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Abstract

Aims. The Milky Way has a large population of dwarf galaxy satellites. Their properties are sensitive to both cosmology and the physical processes underlying galaxy formation, but these properties are still not properly characterised for the entire satellite population.

Methods. We aim to provide the most accurate systemic dynamical and metallicity properties of the dwarf galaxy Boötes II (Boo II).

Results. We use a new spectroscopic sample of 39 stars in the field of Boo II (heliocentric distance of ∼66 kpc) with data from the Fiber Large Array Multi Element Spectrograph (FLAMES) mounted on the Very Large Telescope (VLT). The target selection is based on a combination of broadband photometry, proper motions from Gaia, and the metallicity-sensitive narrow-band photometry from the Pristine survey that is ideal for removing obvious Milky Way contaminants.

Conclusions. We found nine new members, including five also found by recent works in the literature, and the farthest member to date (5.7 half-light radii from Boo II centroid), extending the spectroscopic spatial coverage of this system. Our metallicity measurements based on the Calcium triplet lines leads to the detection of the two first Extremely Metal-poor stars ([Fe/H] < −3.0) in Boo II. Combining this new dataset with literature data refines Boo II’s velocity dispersion ([image: equation] km s−1), systemic velocity ([image: equation] km s−1), and shows that it does not show any sign of a significant velocity gradient (d⟨v⟩/d[image: equation] km s−1 arcmin−1, or −0.5/1.9 km s−1 arcmin−1 as 3σ upper limits). We are thus able to confirm the kinematic and metallicity properties of the satellite as well as identify new members for future high-resolution analyses.
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1. Introduction
The successive large-coverage photometric surveys over the last two decades, from the Sloan Digital Sky Survey (York et al. 2000, SDSS), the Panoramic Survey Telescope And Rapid Response System (Chambers et al. 2016, PS1), or the Dark Energy Survey (The Dark Energy Survey Collaboration 2005, DES), to the upcoming Legacy Survey of Space and Time (Ivezić et al. 2019, LSST), have led to the discovery of dozens of faint galaxy companions orbiting the Milky Way (MW). The faintest ones are usually referred to as ultra-faint dwarf galaxies (UFD).
The current UFD population of the MW has been extensively studied. Their morphological properties (morphology, luminosity, mass) as well as their spectroscopic properties (metallicity, chemical enrichment, orbit) were an immediate focus point of the community. Most UFD studies have a singular goal: to compare their observed morphology with the ones predicted by the various numerical simulations made throughout the years (e.g. Sawala et al. 2016 or Read & Erkal 2019 for the mass, Revaz 2023 for the morphology, Sanati et al. 2023 for the stellar abundances, Sanati et al. 2024 for the mass and stellar population). In doing so, we are able to improve our understanding not only of the cosmological significance of UFDs (e.g. Springel et al. 2008; Read & Erkal 2019; Revaz 2023) but also of the physical processes linked to the formation and evolution of galaxies, such as stellar feedback (e.g. Agertz et al. 2020; Sanati et al. 2023).
Therefore, a large number of spectroscopic studies of UFDs has been carried out over the years. Until recently, the vast majority of these studies from different teams with different observational strategies using different observing facilities have had but one main goal: derive the intrinsic properties of the satellite (morphology, dynamical mass, stellar abundances). To do so, it is imperative to derive the membership of as many UFD stars as possible. A task made challenging by the foreground contamination of the MW stars.
The UFDs are usually approximated as ‘simple’ systems characterized by the mean and dispersion of their velocity and metallicity distributions, which are usually considered enough to offer a comprehensive view of their properties (Simon 2019 and references therein). This simplistic view of the UFDs’ stellar population is now more and more disputed with the rise of observing strategies specifically designed to more efficiently weed out the MW stellar contamination. This also allows to find more members with larger spatial coverage than before. These strategies essentially rest on the use of specific photometric bands that are able to trace the metal content of stars and to discard the obvious metal-rich population that should not inhabit UFDs (e.g. Longeard et al. 2021, 2022 for the Pristine survey, Chiti et al. 2021 for SkyMapper, or Pan et al. 2024 with DECam photometry). These studies indeed point towards a more complex picture for both their dynamical (i.e. the mass of all components of the galaxy, see Wolf et al. 2010 and Errani et al. 2018) and metallicity properties. In that sense, such spectroscopic studies are needed to paint the most accurate picture of the overall UFD population which is critical to properly constrain our cosmological and galaxy models by comparing observations with simulations.
The following work is directly related to this effort: we spectroscopically observed the UFD Boo II to enlarge the catalogue of member stars and to spatially extend this catalogue. Boo II has already been the subject of two past spectroscopic studies, Koch et al. (2009, K09) and Bruce et al. (2023, B23), with the latter published during the completion of this manuscript, after our observations had already been carried out and analysed. K09 used Gemini/GMOS multi-object spectroscopy (Hook et al. 2004) to find the first five members in the system and derived a systemic velocity of 117 ± 5.2 km s−1 and a large but highly uncertain velocity dispersion of 10.5 ± 7.4 km s−1. Their metallicity was found to be of −1.79 ± 0.05. Recently, B23 found nine new member stars and confirmed the membership of 3 stars of K09 using Magellan/IMACS spectroscopy (Dressler et al. 2011). In particular, B23 showed that the mean quantitative results of K09 were heavily biased with an updated velocity of [image: equation] km s−1 and a metallicity of [image: equation], most likely due to the observational setup used by K09 that is not ideal to derive accurate velocities although it is enough for membership inference. B23 also tightly constrained the velocity dispersion ([image: equation] km s−1) and therefore the mass-to-light ratio of Boo II ([image: equation] M⊙ L⊙−1). Their main results are summarized in Table 1.
Table 1. 
Summary of Boo II’ prior literature (K09 and B23) properties. The reference numbers correspond to the following list: (1) Muñoz et al. (2018), (2) Walsh et al. (2008), (3) Koch et al. (2009), (4) Bruce et al. (2023), (5) Ji et al. (2016).

The following introduces our brand-new Boo II observations and subsequent dynamical and metallicity analyses. Section 2 details the data selection, observations and reduction procedures. Section 3 presents our membership, dynamical and metallicity results. Finally, Section 4 summarizes our findings and discusses our current knowledge of Boo II in the light of all the studies existing on this UFD.
2. Spectroscopic observations
This section provides details on the target selection, observations and data reduction first, then briefly explains our velocity and equivalent width (EW) derivation method.
2.1. Data selection
All targets were selected based on the colour–magnitude diagram (CMD), narrow-band photometry, and with Gaia astrometry, as detailed in the following subsections.
2.1.1. The Pristine survey selection
Pristine is a photometric survey (Starkenburg et al. 2017; Martin et al. 2024) relying on a narrow-band, metallicity-sensitive photometry centred on the Calcium H&K doublet lines from the Canadian France Hawaii Telescope (Boulade et al. 2003, CFHT). It is successful at finding metal-poor stars against the more metal-rich MW contamination (Youakim et al. 2017; Aguado et al. 2019; Arentsen et al. 2020) and is therefore particularly suited for the UFDs metal-poor population (Longeard et al. 2020, 2021, 2022). To derive the Pristine photometric metallicities, the procedure of Starkenburg et al. (2017) is followed and we refer the reader to their Section 3 for details. The main difference with Starkenburg et al. (2017) is that the Pristine survey footprint has since been greatly expanded. Therefore, our training sample to create the CaHK to [Fe/H] model is larger than theirs.
To summarize the process, Pristine observes stars with a narrow-band filter centred on the CaHK doublet lines. These stars also have a counterpart in SDSS to obtain classical, broadband photometry. To build the CaHK to [Fe/H] model, we restrict ourselves to stars observed with Pristine that also have an SDSS spectroscopic metallicity measurement. This training sample is cleaned from potential white dwarfs, mediocre CaHK and broadband photometry following the criteria of Starkenburg et al. (2017). The remaining stars are then placed in a g − i, CaHK − g − 1.5 × (g − i) colour-colour diagram. In this colour–colour space, they naturally separate as a function of their metallicity (Figure 11 of Starkenburg et al. 2017). By binning this colour–colour space and using the stars’ SDSS metallicities as a reference, we are able to calibrate this space and derive the photometric metallicity of any star with SDSS broadband and Pristine photometries.
2.1.2. Selection criteria
Three main criteria were applied to select potential members for our spectroscopic observations:

	
Stars located further than 0.2 mag from the best-matching Boo II isochrone (Age = 13 Gyr, [Fe/H] = −2.4, [α/Fe] = 0.0, m − M = 18.10) from the Darmouth library (Dotter et al. 2008) were discarded. The distance modulus was taken from Muñoz et al. (2018).



	
Their location on the Pristine colour–colour diagram must be located above the region occupied by the population of UFDs (Longeard et al. 2023), indicating a metallicity lower than that of the vast majority of MW stars. This roughly corresponds to metallicities lower than −1.0 dex.



	
The proper motion membership probability of all targets must be at least 1%, based on the Gaia Data Release 3 (Gaia Collaboration 2023). These membership probabilities are computed assuming two multivariate gaussian populations in proper motion space, for Boo II and the MW, respectively, based on the systemic proper motion of Battaglia et al. (2022) and McConnachie & Venn (2020).




2.2. Data acquisition
The spectroscopic sample was obtained using the Very Large Telescope (Pasquini et al. 2002, VLT) and its FLAMES multi-object spectrograph. The HR21 grating was used to encompass the calcium triplet (CaT) lines, with a spectral resolution R of ∼18 000. The observations were carried out throughout two semesters, from April 2022 to February 2023, observing nine sub-exposures of 2775 seconds each. Only the ninth sub-exposure were observed in February 2023, the rest being observed in April-May 2022. Unfortunately, this prevents us from performing a robust binary test between the sub-exposures carried out in 2022 and the one in 2023, since it requires to analyze the ninth exposure alone, which considerably reduces the SNR of each spectrum. However, this was performed when possible and the velocities between the 2022 and 2023 observations were consistent within their respective uncertainties, indicating that no obvious binaries might affect the results.
All sub-exposures are indicated as good-quality observations, that is graded A (8) or B (1) by the ESO observing team. To summarize, when requesting an observation at ESO, observational constraints are also provided. A grade A corresponds to the situation where all constraints are met, while B is for observations for which they were not all met, but were within 10% of the requested values. The field is centred on the system based on the coordinates of Muñoz et al. (2018). This field is shown in Figure 1 and extends as far as ∼8 half-light radii (rh) of Boötes II (Boo II).
	[image: thumbnail]	Fig. 1. Left panel: Spatial distribution of the FLAMES spectroscopic sample. Newly discovered members are shown as red diamonds. Non-members from the FLAMES sample are shown as red crosses. Previously known members from the literature (K09 + B23) are represented as smaller blue circles. Misidentified literature members are shown as green crosses. The two half-light radii of Boo II as inferred by Muñoz et al. (2018, M18) are shown as a black ellipse. The small grey dots show all stars in the field with good quality SDSS photometry (i.e. broadband photometry uncertainties below 0.2 mag). Right panel: CMD of our spectroscopic sample superimposed with the favoured Boo II Dartmouth isochrone in yellow, chosen to match the system’s spectroscopically identified RGB stars. Three other isochrones of varying metallicity (one more metal-poor at [Fe/H] ∼ −2.5, two more metal-rich at ∼ − 1.5 and ∼ − 1.2) are also overplotted as dashed green lines. The g and i magnitudes are from SDSS.



The few unassigned fibers left were filled with even lower-priority stars and interesting, potentially extremely metal-poor (EMP, [Fe/H] < −3.0) MW halo stars in the field according to Pristine.
2.3. Data reduction
The standard ESO package to reduce GIRAFFE data (Melo et al. 2009) was used to reduce the data, without any modification to the pipeline.
Three examples of spectra for low (6.0), mid (15.0) and high (164) signal-to-noise ratios (S/Ns) per pixel are shown in Figure 2. Each spectrum was carefully visually inspected and discarded if its quality was too poor to obtain a proper fit of any of the three CaT lines. This mostly involves low S/N spectra below 3, but also mid S/N ones for which the CaT lines were too contaminated (from e.g. sky substraction) to be properly fitted. This step led to the rejection of five spectra.
	[image: thumbnail]	Fig. 2. Example spectra of three candidate member stars in our FLAMES dataset centred on the CaT lines. The low, mid and high S/N regimes are represented here. The normalised spectra are shown with solid blue lines while the fits derived from our pipeline for Voigt profiles are shown with solid red lines. Residuals in the Voigt cases are shown for each case below the spectra as dashed green lines. These stars have a heliocentric velocity of −133.2 ± 1.5 (the ‘metal-rich’ candidate in Figure 2), −111.3 ± 0.6 and −133.3 ± 0.2 km s−1 from top to bottom.



We normalized the spectra following the method of Battaglia et al. (2008), that is through an iterative k-sigma clipping non-linear filter. The heliocentric velocities and equivalent widths (EWs) of each spectrum were then obtained using our in-house pipeline described in detail in Longeard et al. (2022), which has already been extensively tested against known metallicities and velocities and recently used by Longeard et al. (2023). Each CaT line was modelled with a Gaussian and Voigt profiles and their position was found by minimizing the squared difference between a synthetic spectrum composed of three Gaussian or Voigt profiles and the observed spectrum. The EWs were calculated by integrating the best fit around each line in a 15 Å window. This was performed with a Monte Carlo Markov chain (Hastings 1970) algorithm with a million iterations per spectrum. The MCMC produced posterior probability functions that allowed us to derive the uncertainty on each parameter.
The median of the velocity uncertainty is 1.2 km s−1 for the new FLAMES sample, 1.7 km s−1 for entire sample (literature + FLAMES, details in section 3.2) and 1.3 km s−1 when the sample is restricted to Boo II literature member stars only. Note that for the rest of this work, the ’literature’ refers to the two previous spectroscopic analysis of Boo II, that is B23 and K09. Figure 3 shows that our velocities agree very well with those of B23 for five member stars in common, and that FLAMES data reduce the velocity uncertainties by a factor of ∼2 on average.
	[image: thumbnail]	Fig. 3. Comparison between the heliocentric velocity of B23 and the ones found in this work for the members stars in common.



The UFDs Leo IV and Leo V were also observed during this programme and subjected to the same data treatment. However, the lack of enough new members in our data explains that we do not analyse those data in more details in the following work.
3. Results
We present in this section the results of our analysis. The metallicity results will be presented first since they are needed to derive Boo II’s kinematic properties.
3.1. Metallicity properties
The metallicities of the stars in our sample are derived in two ways that will be presented below: 1) using spectra when the S/N is greater than 10 for the FLAMES and literature members, and 2) using the Pristine narrow-band, metallicity-sensitive data. For the latter, a calibration of the CaHK space for giant stars is used.
To derive the spectroscopic metallicities, we use the same process as in Longeard et al. (2022) and Longeard et al. (2023), that is derive the EWs of the three CaT lines, then use the calibration of Carrera et al. (2013) that translates them into a metallicity value with an associated uncertainty that takes into account the following sources: uncertainty on the EWs, the distance modulus, the photometry and the calibration’s coefficients. The results are reported in Table A.1 and shown in Figure 4. The left panel shows that we identify two members as EMPs, including one at the edge of the calibration range of Carrera et al. (2013) at ∼ − 4.0. The right panel shows that a bias exists between CaHK and spectroscopic metallicities of the order of ∼0.5 dex. We do not understand the source of this discrepancy, though it most likely stems from different photometric zero-points between all CCDs in the field. However, this does not impact our results since our Pristine-based selection does not rely on the metallicity value itself but on their location of the Pristine colour–colour diagram shown in Figure 5, and that our selection is quite generous on that colour space.
	[image: thumbnail]	Fig. 4. Metallicity distribution functions (MDFs) for the CaT (left) and CaHK (centre) cases. The right panel shows the comparison between the two metallicities, with the 1:1 line as the dashed black line.



	[image: thumbnail]	Fig. 5. CaHK colour–colour diagram, with the temperature proxy (g − i)0 on the x axis and the Pristine colour containing the metallicity-sensitive information. The density map in the background of the plot is produced using MW stars in the field of Boo II, with 1, 2 and 3σ contours shown as dotted white lines. In this diagram, the metallicity goes down as the y axis colour decreases. The dashed straight line shows the cut applied to the data to distinguish likely the metal-poor from the likely metal-rich stars. The colours and markers used are the same as those of Fig. 1.



In the rest of this study, and coming from experience, stars with a CaHK uncertainty above 0.2 mag often yields mediocre or very uncertain photometric metallicities and their metallicities are not computed. The results are shown in the right panel of Figure 4. The right panel clearly shows a metallicity peak at around −2.0 that corresponds to Boo II’s population.
3.2. Analysis
To derive the dynamical properties of the system, we add more criteria to clean the sample besides the ones detailed in Section 2.1.2. These criteria are:

	
Their ratio of parallax over parallax uncertainty taken from Gaia must be lower than 2.0.



	
They must not have been identified as potentially variable-velocity stars in the literature.




Once all these criteria are applied, the final sample consists of 39 stars. Given the number of fibers that were still available after the cleaning of Section 2.1.2, we decided to observe probable MW halo stars flagged as metal-poor by the CaHK photometry as target of opportunities, even though they are not linked to the analysis and therefore not included in the 39 stars in the final sample.
The dynamical properties of Boo II are derived following the formalism of Martin & Jin (2010) combined with the likelihoods described in their Equations (2) and (3):
[image: thumbnail](1)
We define Δv such that Δv = vr, k − y × dv/dχ + ⟨vBooII⟩ with dv/dχ the systemic heliocentric velocity gradient, and χ the galacto-centric distance along the position angle θ. y is the angular distance computed such that yk = Xksinθ + Ykcosθ and θ the direction of the velocity gradient. We also define [image: equation], with [image: equation] the intrinsic Boo II velocity dispersion and δvk the individual velocity uncertainty of each star. Finally, ηBooII is the Boo II member fraction of the spectroscopic sample.
The final posterior probability distribution functions (PDFs) of Boo II’s dynamical properties are shown in Figure 6. This figure illustrates that our results are compatible with the ones of B23. To check the validity of our code, we first derived the systemic velocity and velocity dispersion of Boo II only using the dataset of B23 and found the dashed blue PDF. This PDF falls perfectly onto the green shaded area corresponding to the results reported by B23. This plot shows that Boo II does not show clear evidence of a velocity gradient.
	[image: thumbnail]	Fig. 6. Posterior PDFs of the main dynamical properties of Boo II, i.e. the systemic velocity (left panel), the intrinsic velocity dispersion (middle panel), and velocity gradient (right panel). The dashed blue PDFs show the results of our analysis using only the B23 sample. The purple PDF shows the result of this work using the entire sample (i.e. K09 + B23 + FLAMES). The shaded area indicates the 1σ interval inference of K09 (green) and B23 (red). This K09 interval is not shown for the systemic velocity as their velocity was strongly biased (∼ − 110 km s−1, and therefore outside the plot).



From this analysis, we can derive the membership probability of all stars in the sample. To classify a star as a member, we add a 10% dynamical membership probability, computed from Equation (1), to the criteria detailed in Section 2.1.2 and the beginning of Section 3.2.
Nine new members are found in the new FLAMES dataset, including six also identified by B23. Furthermore, the membership status of one other star is debatable as it is located right in the MW region of the Pristine colour–colour diagram, with no proper motion information to help in the decision-making process (Figure 7) Its CMD location, bluer than the mean Boo II population in Figure 1, suggests a lower metallicity than that of the UFD. Furthermore, one star classified as a non-member in the literature is found to be a tentative member in this study. It is shown as a green circle in Figures 1, 5 and 7. Its velocity and photometric metallicity are perfectly compatible with Boo II. However, it does not have a PM measurement, and its CMD location is ∼0.15 mag redder than that of the mean Boo II population, which prevents us from being certain of its membership. Three likely misidentified members from the literature, shown as green crosses, are also identified. Their properties are shown in Table A.3. Finally, the different membership probability components are detailed in Table A.2.
	[image: thumbnail]	Fig. 7. Proper motions of the full spectroscopic sample. The plot is restricted to an area around the proper motion of Boo II for the sake of visibility, but other stars (clearly non-members) are located outside this region. The density background shows the density of MW star in the field of Boo II, with 1 and 2σ contours shown as dashed black lines. The colour and marker schemes are the same as in previous plots.



The entire dataset’s velocity, metallicity and position along Boo II’s major-axis are summarized in Figure 8. This plot is also useful to investigate any significant velocity and/or metallicity gradient along Boo II major axis. The visual impression confirms our quantitative analysis below in that there does not seem to be any radial trend on any of the two properties. The lower panel of this plot also illustrates once more that the Pristine metallicities are overestimated when compared to their spectroscopic counterparts, when available.
	[image: thumbnail]	Fig. 8. Summary of the velocity and metallicity measurements of the spectroscopic sample to investigate potential velocity and/or metallicity gradients. The velocity uncertainties are reported in the plot but are so small compared to the scale of the y axis that they are overall not visible, except for a few cases with extremely large uncertainties. Top panel: velocity vs. position along Boo II’s major axis. The colour and marker schemes are similar to what was shown in the previous plots. The literature (i.e. K09 + B23) and new members do not display any sign of a velocity gradient, even by including the potential more metal-rich member candidate at χ ∼ −10 arcmin. Lower panel: CaT (with black contours) and CaHK (without contours) metallicities. In the case where both are available for the same star, the two values are linked by a dashed grey line.



The recent work of Pan et al. (2024) derives photometric metallicities and therefore promising candidates for Boo II from their DECam photometry. Their table of candidates contains two (RA = 209.49804167deg, Dec = 12.86472222deg – RA = 209.5725deg, Dec = 12.8035deg) of our new members (not the ones in common with B23). Each of them is classified as a ’candidate with low purity due to its faintness’ by Pan et al. (2024).
Finally, we find a systemic velocity ([image: equation] km s−1) and velocity dispersion [image: equation] km s−1) slightly larger, but statistically compatible with B23 at the 1σ level. The existence of a velocity gradient is investigated for the first time, and this investigation shows that Boo II shows no convincing sign of a significant velocity gradient: it is consistent with the null hypothesis at the 1.5σ level ([image: equation] km s−1). This implies that the Boo II mass is not biased by tidal interactions or any unexpected internal velocity distribution.
4. Summary and conclusion
We present new spectroscopic observations with the FLAMES/VLT spectrograph, of candidate member stars in and around the faint UFD Boo II. Our initial selection was based on the combination of the Pristine narrow-band photometry, broad band optical colours, and Gaia DR3 proper motions. We analyse the CaT region of 39 spectra with SNR ≥ 3, of stars distributed over a region reaching ∼8 rh from the galaxy centre. We combine our new sample with previously published datasets, and can derive the most robust dynamical and metallicity properties of Boo II to date. In particular, we report the discovery of 9 new member stars, including 6 in common with B23. One additional star, apparently metal-rich, is located at ∼4 rh of the satellite. While it has the right velocity, its CaHK photometry places it on the MW locus and it has no proper motion measurement. Future spectroscopic programmes should confirm its membership.
All the confirmed members now have improved velocity measurements thanks to our FLAMES programme and, more specifically, the use of the HR21 grating and with higher resolution than the spectroscopic setups previously used. We derive the metallicity of 8 stars and double the number of stars with chemical information. We confirm the very metal-poor nature of the system. Moreover, we provide the identification of two spectroscopically EMP stars in Boo II.
We find a systemic velocity of [image: equation] km s−1 and a dispersion of [image: equation] km s−1. We note the possibility of a slight velocity gradient, but it is nevertheless still compatible with no velocity gradient at the ∼1.5σ level.
We also obtained spectroscopic data for two other UFDs, Leo IV and Leo V, but were only able to identify one new member which does not change our view of the two systems.
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	[image: thumbnail]	Fig. 1. Left panel: Spatial distribution of the FLAMES spectroscopic sample. Newly discovered members are shown as red diamonds. Non-members from the FLAMES sample are shown as red crosses. Previously known members from the literature (K09 + B23) are represented as smaller blue circles. Misidentified literature members are shown as green crosses. The two half-light radii of Boo II as inferred by Muñoz et al. (2018, M18) are shown as a black ellipse. The small grey dots show all stars in the field with good quality SDSS photometry (i.e. broadband photometry uncertainties below 0.2 mag). Right panel: CMD of our spectroscopic sample superimposed with the favoured Boo II Dartmouth isochrone in yellow, chosen to match the system’s spectroscopically identified RGB stars. Three other isochrones of varying metallicity (one more metal-poor at [Fe/H] ∼ −2.5, two more metal-rich at ∼ − 1.5 and ∼ − 1.2) are also overplotted as dashed green lines. The g and i magnitudes are from SDSS.
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	[image: thumbnail]	Fig. 2. Example spectra of three candidate member stars in our FLAMES dataset centred on the CaT lines. The low, mid and high S/N regimes are represented here. The normalised spectra are shown with solid blue lines while the fits derived from our pipeline for Voigt profiles are shown with solid red lines. Residuals in the Voigt cases are shown for each case below the spectra as dashed green lines. These stars have a heliocentric velocity of −133.2 ± 1.5 (the ‘metal-rich’ candidate in Figure 2), −111.3 ± 0.6 and −133.3 ± 0.2 km s−1 from top to bottom.
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In the text



	[image: thumbnail]	Fig. 4. Metallicity distribution functions (MDFs) for the CaT (left) and CaHK (centre) cases. The right panel shows the comparison between the two metallicities, with the 1:1 line as the dashed black line.
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	[image: thumbnail]	Fig. 5. CaHK colour–colour diagram, with the temperature proxy (g − i)0 on the x axis and the Pristine colour containing the metallicity-sensitive information. The density map in the background of the plot is produced using MW stars in the field of Boo II, with 1, 2 and 3σ contours shown as dotted white lines. In this diagram, the metallicity goes down as the y axis colour decreases. The dashed straight line shows the cut applied to the data to distinguish likely the metal-poor from the likely metal-rich stars. The colours and markers used are the same as those of Fig. 1.
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	[image: thumbnail]	Fig. 6. Posterior PDFs of the main dynamical properties of Boo II, i.e. the systemic velocity (left panel), the intrinsic velocity dispersion (middle panel), and velocity gradient (right panel). The dashed blue PDFs show the results of our analysis using only the B23 sample. The purple PDF shows the result of this work using the entire sample (i.e. K09 + B23 + FLAMES). The shaded area indicates the 1σ interval inference of K09 (green) and B23 (red). This K09 interval is not shown for the systemic velocity as their velocity was strongly biased (∼ − 110 km s−1, and therefore outside the plot).
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	[image: thumbnail]	Fig. 7. Proper motions of the full spectroscopic sample. The plot is restricted to an area around the proper motion of Boo II for the sake of visibility, but other stars (clearly non-members) are located outside this region. The density background shows the density of MW star in the field of Boo II, with 1 and 2σ contours shown as dashed black lines. The colour and marker schemes are the same as in previous plots.
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	[image: thumbnail]	Fig. 8. Summary of the velocity and metallicity measurements of the spectroscopic sample to investigate potential velocity and/or metallicity gradients. The velocity uncertainties are reported in the plot but are so small compared to the scale of the y axis that they are overall not visible, except for a few cases with extremely large uncertainties. Top panel: velocity vs. position along Boo II’s major axis. The colour and marker schemes are similar to what was shown in the previous plots. The literature (i.e. K09 + B23) and new members do not display any sign of a velocity gradient, even by including the potential more metal-rich member candidate at χ ∼ −10 arcmin. Lower panel: CaT (with black contours) and CaHK (without contours) metallicities. In the case where both are available for the same star, the two values are linked by a dashed grey line.
In the text
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        Left panel: Spatial distribution of the FLAMES spectroscopic sample. Newly discovered members are shown as red diamonds. Non-members from the FLAMES sample are shown as red crosses. Previously known members from the literature (K09 + B23) are represented as smaller blue circles. Misidentified literature members are shown as green crosses. The two half-light radii of Boo II as inferred by Muñoz et al. (2018, M18) are shown as a black ellipse. The small grey dots show all stars in the field with good quality SDSS photometry (i.e. broadband photometry uncertainties below 0.2 mag). Right panel: CMD of our spectroscopic sample superimposed with the favoured Boo II Dartmouth isochrone in yellow, chosen to match the system’s spectroscopically identified RGB stars. Three other isochrones of varying metallicity (one more metal-poor at [Fe/H] ∼ −2.5, two more metal-rich at ∼ − 1.5 and ∼ − 1.2) are also overplotted as dashed green lines. The g and i magnitudes are from SDSS.
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        Example spectra of three candidate member stars in our FLAMES dataset centred on the CaT lines. The low, mid and high S/N regimes are represented here. The normalised spectra are shown with solid blue lines while the fits derived from our pipeline for Voigt profiles are shown with solid red lines. Residuals in the Voigt cases are shown for each case below the spectra as dashed green lines. These stars have a heliocentric velocity of −133.2 ± 1.5 (the ‘metal-rich’ candidate in Figure 2), −111.3 ± 0.6 and −133.3 ± 0.2 km s−1 from top to bottom.
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        Comparison between the heliocentric velocity of B23 and the ones found in this work for the members stars in common.
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        CaHK colour–colour diagram, with the temperature proxy (g − i)0 on the x axis and the Pristine colour containing the metallicity-sensitive information. The density map in the background of the plot is produced using MW stars in the field of Boo II, with 1, 2 and 3σ contours shown as dotted white lines. In this diagram, the metallicity goes down as the y axis colour decreases. The dashed straight line shows the cut applied to the data to distinguish likely the metal-poor from the likely metal-rich stars. The colours and markers used are the same as those of Fig. 1.
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        Posterior PDFs of the main dynamical properties of Boo II, i.e. the systemic velocity (left panel), the intrinsic velocity dispersion (middle panel), and velocity gradient (right panel). The dashed blue PDFs show the results of our analysis using only the B23 sample. The purple PDF shows the result of this work using the entire sample (i.e. K09 + B23 + FLAMES). The shaded area indicates the 1σ interval inference of K09 (green) and B23 (red). This K09 interval is not shown for the systemic velocity as their velocity was strongly biased (∼ − 110 km s−1, and therefore outside the plot).
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        Proper motions of the full spectroscopic sample. The plot is restricted to an area around the proper motion of Boo II for the sake of visibility, but other stars (clearly non-members) are located outside this region. The density background shows the density of MW star in the field of Boo II, with 1 and 2σ contours shown as dashed black lines. The colour and marker schemes are the same as in previous plots.

      

    

  
    
      Fig. 8. 
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        Summary of the velocity and metallicity measurements of the spectroscopic sample to investigate potential velocity and/or metallicity gradients. The velocity uncertainties are reported in the plot but are so small compared to the scale of the y axis that they are overall not visible, except for a few cases with extremely large uncertainties. Top panel: velocity vs. position along Boo II’s major axis. The colour and marker schemes are similar to what was shown in the previous plots. The literature (i.e. K09 + B23) and new members do not display any sign of a velocity gradient, even by including the potential more metal-rich member candidate at χ ∼ −10 arcmin. Lower panel: CaT (with black contours) and CaHK (without contours) metallicities. In the case where both are available for the same star, the two values are linked by a dashed grey line.

      

    

  
    
      Table A.1. 

      Properties of the new FLAMES spectroscopic sample.

      
        


	RA (deg)
	DEC (deg)
	g0SDSS
	i0SDSS
	CaHK0
	vr(km s−1)
	[image: equation] (mas.yr−1)
	μδ (mas.yr−1)
	S/N
	[Fe/H]Spectro
	[Fe/H]Pristine
	Member





	209.45242
	12.80231
	20.78 ± 0.03
	20.40 ± 0.04
	21.64 ± 0.13
	152.8 ± 2.7
	−4.18 ± 1.28
	−1.19 ± 1.20
	9.6
	−2.3 ± 0.1
	−99.0
	N



	209.44429
	12.89236
	20.26 ± 0.02
	19.58 ± 0.02
	21.18 ± 0.09
	−129.7 ± 0.6
	−2.48 ± 0.55
	0.32 ± 0.44
	18.3
	−2.5 ± 0.1
	−1.05
	Y



	209.63325
	12.80231
	19.49 ± 0.02
	18.95 ± 0.02
	20.05 ± 0.04
	11.2 ± 1.3
	−5.70 ± 0.30
	−4.62 ± 0.23
	26.0
	−2.8 ± 0.1
	−2.08
	N



	209.46717
	12.74372
	19.25 ± 0.01
	18.97 ± 0.02
	19.58 ± 0.03
	230.4 ± 1.8
	0.76 ± 0.32
	−0.21 ± 0.24
	26.7
	−4.6 ± 0.5
	−2.02
	N



	209.5725
	12.8035
	20.74 ± 0.03
	20.14 ± 0.03
	21.52 ± 0.12
	−124.7 ± 0.5
	−2.60 ± 0.85
	0.27 ± 0.81
	14.0
	−2.1 ± 0.1
	−1.11
	Y



	209.65196
	12.79147
	20.13 ± 0.02
	19.79 ± 0.03
	20.59 ± 0.06
	−223.4 ± 1.4
	−1.85 ± 0.52
	−2.89 ± 0.42
	18.2
	−3.0 ± 0.1
	−1.29
	N



	209.47608
	13.03169
	19.56 ± 0.02
	19.29 ± 0.02
	19.92 ± 0.03
	−149.6 ± 1.3
	0.70 ± 0.51
	−0.59 ± 0.33
	18.1
	−2.7 ± 0.1
	−1.41
	N



	209.354
	12.80975
	21.56 ± 0.05
	20.89 ± 0.05
	22.17 ± 0.21
	−62.7 ± 0.1
	—
	—
	6.3
	—
	−2.41
	N



	209.50475
	12.98253
	21.29 ± 0.05
	21.02 ± 0.07
	22.14 ± 0.20
	161.5 ± 3.0
	—
	—
	6.1
	—
	−99.0
	N



	209.55775
	12.98733
	20.08 ± 0.02
	19.73 ± 0.03
	20.55 ± 0.05
	−71.5 ± 1.4
	−3.10 ± 0.50
	−2.54 ± 0.39
	19.2
	−2.6 ± 0.1
	−1.35
	N



	209.51708
	12.68917
	20.42 ± 0.02
	19.98 ± 0.03
	20.90 ± 0.07
	226.2 ± 1.7
	−8.06 ± 0.73
	−3.92 ± 0.57
	13.1
	−3.1 ± 0.1
	−2.03
	N



	209.54108
	12.79853
	20.22 ± 0.02
	19.57 ± 0.02
	20.84 ± 0.07
	−128.5 ± 1.4
	−2.70 ± 0.55
	−0.71 ± 0.43
	18.0
	−4.0 ± 0.4
	−2.35
	Y



	209.53246
	12.82261
	20.71 ± 0.03
	20.09 ± 0.03
	21.35 ± 0.10
	−126.0 ± 1.3
	−2.41 ± 0.70
	−0.05 ± 0.54
	16.2
	−2.0 ± 0.1
	−2.06
	Y



	209.3935
	12.88433
	20.60 ± 0.03
	20.12 ± 0.03
	21.31 ± 0.10
	−2.2 ± 0.1
	−0.77 ± 0.98
	−3.03 ± 1.01
	10.9
	—
	−0.80
	N



	209.560
	12.91556
	21.55 ± 0.06
	20.89 ± 0.06
	22.27 ± 0.21
	79.6 ± 1.9
	—
	—
	7.5
	−2.2 ± 0.1
	−1.87
	N



	209.70254
	12.84258
	20.51 ± 0.03
	20.02 ± 0.03
	21.10 ± 0.08
	180.0 ± 0.7
	−1.61 ± 0.75
	−1.64 ± 0.63
	11.1
	—
	−1.64
	N



	209.55479
	12.83772
	21.10 ± 0.04
	20.42 ± 0.04
	22.02 ± 0.17
	−111.3 ± 0.6
	−0.34 ± 1.15
	−1.92 ± 1.06
	10.8
	−2.2 ± 0.1
	−0.93
	Y



	209.65579
	12.72564
	21.14 ± 0.04
	20.80 ± 0.05
	21.50 ± 0.12
	220.8 ± 1.5
	—
	—
	6.9
	—
	−2.12
	N



	209.46333
	12.7540
	21.31 ± 0.04
	20.43 ± 0.04
	22.20 ± 0.20
	−95.8 ± 1.0
	−5.73 ± 1.31
	0.99 ± 1.91
	11.3
	—
	−2.00
	N



	209.68962
	12.87806
	16.74 ± 0.01
	15.88 ± 0.01
	17.66 ± 0.01
	156.4 ± 0.1
	−1.17 ± 0.06
	−0.90 ± 0.04
	100.2
	—
	−1.82
	N



	209.47058
	12.75111
	20.28 ± 0.02
	19.86 ± 0.03
	20.95 ± 0.07
	241.6 ± 2.0
	−4.14 ± 0.74
	−0.17 ± 0.46
	14.5
	−1.8 ± 0.1
	−0.81
	N



	209.62492
	12.94817
	20.37 ± 0.03
	19.70 ± 0.03
	21.29 ± 0.09
	−118.2 ± 1.1
	−1.56 ± 0.56
	0.28 ± 0.46
	17.0
	−2.0 ± 0.1
	−0.88
	Y



	209.52746
	12.69019
	19.25 ± 0.01
	18.94 ± 0.02
	19.73 ± 0.03
	137.9 ± 0.6
	0.60 ± 0.27
	−7.25 ± 0.21
	24.9
	−3.2 ± 0.1
	−0.99
	N



	209.40612
	12.86347
	18.15 ± 0.01
	17.49 ± 0.01
	18.83 ± 0.02
	−133.3 ± 0.2
	−2.48 ± 0.13
	−0.41 ± 0.09
	48.8
	−3.5 ± 0.1
	−2.05
	Y



	209.505
	12.99647
	21.09 ± 0.04
	20.65 ± 0.05
	21.87 ± 0.16
	−42.9 ± 1.6
	0.12 ± 1.75
	−4.05 ± 2.12
	7.8
	−2.4 ± 0.1
	−0.47
	N



	209.43242
	12.79056
	20.21 ± 0.02
	19.52 ± 0.02
	20.80 ± 0.06
	−127.7 ± 0.8
	−2.38 ± 0.42
	−0.57 ± 0.35
	19.2
	−2.9 ± 0.1
	−2.64
	Y



	209.65917
	12.79481
	20.26 ± 0.02
	19.90 ± 0.03
	20.83 ± 0.07
	5.3 ± 1.2
	−3.11 ± 0.78
	−3.12 ± 0.59
	18.9
	−2.3 ± 0.1
	−0.98
	N



	209.41867
	12.92331
	21.15 ± 0.04
	20.53 ± 0.05
	21.73 ± 0.14
	96.3 ± 2.2
	3.79 ± 1.64
	−5.74 ± 1.91
	7.6
	−2.6 ± 0.1
	−2.35
	N



	209.49804
	12.86472
	20.61 ± 0.03
	20.00 ± 0.03
	21.30 ± 0.10
	−126.2 ± 1.3
	−1.11 ± 0.66
	−0.93 ± 0.51
	16.3
	−2.6 ± 0.1
	−1.78
	Y



	209.465
	13.02353
	20.40 ± 0.03
	19.98 ± 0.03
	21.24 ± 0.10
	−106.0 ± 1.3
	−0.98 ± 0.74
	−2.21 ± 0.72
	12.7
	−1.8 ± 0.1
	−99.0
	N



	209.37796
	12.8160
	21.50 ± 0.05
	20.98 ± 0.06
	22.08 ± 0.19
	242.3 ± 0.6
	—
	—
	6.2
	—
	−1.82
	N



	209.56796
	12.93706
	21.35 ± 0.05
	20.70 ± 0.05
	22.09 ± 0.18
	−197.5 ± 0.4
	—
	—
	10.4
	−1.6 ± 0.1
	−1.66
	N



	209.48992
	12.69061
	21.41 ± 0.05
	20.93 ± 0.06
	22.24 ± 0.21
	−133.2 ± 1.1
	—
	—
	6.0
	—
	−0.41
	MRC



	209.44946
	12.79931
	21.41 ± 0.05
	20.95 ± 0.06
	21.83 ± 0.15
	−59.5 ± 2.1
	—
	—
	6.1
	—
	−2.55
	N



	209.36496
	12.77058
	21.62 ± 0.06
	21.33 ± 0.08
	23.06 ± 0.41
	68.8 ± 0.3
	—
	—
	4.7
	—
	−99.0
	N



	209.42846
	12.85108
	16.77 ± 0.01
	16.55 ± 0.01
	17.19 ± 0.01
	−109.1 ± 0.3
	−6.84 ± 0.07
	−14.6 ± 0.05
	81.7
	−4.4 ± 0.2
	−0.51
	N



	209.47825
	12.75947
	21.10 ± 0.04
	20.66 ± 0.05
	21.51 ± 0.11
	146.5 ± 1.9
	−1.14 ± 1.75
	1.63 ± 2.18
	6.9
	—
	−2.50
	N



	209.44692
	12.84725
	21.03 ± 0.04
	20.28 ± 0.03
	21.93 ± 0.17
	−31.2 ± 2.3
	−2.09 ± 1.07
	1.17 ± 1.13
	12.2
	−2.0 ± 0.1
	−1.38
	N



	209.583
	12.88564
	17.91 ± 0.01
	17.65 ± 0.01
	18.38 ± 0.01
	15.2 ± 0.3
	−1.68 ± 0.12
	−12.67 ± 0.10
	43.5
	−3.3 ± 0.1
	−0.67
	N





      

      
Notes. Only stars with a S/N ratio ≥10 have a photometric metallicity measurement. The star denoted ’MRC’ is the candidate a-priori too metal-rich to be a true Boo II member.



    

  
    
      Table A.3. 

      Probable misidentified members from the literature.

      
        


	RA (deg)
	DEC (deg)
	g0SDSS
	i0SDSS
	CaHK0
	vr(km s−1)
	[image: equation] (mas.yr−1)
	μδ (mas.yr−1)
	[Fe/H]spectro





	209.53947
	12.85719
	20.37 ± 0.03
	19.74 ± 0.03
	20.94 ± 0.07
	−138.5 ± 2.6
	−2.71 ± 0.53
	0.02 ± 0.44
	—
	CaHK



	209.5729
	12.86183
	20.39 ± 0.03
	19.78 ± 0.03
	21.04 ± 0.08
	−135.8 ± 2.4
	−3.24 ± 0.53
	−0.47 ± 0.42
	—
	CaHK



	209.52933
	12.85634
	18.58 ± 0.01
	18.34 ± 0.01
	18.30 ± 0.01
	−118.4 ± 1.4
	−2.59 ± 0.16
	−0.61 ± 0.12
	—
	CaHK





      

      
Notes. The mention “CaHK” in the last column indicates that the CaHK magnitude was decisive in the decision-making.
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