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Abstract

Stellar clusters preserve crucial information on the formation and evolutionary processes that shaped the Milky Way (MW) as we see it today. However, several MW clusters still lack sufficient data to constrain their metallicity, ages, and, in some cases, even their basic kinematic properties. We present low-resolution MODS at LBT spectroscopy for five such systems (i.e. Koposov 1, Koposov 2, Muñoz 1, Pfleiderer 2, and RLGC2) from which we derive systemic heliocentric radial velocities (Vsys) with typical uncertainties of ≤10 km s−1, and metallicities based on the equivalent widths of the infrared Ca II triplet measured in red giant branch members. For Pfleiderer 2 and RLGC2, we provide the first spectroscopic determinations of their systemic velocities and metallicities, for which we find Vsys = 6 ± 5 km s−1 and −313 ± 6 km s−1, and [Fe/H] = −0.75 ± 0.09 dex and −2.33 ± 0.13 dex, respectively. For the other three clusters, we find results that are consistent with the existing literature. Thanks to our new spectroscopic measurements, we were able to perform an orbital analysis to investigate their origin. We find that Pfleiderer 2 likely formed within the MW, RLGC2 is dynamically associated to the Gaia–Sausage–Enceladus accretion event, and Koposov 1 was likely stripped from the Sagittarius dwarf spheroidal while Muñoz 1 is only tentatively associated with the latter system. Koposov 2, at a high orbital energy, does not show a clear association with any known progenitor system.
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1 Introduction
Globular clusters (GCs) are among the oldest stellar systems in the Galaxy and have long been regarded as pristine fossils of its early assembly (Searle & Zinn 1978). The discovery and characterisation of the accreted population of GCs in the Galaxy (e.g. Forbes & Bridges 2010; VandenBerg et al. 2013; Massari et al. 2019; Horta et al. 2020; Callingham et al. 2022; Ceccarelli et al. 2024; Chen & Gnedin 2024; Monty et al. 2024; De Leo et al. 2026b), observations of massive bound clusters forming at high redshift (Vanzella et al. 2017; Claeyssens et al. 2023; Adamo et al. 2024), and the growing evidence that a large fraction of the early Milky Way (MW) may have formed within (now disrupted) GCs (Schiavon et al. 2017; Belokurov & Kravtsov 2023) are just a few examples that highlight their crucial role in the assembly and early chemical enrichment of galaxies. However, a significant fraction of the MW GCs system is, essentially, unexplored to date. Even though the population of massive, high-luminosity GCs in the Galactic halo is now close to being fully inventoried (see e.g. Webb & Carlberg 2021), a growing number of low-mass and low-surface-brightness stellar systems have been discovered in the last two decades (e.g. Belokurov et al. 2010; Fadely et al. 2011; Minniti et al. 2011; Laevens et al. 2015; Kim et al. 2016; Koposov et al. 2017; Garro et al. 2020; Gran et al. 2022). Their physical properties often place them in a transitional regime where traditional classifications between GCs and more diffuse stellar systems (e.g. ultra-faint dwarf galaxies, open clusters) are no longer clear-cut (Conn et al. 2018; Muñoz et al. 2018; Mau et al. 2020). Moreover, many of these clusters are observationally challenging, either residing in the far reaches of the MW halo or buried behind heavy extinction towards the Galactic disc and bulge (Massari et al. 2025). This means that some of the most intriguing clusters still lack even basic spectroscopic characterisation, including their systemic heliocentric radial velocity (Vsys), metallicity ([Fe/H]), and/or [α/Fe] ratio, which limits our ability to constrain their origin, current dynamical state, and evolution. To partially address this gap, we collected low-resolution spectra for five systems observed by the Hubble Missing Globular Cluster Survey (MGCS, Massari et al. 2025), namely Koposov 1, Koposov 2, Muñoz 1, Pfleiderer 2, and RLGC2, that are either heavily extinct and/or very sparse and distant (Koposov et al. 2007; Ortolani et al. 2009; Muñoz et al. 2012; Ryu & Lee 2018). By targeting the brightest accessible stars, we aim to obtain robust measurements of the clusters’ systemic velocities and, whenever possible, to derive their spectroscopic metallicity, based on the equivalent width (EW) of the infrared Ca II triplet. For Koposov 1, Koposov 2, and Muñoz 1, our analysis provides an independent validation of literature results (Muñoz et al. 2012; Cerny et al. 2026; Geha et al. 2026), while for Pfleiderer 2 and RLGC2 we provide the first ever spectroscopic measurements. Together, these observations complement MGCS data and supply the necessary kinematic and chemical information required to place these stellar clusters in a chemo-dynamical framework, and to better constrain their role within the assembly history of the MW.
Table 1 
Information on the observations for target clusters.

2 Observations and data reduction
All target clusters were observed with the low-resolution MultiObject Double Spectrographs (MODS, Pogge et al. 2010) at the Large Binocular Telescope (LBT, Programme IT-2024B-009, PI: E. Ceccarelli); see Table 1 for a summary of the observations. MODS is composed of a pair of optical multi-object spectrographs (MODS1 and MODS2) mounted on the two LBT binocular arms. MODS spectra were obtained in dichroic mode using both the G400L (3500–5900 Å) and the G670L (5400–10 000 Å) gratings on the blue and red channels, respectively. Such a wide wavelength range enables the detection of several absorption features that are key for retrieving a precise heliocentric radial velocity (Vlos).
For each cluster we designed a mask containing 0.6″ slits (yielding a spectral resolution of R ~ 2300) for up to seven stars per cluster (all the information is reported in Table A.1) selected according to the proper motion based membership probability (p > 80%) by Vasiliev & Baumgardt (2021). Masks were observed with MODS in dual mode with two exposures of 1200 s each. Due to the presence of a small veil of clouds, Pfleiderer 2 and RLGC2 were observed with one extra exposure.
We reduced the spectra using the Spectroscopic Interactive Pipeline and Graphical Interface (SIPGI) tool (Gargiulo et al. 2022). In particular, we produced calibration frames for both MODS1 and MODS2 following the procedure outlined below. Firstly, we generated a bad pixel map using imaging flats and applied it to every observed frame, together with the correction for the presence of cosmic rays. We independently bias-subtracted and flat-field corrected each frame using a master flat derived from a set of multi-object spectrograph flats. We then applied the dispersion solution to each frame in order to perform the wavelength calibration and correct for optical distortions. To do so, we used a master lamp obtained from a series of arc lamp exposures. Using SIPGI, we were able to achieve a typical precision in the wavelength calibration of ~10 km s−1 (Gargiulo et al. 2022). We then extracted the two-dimensional, wavelength-calibrated spectra and performed the sky subtraction. Finally, we extracted the one-dimensional spectrum of each source and shifted it to the air-calibrated wavelength rest-frame (see e.g. Edlén 1966; Hanuschik 2003). Finally, we applied the heliocentric velocity correction along the line of sight (measured at the time of each corresponding observation with the rvcorrect task from IRAF1) on the spectra of each star, and stacked them together to improve the signal-to-noise (S/N) ratio.
In Fig. 1, we plot the Gaia colour-magnitude diagram (CMD) obtained from the catalogue by Vasiliev & Baumgardt (2021) for Pfleiderer 2, together with the highest and lowest S/N stellar spectra, to show the quality of the data around some absorption features of interest, i.e. Hα and Ca II triplet (CaT). The same plots for all clusters are in Appendix A.
3 Chemodynamical analysis
In this section, we present the details of the analysis performed on the spectra. The discussion and interpretation of the results are deferred to Section 4.
3.1 Heliocentric radial velocity
For each star, we measured the Vlos using the fxcor task from IRAF, which implements the cross-correlation method described in Tonry & Davis (1979). As template spectra, we used synthetic spectra generated with the code SYNTHE (Kurucz 2005) and adopted new ATLAS9 model atmospheres based on the KOALA database (Mucciarelli et al. 2026).
The atmospheric parameters used to generate the synthetic spectra were derived as follows and are listed in Table A.1:

	Metallicity ([Fe/H]): we adopted literature metallicity estimates from isochrone fitting for Pfleiderer 2 ([Fe/H] = 0.0 dex, Ortolani et al. 2009) and RLGC2 ([Fe/H] = −2.1 dex, Ryu & Lee 2018). For Koposov 1, Koposov 2, and Muñoz 1, we adopted [Fe/H] = −0.9 dex, [Fe/H] = −2.9 dex, and [Fe/H] = −1.4 dex, respectively, as previously derived from spectra obtained with the DEep Imaging MultiObject Spectrograph (DEIMOS) at Keck (Muñoz et al. 2012; Cerny et al. 2026; Geha et al. 2026).


	Effective temperature (Teff): we relied on colour - Teff relations from Mucciarelli et al. (2021) to derive the effective temperatures using the Gaia (BP − RP) colour (Gaia Collaboration 2023). Since the adopted colour − Teff relation depends on the metallicity of the star (Mucciarelli et al. 2021), the [Fe/H] listed above were initially assumed to estimate first-order temperature, which were subsequently refined using the spectroscopic metallicities obtained in this work (see Section 3.3).


	Surface gravity (log g): we estimated the log g starting from the Stefan-Boltzmann relation; we adopted the Teff obtained photometrically and assumed a stellar mass of M⋆ = 0.8 M⊙, which is representative for evolved stars in old GCs, as indicated by theoretical stellar evolution models (Hidalgo et al. 2018; Pietrinferni et al. 2021).




For the stars with a S/N > 10 around both the Hα line and the CaT lines, the Vlos was derived through a single cross-correlation with a synthetic spectrum with proper atmospheric parameters, performed over the full wavelength range and masking the portions of the spectrum affected by telluric absorptions. However, this approach proved problematic for the two brightest stars in Muñoz 1. As horizontal branch stars (see Fig. A.2), their spectra are heavily contaminated by hydrogen Paschen lines within the CaT region, which compromise the velocity fit. Therefore, for these two stars and for the remaining targets, we only used the Hα line, as the combination of the low S/N ratio and/or the intensity of the CaT lines was insufficient to provide reliable measurements (see Table A.1). The resulting values are reported in Table 2. The uncertainty on the measured Vlos was computed by accounting for two independent contributions. The first term accounts for the precisions achieved with the wavelength calibration (see Section 2). The second term accounts for the quality of the spectrum (i.e. S/N) and is derived from Monte Carlo simulations. For each star, we generated 500 synthetic spectra, adding Poisson noise to match the average S/N of the observed MODS spectrum, and resampled them to the instrumental pixel scale. Then, we computed the cross-correlation functions between these noisy spectra and the corresponding synthetic spectrum using the same procedure adopted for the data (including telluric masking when applicable or restricting the analysis to the Hα region for lower S/N spectra). The 1σ dispersion of the resulting Vlos distribution was taken as this contribution to the uncertainty. These terms were combined in quadrature to obtain the final uncertainty. Final values are reported in Table 2, together with the average systemic heliocentric radial velocity calculated from likely members (see following discussion). We note that we have six stars in common with Geha et al. (2026), two in Koposov 1, three in Koposov 2, and one in Munoz 1, and the Vlos we measure for these stars are always consistent within the uncertainties.
To interpret the results, we compared the kinematics (and metallicity, see Section 3.3) of the observed stars with synthetic Galactic field populations, computed with the Besançon Galaxy Model2 (BGM, Robin et al. 2003). The comparison samples include stars located within 1° of the centre of each cluster and selected in regions of the CMD populated by our stellar targets. We show the results for Pfleiderer 2 in Fig. 2 and for all other targets in Figs. B.1–B.2. For three of the clusters (Koposov 1, Pfleiderer 2, and RLGC2), we find that all targeted stars have heliocentric radial velocities that are consistent among each other within the uncertainties. For Pfleiderer 2 and Koposov 1, the Vsys we measure coincide with the peak of the velocity distribution predicted for the field population by the BGM, and their mean proper motions (see Vasiliev & Baumgardt 2021) are also partially consistent with those of the synthetic field population. Nevertheless, there is an extremely low probability of randomly drawing a number of stars equal to those that define our sample from the BGM distributions, assuming Gaussian uncertainties comparable to the typical measurement errors and simultaneously matching the three-dimensional kinematic properties of the two clusters within the observed ranges (p ~ 3 × 10−28 and p ~ 1 × 10−12 for Pfleiderer 2 and Koposov 1, respectively). In contrast, RLGC2 lies well outside both the Vlos and proper motion distributions expected for the field population, which means that virtually no field star is plausibly expected to contaminate our sample. These comparisons strongly indicate that targeted stars are bona fide members of their respective clusters. For both Koposov 2 and Muñoz 1, we find that one out of the four observed stars has a Vlos that is inconsistent with the average of the other three targets (at 3.7σ and 2.5σ, respectively, see hatched histograms in Figs. B.1–B.2). We note that only ~1% of the respective surrounding Galactic field populations have proper motions compatible with those of the clusters. In the case of Koposov 2, the Vsys we measure for the cluster is also offset from the peak of the field-star velocity distribution predicted by the BGM by ~100 km s−1. Interestingly, the star with a different Vlos instead falls close to that peak, which makes it a possible candidate field contaminant. For Muñoz 1, the situation is somewhat different: the cluster systemic velocity lies within the bulk of the field Vlos distribution. Nevertheless, the probability of drawing a contaminant with a velocity comparable to that of the outlier star is only p ~ 1 × 10−3. Despite this, Muñoz 1 is an ultra-faint stellar cluster for which a very small intrinsic velocity dispersion is expected (Cerny et al. 2026); therefore, we conservatively exclude this star from the cluster sample. These stars have been marked with a coloured cross in Figs. A.1, A.2, B.1, and B.2. The derived Vsys of Koposov 1, Koposov 2, and Muñoz 1 are measured as the average of the Vlos of likely members. We report values of Vsys = 10 ± 9 km s−1, Vsys = 112 ± 9 km s−1, and Vsys = −127 ± 10 km s−1, respectively, which are fully consistent with those reported in the literature (Muñoz et al. 2012; Geha et al. 2026).
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left panel: Gaia CMD for Pfleiderer 2 from Vasiliev & Baumgardt (2021). Typical photometric errors at these magnitudes can be found in Gaia Collaboration (2021). All stars with a probability of membership >80% are shown in black, while our selected target stars are plotted in orange. A BaSTI isochrone (Hidalgo et al. 2018, 10 Gyr, [Fe/H] = −0.7 dex, solar-scaled [α/Fe]) is also plotted for reference, taking distance and reddening estimates from Ortolani et al. (2009). Right panel: MODS spectra for the highest and lowest S/N stars among our sample, shown around the Hα and CaT regions (the positions of such absorption lines are indicated with arrows). The same plots for other clusters can be found in Appendix A (see Figs. A.1–A.2).



Table 2 
Photometric atmospheric parameters and results from the spectroscopic analysis.

3.2 Orbital parameters
Thanks to the spectroscopic determination of the Vsys, we are now able to accurately investigate the motion of these clusters within the Galaxy3. In particular, we complemented the Vsys measurements with the full five-dimensional phase-space information, taking positions and proper motions from Gaia data (Vasiliev & Baumgardt 2021) and distances from isochrone fitting (Ortolani et al. 2009; Muñoz et al. 2012; Paust et al. 2014; Ryu & Lee 2018). We note that, for some of these clusters, the distance estimates reported in the literature differ by up to ~15 kpc (see e.g. Koposov et al. 2007; Paust et al. 2014; Muñoz et al. 2018; Cerny et al. 2026; Geha et al. 2026). We therefore discuss in Appendix C how the adopted distance influences the inferred dynamical associations and the derived metallicities. For Koposov 2, Pfleiderer 2, and RLGC2, we adopted proper motions obtained from the combination of Gaia and HST data as provided by the MGCS survey, which allowed measurements with improved precision compared to Gaia alone (Libralato et al. 2026). All the values are listed in Table 3.
To compute the cluster orbits, we adopted a Galactocentric reference frame assuming the solar position and motion to be those defined in Drimmel & Poggio (2018), GRAVITY Collaboration (2018), and Bennett & Bovy (2019). We integrated orbits within the McMillan (2017) MW potential using the AGAMA package (Vasiliev 2019). For each object, we performed 100 Monte Carlo orbit realisations, assuming Gaussian uncertainties in distance, proper motion, and systemic heliocentric radial velocity. Final orbital parameters were taken as the median of the resulting distributions, with associated ±1σ uncertainties. Figure 3 illustrates the location of the clusters in the E–LZ–L⊥ space, compared with the distribution of the full MW GC population (Massari et al. 2019, eDR3 edition)4. To guide the eye, we colour in-situ GCs in black, and we draw two ellipses that highlight the 1σ distributions of GCs formed in the Gaia-Sausage-Enceladus dwarf galaxy (GSE, Belokurov et al. 2018; Helmi et al. 2018) or in the Sagittarius dwarf spheroidal (Sag dSph, Ibata et al. 1994), according to Massari et al. (2019, eDR3 edition). A detailed discussion of the associations of these clusters is presented in Section 4.
To assess the impact of the rotating bar of the MW on the recovered dynamical parameters (and thus on the associations), we redid the integration with the code ORBIT (De Leo et al. 2026a,b). We found that the introduction of the bar in the underlying potential used for the integration produces minimal changes (<10%) in the dynamical parameters of most of the target clusters, and does not alter the associations. Pfleiderer 2 is the exception, being the most impacted by the action of the bar, with changes in the orbital parameters of up to about ~30% (see Section 4).
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Top row: vector-point diagram (left) for a synthetic Galactic field population (located within 1° from Pfleiderer 2 and selected in the same CMD region populated by the RGB of the cluster) computed with a BGM (Robin et al. 2003). The proper motion of Pfleiderer 2 from Vasiliev & Baumgardt (2021) is indicated with a ‘plus’ marker. On the right panel we display the Vlos distribution of cluster (orange) and field stars from the BGM (grey) as a function of the distance from the cluster centre. Here, stars identified as outliers in Vlos are marked with crosses. Bottom row: heliocentric radial velocity (left) and metallicity (right) distributions for Pfleiderer 2 (orange) and for the BGM synthetic field population (grey).



3.3 Metallicity from CaT equivalent widths
To measure the EW for each CaT absorption feature (8498.0, 8542.1, and 8662.1 Å), we fitted each line in the normalised spectrum with a Voigt function, thereby accounting for the non-Gaussian profile of their wings. The line centres were fixed to their nominal wavelengths, while all other parameters in the Voigt model were left free during the fit. The EWs were computed by numerically integrating the best-fitting model over the line region. Uncertainties were estimated via Monte Carlo simulations by repeating the measurements over 500 synthetic spectra obtained by adding Poisson noise (according to the S/N of each star). The final EW uncertainty was defined as the 1σ confidence interval of the resulting EW distribution.
To convert EWs into metallicities, we used the recently published calibrations by Navabi et al. (2026), which use the absolute Gaia G magnitude as a luminosity proxy. This choice is driven by the fact that, for the clusters analysed in this work, it is not possible to reliably estimate the apparent magnitude of the horizontal branch due to the lack of multiple stars in this evolutionary sequence. Robust average metallicity estimates based on multiple red giant branch (RGB) stars are only possible for Pfleiderer 2 and RLGC2. For Koposov 1, Koposov 2, and Muñoz 1, our sample included only a single RGB star with sufficient S/N to derive a reliable metallicity. We note that the two brightest stars in Muñoz 1 are significantly hot (Teff > 8800 K) and their CaT spectral region is contaminated by hydrogen Paschen lines (see Fig. A.2), which prevents a reliable metallicity determination. Also, the star used for Muñoz 1 is fainter than MV = 2, and therefore the adopted relations were applied beyond their nominal calibration range. The uncertainties were derived by propagating the errors associated with the EW measurements, the observed magnitudes and distances, as well as the intrinsic uncertainty of the calibration relation (Navabi et al. 2026). All the values are listed in Table 2. In Appendix D, we compare the values derived from the Navabi et al. (2026) calibration with those obtained using alternative relations (Carrera et al. 2007; Starkenburg et al. 2010; Carrera et al. 2013). Such an exercise is aimed at assessing the robustness of the metallicity estimates (see Table D.1).
All three stars in Koposov 1, Koposov 2, and Muñoz 1 for which we are able to measure the metallicity are included in the catalogue published by Geha et al. (2026). For these objects, we find excellent agreement with their reported values, which are [Fe/H] = −1.02 ± 0.15 dex, [Fe/H] = −2.89 ± 0.18 dex, and [Fe/H] = −1.26 ± 0.27 dex, respectively. Furthermore, if we consider the cluster metallicities derived by Cerny et al. (2026), we still obtain values that are consistent with our estimates within the quoted uncertainties for Koposov 2 and Muñoz 1, while we find Koposov 1 to be more metal poor by ~0.4 dex, and not consistent within 2.7σ. When compared with the metallicity distribution of field stars in the surrounding regions of the BGM, we note that only a handful of field stars around Koposov 2 reach such low metallicities (<1% with [Fe/H] < −2.5 dex, see Fig. B.1). Given that Koposov 2 is observed close on the sky to the Sag dSph, it is worth noting that stars with [Fe/H] < −2.0 dex are known to exist in the Sag dSph, although they constitute only a very small fraction of its stellar population (e.g. Mucciarelli et al. 2017; Hayes et al. 2020; Minelli et al. 2023). For Koposov 1, Muñoz 1, and Pfleiderer 2 the probability of finding field stars with comparable metallicities is not negligible, although the average values of the clusters remain offset from the peak of the field stars metallicity distribution. This should nevertheless be considered together with the fact that the likelihood of a field star simultaneously matching the observed proper motion and Vsys is already low (see Section 3.1). Finally, RLGC2 is ~1 dex below the most metal-poor tail of the metallicity distribution of the surrounding stellar population. Therefore, we deem these stars as probable members of each respective cluster.
Table 3 
Five-dimensional phase-space information (position, proper motion, and distance) from the literature for the target clusters.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Distribution in the integral-of-motions (E, Lz, L⊥) space of the stellar clusters studied in this paper, compared to all MW GCs (grey points) from Massari et al. (2019, eDR3 edition). As reference, we plot the 1σ ellipses of the distributions of GCs dynamically associated with GSE and Sag dSph, while in-situ GCs are plotted in black. Error bars represent statistical uncertainties from the orbit integration.



4 On the origin of target clusters
4.1 Koposov 1 and Koposov 2
Koposov 1 and Koposov 2 are remote halo clusters located near the leading arm of the Sagittarius stream (Belokurov et al. 2006; Koposov et al. 2007), and have therefore been proposed as potential members of the Sagittarius dwarf spheroidal galaxy (Paust et al. 2014; Bellazzini et al. 2020). The association of these clusters with Sagittarius, however, has been long debated based on their dynamical properties (e.g. Massari et al. 2019; Callingham et al. 2022). In particular, Massari et al. (2019, eDR3 edition) linked Koposov 1 to the Cetus stream (Newberg et al. 2009), while Callingham et al. (2022) assigned it to Sagittarius with a probability of 70%. By incorporating our improved spectroscopic determination of the systemic Vsys, and following the classification scheme of Massari et al. (2019, eDR3 edition), we find Koposov 1 to be dynamically consistent with the Sagittarius system, as Cetus stars have typically larger LZ and L⊥, as well as lower binding energy. In contrast, Koposov 2 does not appear to be associated with any of the major accreted substructures and is therefore classified as high-energy and/or unassociated, in agreement with previous works in the literature (e.g. Callingham et al. 2022; Libralato et al. 2026).
Early photometric analyses based on isochrone fitting (Koposov et al. 2007; Paust et al. 2014) suggested that both systems are relatively young (~5–8 Gyr). However, no consensus was reached regarding either their distances (see Appendix C) or their metallicity, as they were alternatively reported as either metal poor ([Fe/H] ~ −2.0 dex) or metal rich ([Fe/H] ~ −0.6 dex). This is probably due to the very low number of RGB stars in their CMDs, which prevents a good metallicity constraint for the fit, as well as the presence of potential contamination from the Sag dSph field.
Our spectroscopic analysis, in agreement with the recent results of Geha et al. (2026), places Koposov 1 at an intermediate metallicity ([Fe/H] ~ −1.2 dex). This metallicity is consistent with the peak of the metallicity distribution of the leading arm of the Sag dSph (Hayes et al. 2020), and ~0.8 dex more metal rich than the average [Fe/H] of Cetus stars (see e.g. Sitnova et al. 2024). Therefore, that Koposov 1 is a member of the Sag dSph system is supported by various forms of independent evidence.
We confirm the extremely metal-poor nature of the RGB star in Koposov 2 ([Fe/H] ~ −2.9 dex, see Geha et al. 2026), which would make it one of the most metal-poor stellar clusters known in the Galaxy. Surviving GCs in the Galactic halo are observed down to [Fe/H] ~ −2.4 dex, while even lower metallicities ([Fe/H] < −3 dex) have been inferred for disrupted systems (see e.g. Martin et al. 2022). The recent analysis by Cerny et al. (2026) further supports the identification of the observed RGB star as a bona fide cluster member, revising the cluster’s properties by fitting its CMD with a 13.5 Gyr old and [Fe/H] = −2.2 dex isochrone, and inferring a heliocentric distance of 24 kpc. In this context, Koposov 2 could in principle be interpreted as a candidate MW satellite galaxy, as systems of this kind may host a very metal-poor RGB star and possibly show hints of an intrinsic velocity dispersion, as tentatively suggested by Cerny et al. (2026). Therefore, Koposov 2 matches some of the properties of the proposed class of globular-cluster-like dwarfs (Taylor et al. 2025), systems thought to have formed in low-mass dark matter halos through a single, self-quenching star-formation episode at very high redshift. However, the very limited number of stars together with the current large uncertainties on the membership, distance, metallicity, and age of this system leave its nature an open question.
4.2 Muñoz 1
Muñoz 1 is an ultra-faint stellar cluster originally identified as an overdensity within the tidal radius of the Ursa Minor dwarf spheroidal galaxy, yet its significantly different heliocentric distance and Vsys exclude any possible association with Ursa Minor (Muñoz et al. 2012, 2018). Both Massari et al. (2019, eDR3 edition) and Callingham et al. (2022) associate Muñoz 1 with the Sagittarius dwarf spheroidal galaxy on the basis of its orbital properties. We find that its integrals of motion lie close to the characteristic locus of stars and clusters in the Sag dSph, which suggests a possible association, but the cluster is far from the great circle traced by the Sagittarius Stream in the sky (Bellazzini et al. 2020; Vasiliev et al. 2021). A first isochrone fit, based on the limited number of stars populating the RGB, indicates that Muñoz 1 hosts an old stellar population (~12.5 Gyr) with [Fe/H] = −1.5 dex (Muñoz et al. 2012). This metallicity estimate has subsequently been confirmed by spectroscopic observations (Cerny et al. 2026; Geha et al. 2026) and is consistent with the value we measure.
4.3 Pfleiderer 2
Pfleiderer 2 is a relatively old (10 ± 2 Gyr) cluster that, based on isochrone fits to its tilted RGB and red horizontal branch, was initially proposed to be among the most metal-rich systems in the Galaxy ([Fe/H] ~ 0.0 dex, Ortolani et al. 2009). Its position >2 kpc above the Galactic plane makes it a rare example of a metal-rich cluster in such a location, comparable to only a few in-situ systems with similar properties (e.g. Palomar 8 and Palomar 11, Harris 2010).
As shown in Table 2, all seven target stars of Pfleiderer 2 have compatible Vlos and metallicity. We find Vsys = 6 ± 5 km s−1, and we revise its metallicity downwards, deriving a spectroscopic value of [Fe/H] = −0.75 ± 0.09 dex. Given the large uncertainties on the Vlos, we are not able to resolve the intrinsic velocity dispersion of this cluster. Massari et al. (2019, eDR3 edition) propose this cluster to have formed in-situ, while Callingham et al. (2022) assign almost equal probabilities to be associated with either GSE and the progenitor of the MW. We find that its orbital parameters are consistent with those of in-situ clusters, as it moves on a mildly heated disc-like orbit (see Table 4), and is currently observed near its apocentre and maximum height over the midplane. Moreover, its relatively high metallicity argues against an accreted origin.
Our tests with ORBIT have shown that this is the system most impacted by the introduction of the rotating bar in the MW potential, with changes in the orbital parameters of up to ~30%. Such a big impact from the introduction of the bar prompted us to investigate further the orbital characteristics of Pfleiderer 2, following the method presented in De Leo et al. (2026a) to check whether the cluster might be trapped on a resonant orbit. Briefly, the method is based on a series of checks on the orbital parameters (mainly pericentre and eccentricity), characteristic energy and angular momentum (Moreno et al. 2015, 2021), and orbital frequencies (Binney & Tremaine 2008; Portail et al. 2015; Queiroz et al. 2021) to assess if a tracer lies inside resonant loci. Our analysis suggests that Pfleiderer 2 may be on a resonant orbit when accounting for the observational uncertainties, particularly in its velocity vector. However, as the cluster lies near the limits of the adopted tolerance criteria, this trapping is likely to be weak. This is supported by Fig. 4, where we show the projection of the non-regular orbit of Pfleiderer 2 on the three Galactocentrc cartesian planes (X–Y, X–Z, Y–Z, left panel) and in the R–Z space (right panel). The red circle in the X-Y projection is the co-rotational radius of the bar (5.79 kpc for the potential adopted in ORBIT) and the loops of the orbit of the cluster around it show that it might be trapped near the co-rotation resonance.
Table 4 
Orbital parameters for the observed clusters obtained in a McMillan (2017) potential for the MW.

	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Orbit of Pfleiderer 2 integrated backwards in time for 2.5 Gyr using ORBIT (De Leo et al. 2026a) and accounting for the presence of the bar of the MW. The current position of the cluster is shown with an orange point. The red circle shown in the X-Y projection of the orbit indicates the co-rotational radius, which is equal to 5.79 kpc for the assumed potenital in ORBIT.



4.4 RLGC2
RLGC2 is a metal-poor cluster located in the thick disc of the MW (Ryu & Lee 2018). Since the available photometry was not deep enough to observe the main sequence and/or sub-giant branch regions, its metallicity has been previously derived via isochrone fitting by fixing its age to the average value of that of metal-poor clusters in the MW (VandenBerg et al. 2013).
As for Pfeiderer 2, all stars in RLGC2 in our sample have compatible spectroscopic Vlos and [Fe/H], yielding average values of Vsys = −313 ± 6 km s−1 and [Fe/H] = −2.33 ± 0.13 dex, which is ~−0.2 dex more metal poor than previous photometric estimates (Ryu & Lee 2018). We find that RLGC2 becomes consistent with the hypothesis of being previously associated with the GSE dwarf galaxy, since it moves on a retrograde and highly eccentric orbit (ecc ~ 0.7) and is therefore only currently crossing the MW thick disc. This result agrees with previous classifications by Massari et al. (2019, eDR3 edition), Libralato et al. (2026), and Callingham et al. (2022), with the latter study also considering a tentative association (p ~ 10%) with the ‘low-energy’–Kraken–Heracles progenitor (LKH, Massari et al. 2019; Kruijssen et al. 2020; Horta et al. 2021; Massari et al. 2026). However, based on our orbital analysis, the cluster orbital energy appears too high and the orbit too retrograde to support such a connection.
5 Summary and conclusion
In this paper, we analysed low-resolution spectroscopic data obtained with MODS@LBT to derive the systemic heliocentric radial velocities and the metallicity for a set of faint and/or highly extinct stellar clusters targeted by the MGCS, whose high-resolution spectroscopic investigation remains challenging with current facilities. For three systems, i.e. Koposov 1, Koposov 2, and Muñoz 1, we validated our measurements against existing spectroscopic determinations available in the literature (Muñoz et al. 2012; Geha et al. 2026) and consistently find excellent agreement. In addition, we present results for Pfleiderer 2 and RLGC2, providing their systemic velocities and spectroscopic metallicity for the first time. We find that Pfleiderer 2 has a Vsys = 6 ± 5 km s−1 and [Fe/H] = −0.75 ± 0.09 dex, while RLGC2 has Vsys = −313 ± 6 km s−1 and [Fe/H] = −2.33 ± 0.13 dex.
For four of the clusters, these new measurements have enabled the first accurate orbital analysis aimed at constraining their origin. We find that one cluster is likely dynamically associated with the Sagittarius dwarf spheroidal galaxy (Koposov 1), one is possibly linked to the Gaia–Sausage–Enceladus merger (RLGC2), one is consistent with an in-situ origin moving on a resonant orbit (Pfleiderer 2), and one remains ungrouped (Koposov 2). Finally, we confirm previous findings that Muñoz 1 occupies a similar region of the integrals of motion space as other clusters associated with the Sag dSph (e.g. Callingham et al. 2022). Nevertheless, it is important to stress that dynamical information alone can sometimes be misleading as orbital parameters alone might not always accurately trace the origin of GCs (see e.g. Pfeffer et al. 2020; Pagnini et al. 2023; Ceccarelli et al. 2025). A definitive assessment of the nature and origin of these systems ultimately requires the combination of dynamics with detailed chemical abundances and precise age determinations.
In recent years, the community has started an extraordinary effort towards a comprehensive census of the MW GC system, especially focusing on observationally challenging clusters. On the photometric side, the final opportunities provided by HST before decommissioning are being leveraged through dedicated surveys such as the MGCS (Massari et al. 2025). Parallel efforts are advancing on the chemical front, including studies based either on available data and current facilities (see e.g. Geisler et al. 2021; Pace et al. 2023; Ferraro et al. 2025; Garro et al. 2026), and next generation wide-field spectroscopic surveys, such as MOONS and 4MOST, with programmes specifically designed to study Galactic stellar clusters and dwarf MW satellites (Gonzalez et al. 2020; Lucatello et al. 2023; Skúladóttir et al. 2023). Together, these complementary initiatives promise to complete our understanding of the formation history of the MW by providing a complete and homogeneous characterisation of its stellar cluster populations.
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3 As such measurements were previously unavailable for all of our targets except Muñoz 1, previous works inferred their orbital properties by adopting a flat prior on the Vsys (e.g. Callingham et al. 2022).


4 See Massari (2025) for details.




Appendix A  Targets information, additional CMDs and spectra
In Table A.1, we report the observational information for targeted stars. In Figs. A.1 - A.2, we present the Gaia CMDs of proper motion selected members of Koposov 1, Koposov 2, A.1 Muñoz 1, and RLGC2 (p > 80%, Vasiliev & Baumgardt 2021). Also, we plot a portion of two stellar spectra per cluster, close to the Hα and CaT lines.
Table A.1 
Information on the observations for target stars.

	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Same as Fig. 1, but for Koposov 1 (pink) and Koposov 2 (blue). Reference BaSTI isochrone are 7 and 13.5 Gyr old, [Fe/H] = −1.2 dex and [Fe/H] = −2.9 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex). We plot them assuming reddening from Paust et al. (2014) for both clusters, and distances from Paust et al. (2014) and Cerny et al. (2026) for Koposov 1 and Koposov 2. Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.



	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Same as Fig. 1, but Muñoz 1 (green) and RLGC2 (red). Reference BaSTI isochrone are 12 Gyr, [Fe/H] = −1.4 dex and [Fe/H] = −2.3 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex), assuming distance and reddening from (Muñoz et al. 2012; Ryu & Lee 2018). Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.




Appendix B  Output of the BGM model
In Fig. B.1 - B.2, we present the additional output of the BGM model for Koposov 1, Koposov 2, Muñoz 1, and RLGC2. We note that for the first three clusters the spatial window around each cluster center was expanded to 2° to enhance the statistics of the simulated field populations. As the metallicity is available for only one star in Koposov 1, Koposov 2, and Muñoz 1, the BGM metallicity distribution is compared with the measured value and its 1σ uncertainty.
	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Same as Fig. 2 for Koposov 1 and Koposov 2. The histogram bin containing the velocity outlier is highlighted with diagonal hatching. For the clusters for which the metallicity is measured for a single star, we plot the corresponding value, and the shaded area represents the associated 1σ uncertainty.



	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Same as Fig. B.1 for Muñoz 1 and RLGC2.




Appendix C  The impact of different distance estimates on the chemodynamical analysis
In Section 3, we adopted a set of homogeneous distance estimates by Paust et al. (2014) for Koposov 1 and Koposov 2, namely 34.9 ± 1.6 kpc and 33.3 ± 1.5 kpc, respectively. However, the literature reports significantly discrepant values for these two systems: in the discovery paper by Koposov et al. (2007), distances of ~ 50 kpc for Koposov 1 and ~ 40 kpc for Koposov 2 were estimated, while more recent works suggest 48.3 kpc for Koposov 1 (Muñoz et al. 2018) and 24 kpc for Koposov 2 (Geha et al. 2026).
Here we briefly assess how adopting these alternative distances affects both the dynamical properties of the clusters and the inferred metallicities. If Koposov 1 is placed at 48.3 kpc, it would become dynamically compatible with an association with the Cetus progenitor, as proposed by Massari et al. (2019, eDR3 edition), and the derived metallicity becomes ~ 0.2 dex more metal-poor. Koposov 2, on the other hand, remains high energy and unassociated for all the distances considered, although larger assumed distances naturally move it at higher orbital energies, Lz, and L⊥. We note that adopting a distance of 24 kpc would make its RGB star ~ 0.15 dex more metal-rich.

Appendix D  Comparison with different CaT metallicity relations
To verify and assess the robustness of our results, as well as their sensitivity to the choice of calibration relations, we also derived stellar metallicities using three additional calibration relations. In Table D.1, we report the different metallicity values obtained applying the relations from Carrera et al. (2007), Starkenburg et al. (2010) and Carrera et al. (2013). Given that such relations depends on MV, we computed magnitudes the V band starting from Gaia DR3 photometry (Gaia Collaboration 2023) and using the empiric transformations from Riello et al. (2021). To place all estimates on an homogeneous scale, we also apply the Navabi et al. (2026) calibrations using the MV absolute magnitude.
We do not detect any significant systematic offset between the metallicity obtained with the MG and MV calibrations presented by Navabi et al. (2026), with the only notable exception being RLGC2, for which the metallicity derived using the V-band magnitude is approximately 0.2 dex higher.
More generally, the Navabi et al. (2026) relations tend to yield, on average, slightly more metal-poor metallicities for all stars in our sample, with offsets of ~0.1–0.3 dex relative to the other three adopted calibrations. This is particularly evident for Pfleiderer 2, which is systematically more metal-poor when adopting the Navabi et al. (2026) calibration. The differences reach up to ~ 0.3 dex, being inconsistent at > 2.2σ compared to the other three estimates, which instead provide compatible values. Such inconsistencies are expected in the high metallicity regime (down to [Fe/H] ~ −1.5 dex) and likely reflect the different zero-points of the calibrations. In particular, these relations are anchored at the metal-rich end using the open cluster NGC 6791; however Navabi et al. (2026) adopt a more recent spectroscopic determination of its metallicity, which is lower than the value assumed in earlier works (Carrera et al. 2007, 2013). This naturally shifts the calibration toward slightly more metal-poor values, especially at the metallicity of Pfleiderer 2.
In the end, we find that the Carrera et al. (2007) calibration provides a metallicity that is ~ 0.6 dex more metal-rich for Koposov 2, while the other three relations provide metallicities that are consistent within the uncertainties. This is possibly due to the fact that Koposov 2 lies in a metallicity regime more metal-poor than the range over which the Carrera et al. (2007) relation is well constrained (i.e. down to [Fe/H] ~ −2.2 dex).
Table D.1 
Metallicity obtained using different scaling relations and MV as a proxy for the luminosity.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left panel: Gaia CMD for Pfleiderer 2 from Vasiliev & Baumgardt (2021). Typical photometric errors at these magnitudes can be found in Gaia Collaboration (2021). All stars with a probability of membership >80% are shown in black, while our selected target stars are plotted in orange. A BaSTI isochrone (Hidalgo et al. 2018, 10 Gyr, [Fe/H] = −0.7 dex, solar-scaled [α/Fe]) is also plotted for reference, taking distance and reddening estimates from Ortolani et al. (2009). Right panel: MODS spectra for the highest and lowest S/N stars among our sample, shown around the Hα and CaT regions (the positions of such absorption lines are indicated with arrows). The same plots for other clusters can be found in Appendix A (see Figs. A.1–A.2).
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	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Top row: vector-point diagram (left) for a synthetic Galactic field population (located within 1° from Pfleiderer 2 and selected in the same CMD region populated by the RGB of the cluster) computed with a BGM (Robin et al. 2003). The proper motion of Pfleiderer 2 from Vasiliev & Baumgardt (2021) is indicated with a ‘plus’ marker. On the right panel we display the Vlos distribution of cluster (orange) and field stars from the BGM (grey) as a function of the distance from the cluster centre. Here, stars identified as outliers in Vlos are marked with crosses. Bottom row: heliocentric radial velocity (left) and metallicity (right) distributions for Pfleiderer 2 (orange) and for the BGM synthetic field population (grey).
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	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Distribution in the integral-of-motions (E, Lz, L⊥) space of the stellar clusters studied in this paper, compared to all MW GCs (grey points) from Massari et al. (2019, eDR3 edition). As reference, we plot the 1σ ellipses of the distributions of GCs dynamically associated with GSE and Sag dSph, while in-situ GCs are plotted in black. Error bars represent statistical uncertainties from the orbit integration.
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	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Orbit of Pfleiderer 2 integrated backwards in time for 2.5 Gyr using ORBIT (De Leo et al. 2026a) and accounting for the presence of the bar of the MW. The current position of the cluster is shown with an orange point. The red circle shown in the X-Y projection of the orbit indicates the co-rotational radius, which is equal to 5.79 kpc for the assumed potenital in ORBIT.
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	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 Same as Fig. 1, but for Koposov 1 (pink) and Koposov 2 (blue). Reference BaSTI isochrone are 7 and 13.5 Gyr old, [Fe/H] = −1.2 dex and [Fe/H] = −2.9 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex). We plot them assuming reddening from Paust et al. (2014) for both clusters, and distances from Paust et al. (2014) and Cerny et al. (2026) for Koposov 1 and Koposov 2. Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.
In the text



	[image: Thumbnail: Fig. A.2 Refer to the following caption and surrounding text.]	Fig. A.2 Same as Fig. 1, but Muñoz 1 (green) and RLGC2 (red). Reference BaSTI isochrone are 12 Gyr, [Fe/H] = −1.4 dex and [Fe/H] = −2.3 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex), assuming distance and reddening from (Muñoz et al. 2012; Ryu & Lee 2018). Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.
In the text



	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Same as Fig. 2 for Koposov 1 and Koposov 2. The histogram bin containing the velocity outlier is highlighted with diagonal hatching. For the clusters for which the metallicity is measured for a single star, we plot the corresponding value, and the shaded area represents the associated 1σ uncertainty.
In the text



	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Same as Fig. B.1 for Muñoz 1 and RLGC2.
In the text





    
      Table 1 

      Information on the observations for target clusters.

      
        


	Cluster
	RA
	Dec
	UT-Date
	texp
	Airmass
	Seeing
	N⋆,tot



	
	(deg)
	(deg)
	
	(s)
	
	(arcsec)
	





	Koposov 1
	179.827
	12.260
	2025-05-03
	2 × 1200
	1.0
	1.3
	4



	Koposov 2
	119.571
	26.255
	2025-01-31
	2 × 1200
	1.1
	0.9
	4



	Muñoz 1
	225.450
	66.969
	2025-04-30
	2 × 1200
	1.2
	1.0
	4



	Pfleiderer 2
	269.664
	−5.070
	2025-05-23
	3 × 1200
	1.4
	1.0
	7



	RLGC2
	281.367
	−5.192
	2025-05-23
	3 × 1200
	1.3
	1.0
	4





      

      
Notes. Centre of the clusters from Vasiliev & Baumgardt (2021), date of the observation, exposure time (texp), airmass, seeing, and number of stars in the mask.




    

  
    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Left panel: Gaia CMD for Pfleiderer 2 from Vasiliev & Baumgardt (2021). Typical photometric errors at these magnitudes can be found in Gaia Collaboration (2021). All stars with a probability of membership >80% are shown in black, while our selected target stars are plotted in orange. A BaSTI isochrone (Hidalgo et al. 2018, 10 Gyr, [Fe/H] = −0.7 dex, solar-scaled [α/Fe]) is also plotted for reference, taking distance and reddening estimates from Ortolani et al. (2009). Right panel: MODS spectra for the highest and lowest S/N stars among our sample, shown around the Hα and CaT regions (the positions of such absorption lines are indicated with arrows). The same plots for other clusters can be found in Appendix A (see Figs. A.1–A.2).

      

    

  
    
      Table 2 

      Photometric atmospheric parameters and results from the spectroscopic analysis.

      
        


	Cluster/Gaia DR3
	Teff
	log g
	Vlos
	EW CaT
	[Fe/H]N26,G
	Member



	
	(K)
	(dex)
	(km s−1)
	(Å)
	(dex)
	





	3919839462184529664
	4762
	2.03
	7±13
	5.72±0.16
	−1.22±0.09
	y



	3919839767126601728
	5025
	3.18
	14±21
	−
	−
	y



	3919839767126647680
	6875
	3.78
	0±21
	−
	−
	y



	3919839771422278016
	6283
	3.73
	24±23
	−
	−
	y



	Koposov 1
	
	
	10±9
	
	
	



	




	874275674394169984
	5416
	2.65
	113±12
	1.65±0.13
	−2.91±0.12
	y



	874275609971796992
	6668
	3.60
	90±20
	−
	−
	y



	874269730159393536
	5517
	3.42
	131±21
	−
	−
	y



	874275850488194176
	5157
	3.42
	26±21
	−
	−
	n



	Koposov 2
	
	
	112±9
	
	
	



	




	1693370742839913088
	9631
	3.37
	−144±15
	−
	−
	y



	1693394146117710592
	8875
	3.47
	−109±18
	−
	−
	y



	1693394176181484672
	4957
	2.94
	−121±20
	4.26±0.98
	−1.43±0.46
	y



	1693393420267235840
	5846
	3.45
	−191±23
	−
	−
	n



	Muñoz 1
	
	
	−127±10
	
	
	



	




	4172573170590468992
	3825
	0.84
	−18±13
	8.28±0.41
	−0.78±0.38
	y



	4175575730690574208
	4810
	1.68
	8±12
	7.75±0.30
	−0.76±0.25
	y



	4172549561149372160
	4207
	1.23
	17±12
	7.59±0.42
	−0.91±0.31
	y



	4172549836027324800
	4625
	1.69
	12±12
	7.56±0.26
	−0.77±0.21
	y



	4172549840328133120
	4621
	1.71
	9±13
	8.09±0.29
	−0.59±0.22
	y



	4175575863825402880
	4219
	1.56
	3±13
	7.57±0.22
	−0.73±0.19
	y



	4172573269368904448
	4450
	1.63
	4±14
	7.46±0.32
	−0.80±0.22
	y



	Pfleiderer 2
	
	
	6±5
	
	−0.75±0.09
	



	




	4253618683784925568
	3479
	0.24
	−315±11
	4.40±0.13
	−2.30±0.33
	y



	4253618683784927872
	3483
	0.46
	−311±13
	4.04±0.11
	−2.32±0.27
	y



	4253618683784923392
	4089
	0.97
	−320±13
	3.91±0.12
	−2.31±0.24
	y



	4253618683784929536
	3555
	0.60
	−307±12
	3.74±0.13
	−2.39±0.24
	y



	RLGC2
	
	
	−313±6
	
	−2.33±0.13
	





      

      
Notes. Effective temperature, surface gravity, heliocentric radial velocity, total EW of the CaT lines, iron abundance from the Navabi et al. (2026) relations (using MG), and likely membership (according to the comparison with the BGM, see text for more details) for each star in the sample. We also report the weighted mean for Vlos and [Fe/H], where the weights are given by the inverse square of the individual errors. The associated uncertainty is then computed as the inverse square root of the sum of the weights.




    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Top row: vector-point diagram (left) for a synthetic Galactic field population (located within 1° from Pfleiderer 2 and selected in the same CMD region populated by the RGB of the cluster) computed with a BGM (Robin et al. 2003). The proper motion of Pfleiderer 2 from Vasiliev & Baumgardt (2021) is indicated with a ‘plus’ marker. On the right panel we display the Vlos distribution of cluster (orange) and field stars from the BGM (grey) as a function of the distance from the cluster centre. Here, stars identified as outliers in Vlos are marked with crosses. Bottom row: heliocentric radial velocity (left) and metallicity (right) distributions for Pfleiderer 2 (orange) and for the BGM synthetic field population (grey).

      

    

  
    
      Table 3 

      Five-dimensional phase-space information (position, proper motion, and distance) from the literature for the target clusters.

      
        


	Cluster
	RA
	Dec
	μαcos(δ)
	μδ
	Distance



	
	(deg)
	(deg)
	(mas yr−1)
	(mas yr−1)
	(kpc)





	Koposov 1
	179.827 [1]
	12.260 [1]
	−1.513 ± 0.135 [1]
	−0.814 ± 0.105 [1]
	33.3 ± 1.5 [2]



	Koposov 2
	119.571 [1]
	26.255 [1]
	−0.745 ± 0.056 [3]
	0.140 ± 0.042 [3]
	34.9 ± 1.6 [2]



	Muñoz 1
	225.450 [1]
	66.969 [1]
	−0.100 ± 0.203 [1]
	−0.020 ± 0.207 [1]
	45.0 ± 5.0 [4]



	Pfleiderer 2
	269.664 [1]
	−5.070 [1]
	−2.722 ± 0.018 [3]
	−4.190 ± 0.018 [3]
	16.0 ± 2.0 [5]



	RLGC2
	281.367 [1]
	−5.192 [1]
	−2.315 ± 0.033 [3]
	−1.864 ± 0.027 [3]
	15.8 ± 2.4 [6]





      

      
Notes. The Vlos is reported in Table 2. Numbered references are: [1] Vasiliev & Baumgardt (2021), [2] Paust et al. (2014), [3] Libralato et al. (2026), [4] Muñoz et al. (2018), [5] Ortolani et al. (2009), and [6] Ryu & Lee (2018).




    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Distribution in the integral-of-motions (E, Lz, L⊥) space of the stellar clusters studied in this paper, compared to all MW GCs (grey points) from Massari et al. (2019, eDR3 edition). As reference, we plot the 1σ ellipses of the distributions of GCs dynamically associated with GSE and Sag dSph, while in-situ GCs are plotted in black. Error bars represent statistical uncertainties from the orbit integration.

      

    

  
    
      Table 4 

      Orbital parameters for the observed clusters obtained in a McMillan (2017) potential for the MW.

      
        


	Cluster
	Energy
	Lz
	Lperp
	rperi
	rapo
	zmax
	circ



	
	(×105 km2 s−2)
	(×103 kpc km s−1)
	(kpc)
	(kpc)
	(kpc)
	





	Koposov 1
	[image: Mathematical equation: $\[-0.94_{-0.04}^{+0.04}\]$]
	[image: Mathematical equation: $\[1.83_{-0.31}^{+0.23}\]$]
	[image: Mathematical equation: $\[5.60_{-0.96}^{+0.76}\]$]
	[image: Mathematical equation: $\[21.15_{-5.21}^{+5.11}\]$]
	[image: Mathematical equation: $\[37.63_{-1.66}^{+1.67}\]$]
	[image: Mathematical equation: $\[34.54_{-2.14}^{+1.73}\]$]
	[image: Mathematical equation: $\[0.28_{-0.02}^{+0.01}\]$]



	Koposov 2
	[image: Mathematical equation: $\[-0.56_{-0.04}^{+0.04}\]$]
	[image: Mathematical equation: $\[10.99_{-0.55}^{+0.79}\]$]
	[image: Mathematical equation: $\[4.93_{-0.40}^{+0.57}\]$]
	[image: Mathematical equation: $\[39.00_{-1.93}^{+1.97}\]$]
	[image: Mathematical equation: $\[107.99_{-10.90}^{+18.26}\]$]
	[image: Mathematical equation: $\[37.39_{-4.02}^{+8.20}\]$]
	[image: Mathematical equation: $\[0.73_{-0.03}^{+0.02}\]$]



	Muñoz 1
	[image: Mathematical equation: $\[-0.84_{-0.05}^{+0.12}\]$]
	[image: Mathematical equation: $\[3.22_{-1.55}^{+1.65}\]$]
	[image: Mathematical equation: $\[5.96_{-0.68}^{+2.49}\]$]
	[image: Mathematical equation: $\[26.88_{-9.78}^{+15.21}\]$]
	[image: Mathematical equation: $\[49.39_{-5.43}^{+11.98}\]$]
	[image: Mathematical equation: $\[40.81_{-5.86}^{+9.14}\]$]
	[image: Mathematical equation: $\[0.40_{-0.16}^{+0.07}\]$]



	Pfleiderer 2
	[image: Mathematical equation: $\[-1.58_{-0.15}^{+0.23}\]$]
	[image: Mathematical equation: $\[1.55_{-0.51}^{+1.03}\]$]
	[image: Mathematical equation: $\[0.50_{-0.15}^{+0.27}\]$]
	[image: Mathematical equation: $\[5.81_{-2.21}^{+4.37}\]$]
	[image: Mathematical equation: $\[9.75_{-1.86}^{+4.64}\]$]
	[image: Mathematical equation: $\[2.88_{-0.41}^{+1.10}\]$]
	[image: Mathematical equation: $\[0.84_{-0.10}^{+0.07}\]$]



	RLGC2
	[image: Mathematical equation: $\[-1.49_{-0.10}^{+0.16}\]$]
	[image: Mathematical equation: $\[-0.69_{-0.22}^{+0.33}\]$]
	[image: Mathematical equation: $\[1.06_{-0,02}^{+0.03}\]$]
	[image: Mathematical equation: $\[2.28_{-0.57}^{+0.55}\]$]
	[image: Mathematical equation: $\[14.89_{-4.69}^{+3.52}\]$]
	[image: Mathematical equation: $\[8.21_{-5.22}^{+7.29}\]$]
	[image: Mathematical equation: $\[-0.31_{-0.25}^{+0.18}\]$]





      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Orbit of Pfleiderer 2 integrated backwards in time for 2.5 Gyr using ORBIT (De Leo et al. 2026a) and accounting for the presence of the bar of the MW. The current position of the cluster is shown with an orange point. The red circle shown in the X-Y projection of the orbit indicates the co-rotational radius, which is equal to 5.79 kpc for the assumed potenital in ORBIT.

      

    

  
    
      Table A.1 

      Information on the observations for target stars.

      
        


	Cluster
	Gaia DR3
	R.A.
	Dec.
	G
	BP
	RP
	S/N
	S/N



	
	source_id
	(deg)
	(deg)
	(mag)
	(mag)
	(mag)
	[6500 Å]
	[8500 Å]





	Koposov 1
	3919839462184529664
	179.8069
	12.2667
	17.66
	18.20
	17.00
	61
	63



	3919839767126601728
	179.8297
	12.2656
	20.23
	20.77
	19.70
	11
	7



	3919839767126647680
	179.8255
	12.2576
	20.26
	20.51
	20.08
	10
	5



	3919839771422278016
	179.8270
	12.2626
	20.52
	20.55
	19.96
	9
	4



	




	Koposov 2
	874275674394169984
	119.5718
	26.2599
	18.61
	19.03
	18.05
	83
	68



	874275609971796992
	119.5770
	26.2570
	20.55
	20.82
	20.23
	21
	9



	874269730159393536
	119.5481
	26.2379
	20.45
	20.92
	19.98
	15
	8



	874275850488194176
	119.5530
	26.2642
	20.79
	21.11
	20.02
	15
	10



	




	Muñoz 1
	1693370742839913088
	225.4229
	66.9687
	19.06
	19.12
	19.14
	33
	18



	1693394146117710592
	225.4497
	66.9692
	19.22
	19.29
	19.21
	30
	14



	1693394176181484672
	225.4762
	66.9767
	20.30
	20.96
	19.87
	14
	10



	1693393420267235840
	225.4770
	66.9673
	20.73
	21.14
	20.41
	9
	4



	




	Pfleiderer 2
	4172573170590468992
	269.6989
	−5.0826
	16.61
	18.36
	15.37
	46
	77



	4175575730690574208
	269.6486
	−5.0720
	17.39
	18.64
	16.30
	50
	82



	4172549561149372160
	269.6726
	−5.1066
	16.99
	18.50
	15.82
	59
	86



	4172549836027324800
	269.6482
	−5.0854
	17.63
	18.95
	16.52
	66
	90



	4172549840328133120
	269.6419
	−5.0864
	17.66
	18.97
	16.54
	58
	81



	4175575863825402880
	269.6781
	−5.0543
	17.79
	19.27
	16.60
	44
	63



	4172573269368904448
	269.6809
	−5.0790
	17.67
	19.06
	16.54
	32
	44



	




	RLGC2
	4253618683784925568
	281.3664
	−5.1897
	17.39
	20.21
	15.87
	62
	120



	4253618683784927872
	281.3694
	−5.1931
	17.92
	20.74
	16.40
	45
	112



	4253618683784923392
	281.3602
	−5.1919
	18.28
	20.51
	16.54
	33
	118



	4253618683784929536
	281.3732
	−5.1947
	18.15
	20.92
	16.70
	44
	122





      

      
Notes. Cluster, source_id, position, and magnitudes from Gaia DR3, alongside S/N around the Hα and CaT features.




    

  
    
      Fig. A.1 

      
        [image: Fig. A.1 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 1, but for Koposov 1 (pink) and Koposov 2 (blue). Reference BaSTI isochrone are 7 and 13.5 Gyr old, [Fe/H] = −1.2 dex and [Fe/H] = −2.9 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex). We plot them assuming reddening from Paust et al. (2014) for both clusters, and distances from Paust et al. (2014) and Cerny et al. (2026) for Koposov 1 and Koposov 2. Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.

      

    

  
    
      Fig. A.2 

      
        [image: Fig. A.2 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 1, but Muñoz 1 (green) and RLGC2 (red). Reference BaSTI isochrone are 12 Gyr, [Fe/H] = −1.4 dex and [Fe/H] = −2.3 dex, respectively, and α-enanched ([α/Fe] = +0.4 dex), assuming distance and reddening from (Muñoz et al. 2012; Ryu & Lee 2018). Stars in our sample identified as outliers in Vlos are marked with a coloured cross, if present.

      

    

  
    
      Fig. B.1 

      
        [image: Fig. B.1 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. 2 for Koposov 1 and Koposov 2. The histogram bin containing the velocity outlier is highlighted with diagonal hatching. For the clusters for which the metallicity is measured for a single star, we plot the corresponding value, and the shaded area represents the associated 1σ uncertainty.

      

    

  
    
      Fig. B.2 

      
        [image: Fig. B.2 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. B.1 for Muñoz 1 and RLGC2.

      

    

  
    
      Table D.1 

      Metallicity obtained using different scaling relations and MV as a proxy for the luminosity.

      
        


	Cluster / Gaia DR3
	[Fe/H]C07
	[Fe/H]S10
	[Fe/H]C13
	[Fe/H]N26,V
	Member



	
	(dex)
	(dex)
	(dex)
	(dex)
	





	3919839462184529664
	−1.01±0.07
	−1.03±0.21
	−1.09±0.09
	−1.24±0.10
	y



	3919839767126601728
	−
	−
	−
	−
	y



	3919839767126647680
	−
	−
	−
	−
	y



	3919839771422278016
	−
	−
	−
	−
	y



	Koposov 1



	




	874275674394169984
	−2.34±0.06
	−2.82±0.17
	−2.84±0.11
	−2.91±0.13
	y



	874275609971796992
	−
	−
	−
	−
	y



	874269730159393536
	−
	−
	−
	−
	y



	874275850488194176
	−
	−
	−
	−
	n



	Koposov 2



	




	1693370742839913088
	−
	−
	−
	−
	y



	1693394146117710592
	−
	−
	−
	−
	y



	1693394176181484672
	−1.26±0.38
	−0.98±0.49
	−1.23±0.47
	−1.42±0.43
	y



	1693393420267235840
	−
	−
	−
	−
	n



	Muñoz 1



	




	4172573170590468992
	−0.48±0.23
	−0.30±0.33
	−0.40±0.22
	−0.67±0.21
	y



	4175575730690574208
	−0.59±0.19
	−0.51±0.31
	−0.53±0.18
	−0.78±0.18
	y



	4172549561149372160
	−0.69±0.23
	−0.43±0.32
	−0.64±0.22
	−0.86±0.20
	y



	4172549836027324800
	−0.55±0.18
	−0.48±0.30
	−0.52±0.17
	−0.77±0.16
	y



	4172549840328133120
	−0.35±0.19
	−0.27±0.32
	−0.29±0.18
	−0.58±0.18
	y



	4175575863825402880
	−0.43±0.17
	−0.39±0.29
	−0.41±0.16
	−0.68±0.15
	y



	4172573269368904448
	−0.55±0.19
	−0.56±0.30
	−0.52±0.19
	−0.77±0.17
	y



	Pfleiderer 2
	−0.51±0.07
	−0.42±0.12
	−0.47±0.07
	−0.73±0.07
	



	




	4253618683784925568
	−1.91±0.23
	−1.91±0.23
	−2.10±0.18
	−2.05±0.13
	y



	4253618683784927872
	−1.89±0.19
	−1.92±0.22
	−2.12±0.17
	−2.08±0.13
	y



	4253618683784923392
	−2.03±0.22
	−2.02±0.22
	−2.25±0.18
	−2.18±0.13
	y



	4253618683784929536
	−1.97±0.19
	−1.95±0.22
	−2.22±0.17
	−2.17±0.13
	y



	RLGC2
	−1.95±0.10
	−1.95±0.11
	−2.17±0.09
	−2.12±0.07
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