My. This
is greater by an order of magnitude than the present-day cluster
mass of 4.5 — 6 x 10° M, estimated by Odenkirchen et al. (2002),
but below 3.96 x 10* Mg, the lower limit imposed on the initial
cluster mass prior to tidal dispersion by Odenkirchen et al. (2003).
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Figure 7. Nitrogen—Oxygen plane: Palomar 5 stars have a narrow range of
oxygen abundances, following a distribution which is not consistent with that
of M5.

If the current cluster mass is the relevant parameter governing the
onset of the Mg—Al anticorrelation, then its absence in Palomar 5
is to be expected. However, the multiple population phenomenon is
observed in GCs spanning a wide age range (e.g. Martocchia et al.
2018), so it would naturally be expected that the initial GC mass is
the determinant factor, and it is thus surprising that Palomar 5 does
not display a Mg—Al anticorrelation. For the sake of completeness,
we point out that using the DR17 mean [Fe/H] value from our own
sample of seven Palomar 5 stars, the minimum mass for aluminium
enrichment would be 4.49 x 10* M. This exceeds the lower limit
on the aforementioned initial cluster mass estimation for Palomar 5.
Nevertheless we consider it more appropriate to retain the value
adopted by Nataf et al. (2019) for consistency with the DR14
metallicity scale.

The abundances for Palomar 5 suggest it has an accreted origin.
Our sample of Palomar 5 stars has a mean [Si/Fe] = 0.132 and a mean
[Fe/H] = —1.23, abundances which identify the cluster as accreted
(e.g. Horta et al. 2020; Kisku et al. 2021). Massari, Koppelman &
Helmi (2019) associate it with the Helmi streams on the basis of the
cluster’s integrals of motion.

3.3 Nitrogen—-Oxygen

In the N-O chemical plane (Fig. 7), the Palomar 5 stars show a small
spread in [O/Fe], which does not track the much wider variation seen
in M5 stars. The narrow distribution in [O/Fe] may be a consequence
of the small size of the stellar sample.

3.4 Colour-absolute magnitude diagram

InFig. 8, we display Palomar 5 and MS5 stars in the Gaia eDR3 colour—
absolute magnitude diagram to shed light on their evolutionary status.
According to Harris (1996) reddening is the same towards both
clusters, at E(B—V) = 0.03; therefore, we do not correct the data
for extinction. The data show N-rich and N-normal stars in M5
populating both the RGB and the AGB. Of the stars identified as
belonging to Palomar 5, one of the stream stars appears aligned with
the RGB, whereas the other appears aligned with the AGB.

4 CONCLUSIONS

Members of Palomar 5 were identified from APOGEE DR17 and
Gaia EDR3. The selection criteria for members implemented cuts
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Figure 8. CMD using Gaia eDR3 data in which stars from Palomar 5 are
seen to align with the evolutionary tracks of MS5. One of the stream N-rich
stars appears to be on the RGB, the other is likely an AGB star.

on position, radial velocity, effective temperature, surface gravity,
metallicity, and S/N. This left a final sample of seven stars, which
when plotted in chemistry planes, are found to be subdivisible
into N-normal stars and N-rich stars, of which there are four. Two
of the N-rich stars were positioned aligned with the trailing arm
of the tidal stream, beyond the tidal radius of the cluster. This
discovery is significant in providing unequivocal confirmation that
N-rich stars born in GCs are lost to the field, and thus providing
a bridge between both field and GC enriched populations. Recent
evidence to this association has been found by Fernandez-Trincado
et al. (2021a), who identified a chemically peculiar star just beyond
the tidal radius of the bulge cluster NGC 6723. However, the
optical photometry, stellar parameters, and high [C/Fe] of the star
in question suggest that it may in fact be an N-normal AGB
star. Interestingly, Ferndndez-Trincado et al. (2021b) identified
the presence of N-rich candidates several tidal radii away from
M 54, a GC in the core of the Sagittarius dSph (see Bellazzini
et al. 2008, for an in depth discussion of M54 in the context of
galaxy nucleation.) The discovery by Ferndndez-Trincado et al.
(2021b) suggests that the process of field pollution by so-called
‘second-generation’ cluster stars is taking place in the core of a
dwarf galaxy undergoing tidal disruption during its merger with the
Milky Way. It is important to note that tidal or Jacobi radii are
notoriously uncertain, being subject to systematic errors related to
their method of determination and the input parameters adopted.
Thus, the more recent data from Gaia eDR3 provide a much greater
value for the tidal radius than that which was used by Fernidndez-
Trincado et al. (2021b), which considering the propagation of
uncertainties of input parameters, would place the extra-tidal N-
rich star discovered within 1o of the Jacobi radius of 37 arcmin
(see footnote 3) (Vasiliev & Baumgardt 2021). We will present
a discussion of tidal radius uncertainties in Schiavon et al. (in
preparation)

It is unexpected that the stars found to be enriched in nitrogen do
not appear to be correspondingly enriched in aluminium. Nataf et al.
(2019) propose a threshold current cluster mass at which aluminium
enrichment would be expected to occur, which exceeds the present-
day cluster mass of Palomar 5. However, considering that most of
the mass initially contained within the cluster has been lost to its
streams, it may not be appropriate to consider the current mass but
instead the initial mass, in which case the lack of observed aluminium
enrichment in the ‘Second Generation’ stars would be unexpected. To
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understand this phenomenon, a more statistically significant sample
of Palomar 5 stars is required.

The association between the N-rich stars in GCs and their field
counterparts relies entirely on the similarities of their chemical
compositions, but there are alternative scenarios which could at
least partially account for the presence of N-rich stars in the inner
Galactic halo. Itis possible that the field and GC enriched populations
have evolved separately, and the greater proportion of enriched
stars observed in GCs could be attributed, at least partially, to
the relative abundance of data for GCs in comparison to the field.
Other mechanisms may have contributed to abnormal enrichment
of some field stars, such as AGB pollution. Understanding the
extent of the contribution made by GC dissolution is a question
which will benefit from the synergistic application of observational
data and simulations, and from ever more extended and detailed
chemodynamical information from surveys such as APOGEE. More
in-depth analysis could be performed with a larger sample of
stars obtained by targeting observations at the Palomar 5 streams,
potentially in conjunction with extended stream models. This would
allow for the investigation of more detailed questions, such as how
the ratio of N-rich to N-normal stars in the cluster centre compares
to that in the streams, and how this ratio changes as a function of
distance along the stream. If a ratio of N-rich to N-normal stars
could be established for the tidal streams of Palomar 5, and if it
could be considered universally applicable to other GCs, this could
be used to infer the proportion of halo stars originating within
GCs.

The discovery described in this paper, while providing additional
support for the model of chemically peculiar field stars having their
origin in GCs which have since been or are being disrupted, in no way
represents a conclusive and complete validation of this explanation.
The disparity between the metallicity distribution functions of field
and GC N-rich stars must be considered in understanding the extent
of the connection between these stellar populations. Additionally, the
requirement for the mass of destroyed GC systems to greatly exceed
the mass of existing GC systems is one which would need to be
reconciled if this model were to be the sole or primary explanation
for the origin of chemically peculiar field stars.
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