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Abstract

The discovery of the most metal-poor stream, C-19, provides us with a fossil record of a stellar structure born very soon after the big bang. In this work, we search for new C-19 members throughout the sky by combining two complementary stream-searching algorithms, STREAMFINDER and StarGO, and utilizing low-metallicity star samples from the Pristine survey, as well as Gaia BP and RP spectrophotometric catalogs. We confirm 13 new members, spread over more than 100°, using velocity and metallicity information from a set of spectroscopic follow-up programs that targeted a quasi-complete sample of our bright candidates (G ≲ 16.0). From the updated set of stream members, we confirm that the stream is wide, with a stream width of ~200 pc, and dynamically hot, with a derived velocity dispersion of 10.9-1.5+2.1 km s−1. The tension remains between these quantities and a purely baryonic scenario in which the relatively low-mass stream (even updated to a few 104 M⊙) stems from a globular cluster progenitor, as suggested by its chemical abundances. Some heating mechanism, such as preheating of the cluster in its own dark matter halo or through interactions with halo substructures, appears necessary to explain the tension. The impact of binaries on the measured dispersion also remains unknown. Detailed elemental abundances of more stream members, as well as multi-epoch radial velocities from spectroscopic observations, are therefore crucial to fully understanding the nature and past history of the most metal-poor stream of the Milky Way.
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1 Introduction
Old stellar streams are fossil relics from the very early Universe. We can find them orbiting in the nearby halo, which allows us to measure the motions and chemical abundances of each individual member with great precision. Detailed chemodynamical studies of streams open the window to understanding the formation of the first stellar structures, as an alternative approach to direct observations such as the images and spectra of high redshift galaxies (e.g., GZH2, Zavala et al. 2025) using the James Webb Space Telescope (JWST).
As age is a quantity that is very difficult to directly measure for most stars, the iron abundance of a star, which records the chemical enrichment (or lack thereof) of its birth place, is generally used as a crude proxy for age. Extremely metal-poor (EMP) stars have [Fe/H] < −3.0, which is less than 1/1000th of the solar abundance. These stars were born in a pristine environment at a time when supernova events occurred sparsely and the interstellar medium was not well mixed (e.g., Argast et al. 2000), roughly ~1 Gyr after the big bang (z ~ 5–6). It is not hard to imagine that streams consisting of EMP stars come from stellar structures formed at the same epoch.
In the Gaia era, stellar stream searches (e.g., Ibata et al. 2021) have now revealed a handful of low-metallicity streams (Wan et al. 2020; Martin et al. 2022a), the most metal-poor of which is the C-19 stream (Martin et al. 2022b). Originally identified as an EMP stream from the Pristine photometric metallicity survey, follow-up spectroscopic observations of its brightest stars confirmed the stream stars have [Fe/H] = −3.38, with an unresolved metallicity dispersion of less than 0.18 dex at the 95% confidence level. The latter strongly suggests that the C-19 progenitor was a globular cluster. This is also supported by the relatively large variation in light elements between two members, a distinctive signature of globular clusters (see, e.g., Gratton et al. 2004; Bastian & Lardo 2018, and references within). Previous observations have also highlighted a tension between the dynamical properties and its presumed globular cluster progenitor. C-19 has a large velocity dispersion for a cluster (σv = [image: equation] km s−1), with an estimated mass of only a few times 104 M⊙, based on precise velocity measurement of ten members brighter than G = 17.6 (Yuan et al. 2022b). This is further consolidated by the measurements of 12 faint subgiant members (G ≈ 20) by X-Shooter on ESO 8.2 m Very Large Telescope (VLT) (Bonifacio et al. 2024). C-19 is the most metal-poor system we have been able to obtain precise chemodynamical measurements for, and current data show that it is a much more complicated structure than expected.
Previous studies also revealed a new member star separated by 30° from the main body (Yuan et al. 2022b), which opens the promise that there could be more as-yet undiscovered C-19 members along the orbit. From the perspective of the formation of the first stellar structures, finding more bright stars in the stream would enable us to obtain their detailed elemental abundances and characterize the nature of the stream progenitor. In this work, we report a thorough search for bright C-19 members (G ≲ 16.0) throughout the sky. This task is now possible thanks to the new Gaia DR3 and the BP and RP (BP/RP) spectra that have been used to derive metallicities over the full sky, combined with the improved search capabilities from the fusion of STREAMFINDER and StarGO (Yuan et al. 2018; Ibata et al. 2021; Yuan et al. 2022a). Using high-resolution spectra from telescopes in both hemispheres, we are able to confirm their memberships based on both velocity and metallicity.
The identification of candidate members is explained in detail in Sect. 2. The analysis of the metallicities of the observed candidates from combined telescope programs is described in Sect. 3. The updated dynamical properties of C-19, including all the newly confirmed members, are derived in Sect. 4. The study of the chemical signature of a subsample of the stars reported here will be presented in a forthcoming paper (Venn et al., in prep.).
	[image: thumbnail]	Fig. 1 (a) Self-organizing map trained by the STREAMFINDER catalog in the space of (E, Lz, θ, ϕ). The gray color bar represents the differences in the weight vectors between neighboring neurons. Previously confirmed C-19 members are projected onto the SOM and plotted as red crosses. (b) Histogram of the logarithmic distances in the weight vector space between the existing C-19 stars and stars from the STREAMFINDER catalog (ΔC19). Stars below the first percentile are selected as candidate C-19 members and shown in green in the histogram. They are also plotted as small colored circles in the other panels, with the color representing their proper motions in Gaia DR3 along the declination direction, μδ. Candidates brighter than G = 17.5 are further highlighted by yellow circles. (c) On-sky projection of the candidate members, color coded by μδ. Two stream segments are identifiable with similar μδ. The final four candidates for follow-up, selected through other means (see text) are highlighted with black circles.



2 Member identification
2.1 Before Gaia DR3
We first searched for stars similar to known C-19 stars in dynamical space. This was done by applying StarGO to a STREAMFINDER catalog of stars likely to be in a stream, between 10 and 30 kpc. Contrary to the main Gaia EDR3 STREAMFINDER catalog (Ibata et al. 2021), we considered stars with lower probabilities, using an 8σ instead of the 10σ originally used by Ibata et al. (2021). StarGO uses a self-organizing map (SOM) to visualize the clustering of these stars in the (E, Lz, θ, ϕ) space, where the latter two quantities characterize directions of the angular momentum vector:
[image: equation](1)
The 2D neuron map trained by the STREAMFINDER catalog is shown in Fig. 1a, where a neuron is located at each grid point (x, y). Stars that have similar properties in dynamical space will be located close to each other on the SOM. This enabled us to easily select stars close to the known C-19 stars on the trained SOM. Instead of remapping these stars using their real measurements (e.g., their radial velocities from the follow-up observations), we simply found them in the STREAMFINDER catalog, shown as red crosses in Fig. 1a, so they were more directly comparable to the other stars. In this way, we were not biased by offsets that might arise between the actual velocities and the predicted ones from STREAMFINDER. This procedure is similar to the one we successfully applied to the search for Cetus stream members (Yuan et al. 2022a).
To identify new candidate C-19 stars, we first calculated the distance, ΔC19, of each STREAMFINDER star to the ten C-19 members on the 2D map. This is [image: equation], whose distribution is shown in panel b of Fig. 1. We then selected the 1% of stars that have the smallest ΔC19. These stars are color coded by their proper motion in the δ direction in panels a and c of Fig. 1. Their on-sky projection (panel c of the Figure) immediately shows two potential stream segments (located at δ ~ −10° and δ ~ −45°) that have the same proper motion as that of the stream orbit from Ibata et al. (2023). In total, there are nine stars in these segments brighter than G = 17.5, which we highlight with open yellow circles. After further excluding these candidates with photometric metallicities above [Fe/H] = −2.0 in the SkyMapper DR2 (Huang et al. 2022) and the Pristine catalog (Starkenburg et al. 2017), we are left with four candidates along the C-19 orbit and away from the main body for spectroscopic follow-up. These are highlighted with open black circles in panel c of Fig. 1. We note that two of these stars are so close together, around α = 347°, that they are almost indistinguishable in the Figure. We also tested tuning the threshold on ΔC19 to be more inclusive, but this does not lead to any candidates that are more convincing.
We observed these four most likely candidates using the Magellan telescope on 19 August 2022 (PI: Jiang), with an exposure time of 20–30 minutes for each of the three targets fainter than G = 16.0, and 10 minutes for the most southern one (6559328209695612544) with G = 13.7. We used the standard setup of the Magellan Inamori Kyocera Echelle (MIKE) spectrograph (0.7″ × 5.0″ slit, 2×2 bin, standard grating angle), which reaches a resolving power of R ~ 28 000 and ~35 000 in the red and blue wavelength regions, respectively (Bernstein et al. 2003). The data were reduced with the MIKE Carnegie Python pipeline (Kelson 2003). We derived their radial velocities using iSpec (Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019), by comparison with standard star HD 182572 observed during the same night. All of the candidates have velocities consistent with the C-19 orbit, listed as stars1 in Table 1. From experience using MIKE, we note that it is very difficult to calibrate velocities extracted from its spectra at better than ~2 km s−1. We therefore assumed this value as the systematic floor to the MIKE velocity uncertainties, and the statistical uncertainties are denoted as δ(vr) with a star symbol in the upper script in the last column of Table 1. Given the large velocity dispersion of C-19, this choice does impact our inference on the velocity dispersion or the membership. We combined both systematic and statistical uncertainties to derive the velocity dispersion of the stream in Sect. 4. These four stars are plotted as orange circles in Fig. 2. Two of them are located close to the member separated by 30° away from the main body, which was previously confirmed by Yuan et al. (2022b), and the other two are located 30° further south. Their spectra also show that they all have metallicities ≈−3.2, which further confirms their membership (see details in Sect. 3).
	[image: thumbnail]	Fig. 2 (a) On-sky projection of the updated sample of C-19 stream members. Previously identified members are represented by magenta daggers (Yuan et al. 2022b) and purple crosses (Bonifacio et al. 2024). The solid black line corresponds to the C-19 orbit derived by Ibata et al. (2023), and the small gray dots represent the simulated stream from Errani et al. (2022). Candidates identified from the fusion of StarGO and STREAMFINDER are plotted as orange circles, and the candidates identified using a star-by-star search of photometric metallicity catalogs after Gaia DR3 are plotted as blue circles. All shown members have radial velocities consistent with the orbit, as shown in panel b. Stars that have spectroscopic [Fe/H] < −3.0 are considered as members and are highlighted with solid black circles. The other stars are probable members and highlighted by dotted circles (see text for more details). (c) Color-magnitude diagram of all the C-19 members previously identified or from this study. The gray crosses denote candidate members without radial velocity information (Yuan et al. 2022b). The solid black line here represents the 12-Gyr isochrone with [Fe/H] = −2.2 from the PARSEC model (Bressan et al. 2012; Fu et al. 2018).



2.2 After Gaia DR3
Gaia DR3 greatly expands the radial velocity sample (RVS) to G = 16, with an average magnitude of G ≈ 14.5 (Katz et al. 2023). Moreover, using the Ca H & K band constructed from the Gaia BP/RP spectra (Carrasco et al. 2021; Andrae et al. 2023; Montegriffo et al. 2023), we are able to estimate photometric metallicities for very metal-poor stars with G ≲ 16.0 (the Pristine-Gaia synthetic catalog; Martin et al. 2024). All this new information makes it possible to conduct a star-by-star search for C-19 members, using our knowledge of the orbit and the metallicity of the stream.
We started with stars that have Gaia RVS radial velocities along with Pristine-Gaia synthetic metallicities [Fe/H] < −2.8 (using their giant photometric metallicity model). Then we selected those stars along the C-19 trajectory in the 6D kinematic space that have differences in both tangential and radial velocities of less than 30 km s−1 with respect to the values predicted for the orbit. This approach gives us five potential members with G < 14.5. Among them, one is an EMP star discovered in SEGUE (Aoki et al. 2013) with consistent radial velocity; therefore, it is immediately confirmed. The other candidates are located along the two stream segments previously found, except for one star that is located at δ ≈ + 75°, on the other side of the Milky Way disk.
We followed up two candidates with Magellan/MIKE in August 2022 (PI: Jiang; the program already mentioned above) and one star with the Isaac Newton Telescope (INT) on 19 July 2022 (PI: Viswanathan). In the INT program, the intermediate dispersion spectrograph (IDS) is equipped with the RED+2 CCD. We used the R1200R grating, a 1.37″ slit width, and the GG495 order-sorting filter. This setting gives a resolving power of R ~ 8000 around the Ca triplet region from 7850 to 9150 Å (Viswanathan et al. 2025). The star above the disk was observed with the Subaru telescope on 20 September 2022 (PI: Yuan). In this program, we used the High Dispersion Spectrograph (HDS) in the setup of StdYd, with a slit width of 0.8″. This provides a wavelength coverage of 4000–5340 and 5450–6800 Å, R = 45 000 (Noguchi et al. 2002). The data were reduced using the IRAF1 script hdsql2. For each target, we took a quick exposure of 10 minutes, irrespective of the telescope. This allowed us to derive their metallicities for further confirmation of their membership, which is described in detail in Sect. 3. These five stars are listed as star2 in Table 1.
Up to now, we are confident that, in addition to the main body of the C-19 stream, there are two additional segments of the stream at lower declination, as revealed in panel c of Fig. 1. The previously mentioned star-by-star search approach is based on the Gaia RVS sample, which typically contains bright stars with G < 14.5. We believe that there should be additional fainter members that are awaiting discovery. Based on the detailed kinematics of the confirmed members in these two stream segments, we were able to do a similar star-by-star search in fainter stars that do not have radial velocity information. To do so, we used both Pristine-Gaia synthetic metallicities from Gaia BP/RP and proprietary Pristine metallicities for fainter stars. As before, we selected stars with [Fe/H] < −2.8 and proper motions compatible with the orbit around the known segments. We find seven candidates with 14.8 < G < 17.4, only one of which (2641204161744171392) has a radial velocity from Gaia RVS. The velocity agrees well with expectations from the C-19 orbit at this location.
We observed these seven stars with an exposure time of 10 minutes each on the nights of 2 and 4 September 2023 (PI: Ibata) using the Very Large Telescope (VLT) with the UV-visual echelle (UVES) spectrograph. The slit width was set to 0.7″, which provided a resolving power R ~ 60 000. The wavelength coverage was 3750–5000, 5700–7500, and 7660–9450 Å (Dekker et al. 2000). The observed spectra were reduced with the ESO pipeline3. We confirm that all of them have radial velocities consistent with those of the C-19 orbit at their respective positions, listed as stars3 in Table 1. We note that there is one star* (2658115921889849472) that has a quite low quality spectrum and has a difference of ~6 km s−1 in radial velocity derived from two bands around 5800–6800 Å and 8400–8750 Å. The membership is still valid despite the velocity discrepancy. But the spectrum does not have sufficient information to determine its accurate velocity as well as its metallicity. In fact, the metallicity derived from its Ca triplet region in Sect. 3 is above [Fe/H]=−3. Therefore, we do not consider this star as a confirmed member and do not take it into account in the analysis of velocity dispersion in Sect. 4.
With all these candidates with confirmed velocities, whose properties are shown in Fig. 2, the C-19 stream is continuously populated from the main body to δ = −10°. The other segment starts from δ = −38° and no members are found in between. Overall, the stream profile is more complete above δ = −10°, due to the boundaries of the Pristine survey footprint. Within the Pristine footprint, the proprietary Pristine data have more accurate Ca H & K photometry and reach fainter stars compared to the Pristine-Gaia synthetic Ca H&K from Gaia BP/RP. We therefore naturally find more fainter new members (G ≳ 16) within its sky coverage. The lack of deeper Ca H&K data in the south possibly explains the gap in the current distribution of C-19. The furthest member in the north is separated from the main body of the stream by the Milky Way disk. It is also located in a region without overlap with the Pristine footprint.
Table 1 
Stellar parameters for the new C-19 member stars.

Table 2 
Metallicities for the new C-19 member stars.

3 Metallicity
For all the 16 stars observed in this work, we estimated the stellar parameters, the distance, and the extinction by fitting the metal-poor (Z = 2 × 10−5, corresponding to [Fe/H] = −3.2), α-enhanced BASTI-IAC isochrones (Hidalgo et al. 2018; Pietrinferni et al. 2021) to the Gaia and 2MASS photometry (Cutri et al. 2003; Skrutskie et al. 2006), as well as the Gaia parallax of the star. We maximized the likelihood by varying the distance, initial mass, age, and extinction. We used a flat prior between 10 Gyr and 14 Gyr for the age, and the initial mass function by Chabrier (2003) for the mass. We added 0.05 mag error floors in quadrature to the reported uncertainties in photometry, to account for possible systematic offsets between the observations and the isochrone models. The inferred stellar parameters are shown in Table 2.
Combining all the follow-up programs, there are 14 stars that have high-resolution spectra with a resolving power R ≳ 30 000 using Subaru/HDS, Magellan/MIKE, and VLT/UVES. Among them, eight stars have sufficiently high signal-to-noise ratio (S/N) spectra for the analysis of individual Fe lines (see Table 1). The five stars with UVES spectra do not have a high enough S/N for such analysis, but we are still able to infer metallicities from the Ca II triplet (CaT) lines for all of them. In order to check consistency between these two methods, we derived metallicities using the CaT lines for the nine stars with high S/N HR spectra. The two analysis methods are briefly described below.
The first method is based on equivalent widths of individual Fe lines and stellar parameters. We first measured the equivalent widths by fitting a Gaussian profile to each Fe line. We then constructed a model atmosphere by interpolating the grid of MARCS model atmospheres (Gustafsson et al. 2008), using the stellar parameters of the studied star. Since S/N is not sufficient to determine the microturbulent velocity (vt) for most of our targets, an empirical approach was adopted here. We first fitted a linear function to the relation between vt and log g among the extremely metal-poor giants ([Fe/H] < −2.8, Teff < 5500 K, and log g < 3.0) of Li et al. (2022a). The vt values we adopted for the C-19 stars were determined from this linear relation with the estimated log g. Based on these inputs (vt, Teff, log g, and the equivalent widths), we derived the Fe abundance using the radiative transfer code MOOG (Sneden 1973), from 7 to 57 neutral Fe lines. The uncertainties on the derived metallicities are dominated by the uncertainties on Teff and are estimated to be ~0.1 dex.
In the second approach, we first measured the equivalent widths of the CaT lines by fitting a Voigt profile to each component. We then derived the metallicity using the relation between metallicity, total equivalent width, and absolute Ks band magnitude, as calibrated by Carrera et al. (2013). The metallicity uncertainties are dominated by the scatter around the calibrated relation (0.17 dex), yielding a typical uncertainty of ~0.2 dex in metallicity for this method.
The metallicities reported in this work come from these two methods, as well as from spectra with different resolutions. Thus, a consistency check is necessary. We first compared the metallicities of the nine stars with high S/N HR spectra derived using the two methods described above. These stars are color coded by S/N in the top panel of Fig. 3. By taking into account the uncertainties, the [Fe/H] metallicities based on the Fe lines and [Fe/H]CaT, derived from the CaT lines, are close to the one-to-one line. The most discrepant star (2640793013114783872) corresponds to the lowest S/N spectra (S/N1 = 7 in Table 1), for which both methods may still work. Excluding this low S/N star, the overall comparison shows that metallicities derived from these two methods are consistent within ~0.2 dex.
We then compared the metallicities for the same stars that are derived from spectra of different resolutions, as well as from these two methods. There are three stars for which we could do this comparison. In the middle panel of Fig. 3, [Fe/H] represents the measurements from Fe lines using the different HR spectra, while [Fe/H]CaT shows estimates using low-tomedium spectra from INT/IDS with R ~ 8000, covering the CaT region. The different values for these three stars (yellow and magenta symbols) agree well with each other. Here, the two stars with VLT/UVES spectra are existing C-19 members Pristine 355.32+27.59 (2865251577418971392) and Pristine 354.96+28.47 (2866151046649496832), from the C-19 discovery study (Martin et al. 2022b). The other star that has one Subaru/HDS spectrum and one INT/IDS spectrum is a new member confirmed in this study.
To summarize this section, we selected 16 candidate members of the C-19 stream based on their kinematics in Sect. 2 and confirm 13 new members that have spectroscopic metallicities consistent within the systematic uncertainty (0.2 dex) of the C-19 stream (Martin et al. 2022b) when we take into account the uncertainties of our methods. We plot the metallicity distribution (MDF) of [FeI/H] from the C-19 members in Yuan et al. (2022b) as the purple histogram, as well as the MDFs of newly confirmed members, in the bottom panel of Fig. 3, where the blue and orange histograms denote the MDFs of [Fe/H] and [Fe/H]CaT, respectively. The mean of the old members ⟨[FeI/H]⟩ = −3.37, compared to the mean of the new members: ⟨[Fe/H]⟩ = −3.25 and ⟨[Fe/H]CaT⟩ = −3.22. The offset is less than the systematic uncertainty of 0.2 dex reported in Martin et al. (2022b). Assuming the metallicity distribution is Gaussian, and using a likelihood analysis similar to that of Martin et al. (2022b), the inference on the metallicity dispersion comes out as consistent with no dispersion for both sets of metallicities listed in Table 2. However, since the spectra of the majority of stars in this paper have rather low S/N, we postpone a detailed discussion on this topic to an upcoming paper (Venn et al., in prep) that reaches the same conclusion, but based on much higher S/N reobservations of several of the bright members presented here. There are three stars with metallicities beyond the systematic uncertainty of the C-19 stream which are not included in the MDFs. These stars still all have low metallicity values (< − 2.5) and are marked as “probable members” in Table 2 and highlighted by dotted circles in Figs. 2 and 4. One of them (2658115921889849472*) has a discrepancy in velocities derived from two bands due to the low-quality spectrum, as mentioned in Sect. 2. We can see that the probable members are not further away from the orbit than the confirmed ones and that they have a similar confidence in membership shown in kinematic space. This may suggest that there was an additional, slightly more metal-rich population in the C-19 progenitor. Intriguingly, this result is similar to those of Bonifacio et al. (2024) for turnoff stars in the main body of C-19. However, these stars also all have low S/N spectra and we cannot rule out that the low S/N is unduly affecting our results. Higher S/N spectra are required to confirm their metallicities.
	[image: thumbnail]	Fig. 3 Metallicities of the C-19 members. (a) Comparison of the metallicities derived from the two methods for the same spectra of the nine stars that have high S/N HR spectra. The symbols are color coded by S/N1 (Table 1). (b) Comparison of the metallicities derived from the HR spectra using Fe lines and the low-to-medium spectra using Ca triplet equivalent widths for three C-19 stars. The two existing member stars in Yuan et al. (2022b) with VLT/UVES spectra are plotted with yellow symbols and the new member with a Subaru/HDS spectrum is shown in magenta. (c) MDFs of [Fe/H] (blue) and [Fe/H]CaT (orange) in this work compared to the MDF of [FeI/H] of the existing C-19 members from Yuan et al. (2022b).



4 Velocity dispersion, width and mass
Based on the full sample of 23 confirmed members with precise radial velocities, 10 stars from Yuan et al. (2022b) and 13 stars in Sect. 3, we were able to reevaluate the dynamical properties of C-19. Here, we first rotated the equatorial coordinates to a set of stream coordinates (ϕ1, ϕ2), following the technique presented in Koposov et al. (2010) and adopting the pole and zero point of the main body of the stream (α0 = 354.356°, αpole = 81.45°, δpole = −6.346°) from Ibata et al. (2023). The resulting projection of the sample is displayed in Fig. 4, along with that of the stream orbit from the same study, which is simultaneously fitted to 29 streams, for an isolated axisymmetric Milky Way potential (Ibata et al. 2023). We then calculated the offsets in velocity (Δv = vr − vr,orbit(ϕ1)) and perpendicular angular distance (Δϕ2 = ϕ2 − ϕ2,orbit (ϕ1)) with respect to the orbit. As in Yuan et al. (2022b), we used the formalism of Martin et al. (2018) to infer the mean and dispersion of both quantities, and in this work we obtain σv = [image: equation] km s−1, shown in Fig. 5. If we simply used a polynomial fitted orbit to the confirmed members, the dispersion is slightly smaller, σv = [image: equation] km s−1. Among all the members, the star above the disk has the largest offset from the orbit, as shown in the bottom panel of Fig. 4. By excluding this star, the velocity dispersion is only slightly smaller: σv = [image: equation] km s−1 using the C-19 orbit, σv = [image: equation] km s−1 using a polynomial fitted orbit. To estimate the stream width, we used the densest part of the stream, i.e., the main body located close to the apocenter with the distance around 20 kpc. The dispersion in angular distance is σϕ2 = [image: equation] and the stream width is translated to be ~200 pc. These new results clearly show that, over the 100° traced by the updated sample, the C-19 stream is even hotter than previously found. Previous studies focused on the main body of C-19 and gave a velocity dispersion of [image: equation] km s−1, a stream width of ~159 pc (Yuan et al. 2022b), and a velocity dispersion of [image: equation] km s−1 for subgiants (Bonifacio et al. 2024).
The top panel of Fig. 4 shows that members brighter than G = 16.0 (orange circles) are nearly evenly distributed along the orbit and become just slightly more clustered in the main body, where seven bright stars are located. There are now 14 confirmed bright members (G < 16.0), which has doubled the previous number of known members presented by Yuan et al. (2022b). There is no reason to expect significant parts of the streams to have been missed at this stage, as stream segments with similar significance and similar orbital properties as C-19 should have been found using our search method in dynamical space by combining StarGO and STREAMFINDER. This is particularly true beyond the current extent of the stream, in the Galactic caps (Fig. 2), where it is easier to isolate streams because of their higher contrast with the Milky Way stellar populations. The one place where parts of the stream could still be evading detection is behind the Milky Way disk, north of the main body of C-19. The upcoming Gaia DR4 data release, with deeper BP/RP spectra, along with further extensions of the Pristine footprint in this direction, should help the search for the presence of C-19 in this low-latitude region.
With the current extension of the stream and the star-by-star search in Gaia, described in Sect. 2.2, we have checked all the low-metallicity stars in the Pristine-Gaia synthetic catalog along the stream orbit with compatible proper motions down to G ≈ 16.0 (Martin et al. 2024). Assuming the resulting sample of members is close to complete, we can update the estimated mass of the C-19 stream. This mass will still be a lower limit but should be closer to the true mass of the C-19 progenitor than earlier estimates (>3.5 × 103 L⊙ or 0.8 × 104 M⊙) based on the main body of the stream (Martin et al. 2022a). By summing the fluxes of all the stars brighter than G = 16.0 along the giant branch, the total luminosity is 1.8 × 104 L⊙ after correction for the unobserved fainter stars using the luminosity function associated with the PARSEC isochrone mentioned above (Bressan et al. 2012; Fu et al. 2018) and using a Kroupa initial mass function (IMF; Kroupa 2001, 2002). Assuming a mass-to-light ratio M/L = 2–3, typical of very old stellar populations (Maraston 2005), the mass of C-19 is ~3.7–5.5 × 104 M⊙, which, unsurprisingly given the much larger number of confirmed bright C-19 members, is significantly larger than the previous estimate. We note that a different IMF would also affect the derived M/L ratio (e.g., Cappellari et al. 2012). There is observational evidence suggesting that top-heavy IMFs are favored in extremely dense star-forming regions, such as the 30 Doradus star-forming region in the Large Magellanic Cloud (Schneider et al. 2018) or star-burst galaxies at redshift ~2–3 (Zhang et al. 2018; Guo et al. 2024). The C-19 progenitor was very likely a globular cluster, which could have been born in a similar environment of dense clouds and intense star formation. Assuming a top-heavy IMF calibrated for very metal-poor globular clusters (Marks et al. 2012), the M/L ratio further increases by a factor of ~1.3, which would result in an even larger progenitor mass of 5–8 × 104 M⊙.
As discussed in Yuan et al. (2022b), the typical velocity dispersion of a GC stream is less than 5 km s−1 (Li et al. 2022b). However, with more spectroscopic data available for streams, more have been found to be dynamically hot. For example, the recent velocity dispersion of GD-1 is ~ 7 − 29 km s−1 (Malhan et al. 2019; Ibata et al. 2023), despite a progenitor mass of ~105 M⊙ (Ibata et al. 2020). It has been suggested that this progenitor was accreted and preprocessed inside a dark matter subhalo (Carlberg 2020; Malhan et al. 2021; Carlberg & Agler 2023). In the case of C-19, the experiment of preprocessing a globular cluster in a dark matter subhalo remains a good explanation for the observed velocity dispersion (Errani et al. 2022). A recent study by Carlberg et al. (2024) shows the tidal heating of a cold globular cluster stream by ΛCDM dark subhalos are able to increase the large velocity dispersion to values similar to the dispersion measured in the main body of C-19 (~6 km s−1). But the heated velocity dispersion values stay short of the velocity dispersion we find from the larger sample presented in this paper (~10 km s−1). Other possible scenarios to explain the high velocity dispersion would include heating by giant molecular clouds (see e.g., Amorisco et al. 2016) or, as recently shown from detailed N-body simulations of globular clusters (Wang 2020; Gieles et al. 2021; Wang et al. 2024), the presence of black holes could enhance the relaxation and disruption of a GC, leading to a larger initial line-of-sight velocity dispersion. Born in a dense and extremely metal-poor region, the C-19 progenitor may also favor a top-heavy IMF, and the strong stellar feedback from overabundant massive stars could cause the cluster to be born dynamically hot in the first place (Wang 2020; Wang et al. 2021). Finally, unresolved binaries could also lead to an artificially large velocity dispersion. From the eight C-19 stars with radial velocity measurements from Gaia, there is no noticeable variation in velocities from our measurements and those from Gaia RVS (Katz et al. 2023). We do not see unexpectedly large uncertainties in each measurement either. We note that each star only has one precise velocity measurement from our follow-up and the mean value from Gaia DR3. Therefore, future multi-epoch spectroscopic observations will be crucial for quantifying the contribution of binaries to the observed properties of C-19.
	[image: thumbnail]	Fig. 4 (a) Spatial distribution of the C-19 stream members with radial velocity measurements in the (ϕ1, ϕ2) coordinate. Similar to Fig. 2, the members from previous studies are plotted as transparent red and purple circles (Martin et al. 2022a; Yuan et al. 2022b; Bonifacio et al. 2024), along with the derived orbit (Ibata et al. 2023) and the simulated stream (Errani et al. 2022). All the candidates from this work are color coded by their spectroscopic metallicities. The confirmed members have metallicities below −3, which are highlighted with solid black circles. The rest are probable members denoted by dotted circles. Among all the confirmed members, those brighter than G = 16 are further highlighted with orange circles, which are just slightly clustered in the main body. (b) The C-19 stream in the (ϕ1, vr) space, where the radial velocity measurements are taken from Yuan et al. (2022b), Bonifacio et al. (2024), and this work.



	[image: thumbnail]	Fig. 5 Probability distribution functions (PDFs) of the mean offsets of the 22 confirmed C-19 member stars from the orbit in velocity (Δv) and position (Δϕ2), along with the corresponding dispersions, σv and σϕ2. The bottom left-hand panels shows the two-dimensional PDF, taken directly from the Markov chain Monte Carlo sampling; the histograms display the marginalized one-dimensional PDFs for the three parameters.



5 Conclusions
In this work, we searched for potential members of C-19 in dynamical space by applying StarGO to the low-significance stream stars from STREAMFINDER. With this technique, we found four new C-19 members, located 30° and 60° south from the main body. After Gaia DR3, we performed star-by-star searches along the C-19 orbit using very low-metallicity star catalogs from the Pristine survey (both based on genuine Pristine data and on Gaia XP spectra; Martin et al. 2024). In total, we confirm 13 new members of the C-19 stream through high-resolution spectroscopy. All new members have velocities compatible with predictions from the orbit based on the main body of the stream (Martin et al. 2022a; Ibata et al. 2023), and their metallicities are, within the uncertainty of measurements, in agreement with the extremely metal-poor mean metallicity of the stream.
Our search for C-19 members in the bright regime (G < 16.0) utilizes the all-sky Gaia data and we therefore expect that the distribution of these bright stars gives a relatively fair representation of the extent of the stream. Its main body, where it was originally detected, is centered around δ ~ +26° (Ibata et al. 2021; Martin et al. 2022b), and remains the densest part; but we now show that it extends continuously down to δ ~ −15° in the south. A separate segment of the stream of four members is located at δ ~ −40°. One single member is found on the other side of the Milky Way disk, at δ = +75°, in the north. Overall, the C-19 stream is now shown to extend over ~100° on the sky. By summing up the fluxes from bright stars along the giant branch (G < 16.0), we revise the lower mass limit of the stream significantly upward to 3.7–5.5 × 104 M⊙. Based on the velocity measurements of all members, accurate at the ~1 km s−1 level, we revise upward both the velocity dispersion of the stream to [image: equation] km s−1, and its Gaussian width to ~200 pc. The stream is both hotter and more diffuse than previously reported (Martin et al. 2022a; Yuan et al. 2022b).
From a dynamical point of view, it remains a puzzle as to how to explain the large velocity dispersion with the relatively small mass of the stream progenitor. Our suggested scenario of a preheating and disruption of the C-19 cluster in its own dark matter halo remains a possibility (Errani et al. 2022). In addition, tidal heating from the interaction of the stream with dark matter subhalos (Carlberg et al. 2024) or giant molecular clouds are also possible. The scenario of a top-heavy IMF would result in an overabundance of massive stars whose stellar feedback could lead to a dynamically hotter initial globular cluster immediately after its birth. Finally, the contribution of binary systems to the observed velocity dispersion remains unknown and could significantly inflate it (Wang et al. 2024). It is crucial and timely to obtain multiple spectroscopic observations of known C-19 members to hunt for spectroscopic binaries if we are to understand the dynamical nature of this exceptional stream.

[bookmark: S6]Data availability
The updated C-19 member list is provided at https://doi.org/10.5281/zenodo.15240247
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	[image: thumbnail]	Fig. 1 (a) Self-organizing map trained by the STREAMFINDER catalog in the space of (E, Lz, θ, ϕ). The gray color bar represents the differences in the weight vectors between neighboring neurons. Previously confirmed C-19 members are projected onto the SOM and plotted as red crosses. (b) Histogram of the logarithmic distances in the weight vector space between the existing C-19 stars and stars from the STREAMFINDER catalog (ΔC19). Stars below the first percentile are selected as candidate C-19 members and shown in green in the histogram. They are also plotted as small colored circles in the other panels, with the color representing their proper motions in Gaia DR3 along the declination direction, μδ. Candidates brighter than G = 17.5 are further highlighted by yellow circles. (c) On-sky projection of the candidate members, color coded by μδ. Two stream segments are identifiable with similar μδ. The final four candidates for follow-up, selected through other means (see text) are highlighted with black circles.
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	[image: thumbnail]	Fig. 2 (a) On-sky projection of the updated sample of C-19 stream members. Previously identified members are represented by magenta daggers (Yuan et al. 2022b) and purple crosses (Bonifacio et al. 2024). The solid black line corresponds to the C-19 orbit derived by Ibata et al. (2023), and the small gray dots represent the simulated stream from Errani et al. (2022). Candidates identified from the fusion of StarGO and STREAMFINDER are plotted as orange circles, and the candidates identified using a star-by-star search of photometric metallicity catalogs after Gaia DR3 are plotted as blue circles. All shown members have radial velocities consistent with the orbit, as shown in panel b. Stars that have spectroscopic [Fe/H] < −3.0 are considered as members and are highlighted with solid black circles. The other stars are probable members and highlighted by dotted circles (see text for more details). (c) Color-magnitude diagram of all the C-19 members previously identified or from this study. The gray crosses denote candidate members without radial velocity information (Yuan et al. 2022b). The solid black line here represents the 12-Gyr isochrone with [Fe/H] = −2.2 from the PARSEC model (Bressan et al. 2012; Fu et al. 2018).
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	[image: thumbnail]	Fig. 3 Metallicities of the C-19 members. (a) Comparison of the metallicities derived from the two methods for the same spectra of the nine stars that have high S/N HR spectra. The symbols are color coded by S/N1 (Table 1). (b) Comparison of the metallicities derived from the HR spectra using Fe lines and the low-to-medium spectra using Ca triplet equivalent widths for three C-19 stars. The two existing member stars in Yuan et al. (2022b) with VLT/UVES spectra are plotted with yellow symbols and the new member with a Subaru/HDS spectrum is shown in magenta. (c) MDFs of [Fe/H] (blue) and [Fe/H]CaT (orange) in this work compared to the MDF of [FeI/H] of the existing C-19 members from Yuan et al. (2022b).
In the text



	[image: thumbnail]	Fig. 4 (a) Spatial distribution of the C-19 stream members with radial velocity measurements in the (ϕ1, ϕ2) coordinate. Similar to Fig. 2, the members from previous studies are plotted as transparent red and purple circles (Martin et al. 2022a; Yuan et al. 2022b; Bonifacio et al. 2024), along with the derived orbit (Ibata et al. 2023) and the simulated stream (Errani et al. 2022). All the candidates from this work are color coded by their spectroscopic metallicities. The confirmed members have metallicities below −3, which are highlighted with solid black circles. The rest are probable members denoted by dotted circles. Among all the confirmed members, those brighter than G = 16 are further highlighted with orange circles, which are just slightly clustered in the main body. (b) The C-19 stream in the (ϕ1, vr) space, where the radial velocity measurements are taken from Yuan et al. (2022b), Bonifacio et al. (2024), and this work.
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	[image: thumbnail]	Fig. 5 Probability distribution functions (PDFs) of the mean offsets of the 22 confirmed C-19 member stars from the orbit in velocity (Δv) and position (Δϕ2), along with the corresponding dispersions, σv and σϕ2. The bottom left-hand panels shows the two-dimensional PDF, taken directly from the Markov chain Monte Carlo sampling; the histograms display the marginalized one-dimensional PDFs for the three parameters.
In the text
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      Table 1 

      Stellar parameters for the new C-19 member stars.

      
        


	Gaia ID
	RA (°)
	Dec (°)
	G
	Telescope/Instrument
	texp (s)
	S / N1(a)
	S / N2(b)
	vr (km s−1)
	δ(vr) (km s−1)





	28208669730645044482
	353.39287
	17.75368
	13.8
	INT/IDS
	600
	
	44
	−190.08
	2.44



	27583736527179366402
	354.57313
	9.03539
	14.6
	SDSS
	N/A
	
	
	−156.88
	0.17



	22883134996290026242†
	298.74545
	74.65642
	14.1
	Subaru/HDS
	600
	48
	23
	−134.29
	0.67



	26063886414465008641
	347.06778
	−9.21263
	17.4
	Magellan/MIKE
	1200
	8
	39
	−150.44
	0.98*



	26062421315221235201
	347.04803
	−9.42817
	17.0
	Magellan/MIKE
	1200
	14
	46
	−135.14
	0.92*



	66007847802235069442
	339.90245
	−32.79367
	13.5
	Magellan/MIKE
	600
	27
	119
	−41.15
	0.52*



	65593282096956125441
	327.68642
	−49.38001
	13.7
	Magellan/MIKE
	600
	37
	161
	+32.42
	0.54*



	65947962901429973762
	335.47287
	−38.35307
	14.5
	Magellan/MIKE
	600
	34
	127
	−22.09
	0.51*



	65678599045307959041
	331.53238
	−44.04167
	16.5
	Magellan/MIKE
	1800
	16
	68
	+7.45
	0.83*



	26412041617441713923
	353.47032
	−0.97001
	14.9
	VLT/UVES
	600
	9
	72
	−134.49
	0.70



	28523300824095257603
	355.83105
	24.77643
	15.3
	VLT/UVES
	600
	5
	34
	−191.79
	0.54



	27608073873462836483
	351.31022
	7.96339
	16.4
	VLT/UVES
	600
	4
	36
	−178.60
	0.64



	28710488555562521603
	354.48420
	30.22392
	16.7
	VLT/UVES
	600
	2
	19
	−207.64
	0.61



	26581159218898494723*
	350.14296
	2.58381
	17.1
	VLT/UVES
	600
	3
	14
	−172.47
	0.83



	26449506746007205123
	350.57152
	−0.22855
	17.1
	VLT/UVES
	600
	8
	54
	−150.23
	0.98



	26407930131147838723
	352.99372
	−1.34662
	17.4
	VLT/UVES
	600
	7
	44
	−140.23
	0.70





      

      
Notes. The number of the upper script of each star denotes the order of identification in Sect. 2. The star with the dagger symbol has spectra from both Subaru/HDS and INT/IDS, and the radial velocity is derived from the Subaru spectra. The star with the asterisk has low-quality spectra (see details in Sect. 2). (a)S/N per 0.05 Å measured at 5863–5865 Å. (b)S/N per 1 Å measured at 8639–8644 Å. For the six stars observed with MIKE, a systematic uncertainty of 2 km s−1 is assumed and δ(vr) presents statistical uncertainties denoted with an asterisk.




    

  
    
      Table 2 

      Metallicities for the new C-19 member stars.

      
        


	Gaia ID
	Teff (K)
	δ(Teff) (K)
	log g
	δ(log g)
	vt (km s−1)
	MKs
	δ(MKs)
	[Fe/H]
	[Fe/H]CaT
	Member





	2820866973064504448
	4539
	41
	0.79
	0.10
	
	−5.10
	0.22
	
	−3.26
	Y



	2758373652717936640
	4762
	56
	1.33
	0.13
	
	−3.90
	+0.31
	
	−3.14
	Y



	2288313499629002624†
	4740
	52
	1.27
	0.12
	+2.31
	−4.03
	0.29
	−3.37
	−3.35
	Y



	2606388641446500864
	5479
	110
	3.13
	0.21
	1.31
	+0.42
	0.51
	−3.12
	−2.93
	Y



	2606242131522123520
	5260
	110
	2.59
	0.30
	1.60
	−0.90
	0.71
	−3.07
	−3.07
	Y



	6600784780223506944
	4552
	38
	0.83
	0.09
	2.46
	−5.04
	0.21
	−3.29
	−3.42
	Y



	6559328209695612544
	4668
	51
	1.11
	0.12
	2.40
	−4.40
	0.28
	−3.25
	−3.17
	Y



	6594796290142997376
	4812
	56
	1.45
	0.13
	2.22
	−3.62
	0.31
	−3.28
	−3.29
	Y



	6567859904530795904
	5289
	81
	2.67
	0.22
	1.56
	−0.70
	0.54
	−3.30
	−3.03
	Y



	2641204161744171392
	4832
	76
	1.49
	0.18
	2.20
	−3.50
	0.43
	−3.29
	−3.39
	Y



	2852330082409525760
	4957
	80
	1.74
	0.26
	
	−2.93
	0.63
	
	−3.35
	Y



	2760807387346283648
	5232
	88
	2.51
	0.24
	
	−1.08
	0.58
	
	−3.20
	Y



	2871048855556252160
	5260
	93
	2.59
	0.25
	
	−0.89
	0.61
	
	−2.93
	P



	2658115921889849472
	5412
	103
	2.99
	0.25
	
	+0.07
	0.60
	
	−2.61
	P



	2644950674600720512
	5224
	109
	2.49
	0.30
	
	−1.12
	0.71
	
	−3.27
	Y



	2640793013114783872
	5417
	111
	2.99
	0.26
	1.39
	+0.08
	0.62
	−2.59
	−3.02
	P





      

      
Notes. The star with the dagger symbol has spectra from both Subaru/HDS and INT/IDS, which give [Fe/H] and [Fe/H]CaT respectively. Stars denoted by “Y” are confirmed C-19 members that have either [Fe/H] or [Fe/H]CaT within the systematic uncertainty of the C-19 stream (0.2 dex). Those denoted by “P” are probable members that have metallicities beyond the systematic uncertainty.




    

  
    
      Fig. 3 
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        Metallicities of the C-19 members. (a) Comparison of the metallicities derived from the two methods for the same spectra of the nine stars that have high S/N HR spectra. The symbols are color coded by S/N1 (Table 1). (b) Comparison of the metallicities derived from the HR spectra using Fe lines and the low-to-medium spectra using Ca triplet equivalent widths for three C-19 stars. The two existing member stars in Yuan et al. (2022b) with VLT/UVES spectra are plotted with yellow symbols and the new member with a Subaru/HDS spectrum is shown in magenta. (c) MDFs of [Fe/H] (blue) and [Fe/H]CaT (orange) in this work compared to the MDF of [FeI/H] of the existing C-19 members from Yuan et al. (2022b).

      

    

  
    
      Fig. 4 
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        (a) Spatial distribution of the C-19 stream members with radial velocity measurements in the (ϕ1, ϕ2) coordinate. Similar to Fig. 2, the members from previous studies are plotted as transparent red and purple circles (Martin et al. 2022a; Yuan et al. 2022b; Bonifacio et al. 2024), along with the derived orbit (Ibata et al. 2023) and the simulated stream (Errani et al. 2022). All the candidates from this work are color coded by their spectroscopic metallicities. The confirmed members have metallicities below −3, which are highlighted with solid black circles. The rest are probable members denoted by dotted circles. Among all the confirmed members, those brighter than G = 16 are further highlighted with orange circles, which are just slightly clustered in the main body. (b) The C-19 stream in the (ϕ1, vr) space, where the radial velocity measurements are taken from Yuan et al. (2022b), Bonifacio et al. (2024), and this work.

      

    

  
    
      Fig. 5 
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        Probability distribution functions (PDFs) of the mean offsets of the 22 confirmed C-19 member stars from the orbit in velocity (Δv) and position (Δϕ2), along with the corresponding dispersions, σv and σϕ2. The bottom left-hand panels shows the two-dimensional PDF, taken directly from the Markov chain Monte Carlo sampling; the histograms display the marginalized one-dimensional PDFs for the three parameters.
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