
    
      Fig. 3. 
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        Example of the distribution of points in integrals of motion for one of the random halo sets (number 1 out of Nart = 100) obtained by re-shuffling the velocity components. See for comparison Fig. 2.

      

    

  
    
      Fig. 5. 
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        Distribution of the 67 high-significance clusters in the E − Lz plane, colour-coded according to their statistical significance as computed by Eq. (3).

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Subgroups identified by HDBSCAN in velocity space for a selection of five significant clusters from the single-linkage algorithm, where noise as labelled by the algorithm is marked with open black circles. In each row, the three first panels display the projection of the subgroups in velocity space, and the fourth panel shows the location of the ‘parent’ cluster in E − Lz space; its ID is displayed in the upper right corner.

      

    

  
    
      Table 2. 

      Overview of fields in our final star catalogue.

      
        


	Source_id
	x
	y
	z
	vx
	vy
	vz



	
	
	
	
	[km s−1]
	[km s−1]
	[km s−1]





	494990686553088
	−0.82
	0.07
	−0.92
	−252.3
	−249.5
	29.7



	2131751183780736
	−0.52
	0.07
	−0.54
	−262.9
	−247.3
	45.4



	2412092288843648
	−0.12
	0.01
	−0.12
	−105.8
	−210.9
	−51.9



	4032119593003520
	−1.56
	0.17
	−1.49
	220.9
	−239.3
	72.0



	4564455019620096
	−0.58
	0.09
	−0.66
	−204.4
	−83.7
	57.1



	4641558272441088
	−0.65
	0.11
	−0.74
	13.8
	−91.5
	−283.0



	5201244050756096
	−0.76
	0.12
	−0.81
	127.5
	−120.1
	−201.5



	5366583111858688
	−0.41
	0.07
	−0.45
	169.9
	−108.1
	−93.3



	6932768706211328
	−1.58
	0.22
	−1.55
	176.6
	−253.7
	99.5



	7299795136273664
	−0.74
	0.13
	−0.72
	273.0
	−256.0
	95.1



	




	E
	L⊥
	Lz
	Significance
	Labelorig
	LabelDcut
	D



	[105 km2 s−2]
	[103 kpc km s−1]
	[103 kpc km s−1]
	
	
	
	



	




	−1.192
	0.56
	−0.06
	8.9
	24
	24
	1.43 



	−1.184
	0.60
	−0.04
	8.9
	24
	24
	1.16 



	−1.485
	0.36
	0.28
	6.3
	3
	3
	1.46 



	−1.141e
	0.43
	0.10
	5.5
	26
	0
	2.27 



	−1.172
	0.70
	1.40
	3.4
	30
	30
	1.34 



	−1.002
	2.46
	1.36
	9.8
	60
	60
	1.79 



	−1.133
	1.85
	1.14
	3.6
	61
	61
	1.76 



	−1.228
	0.83
	1.19
	3.1
	38
	38
	1.61 



	−1.206
	0.75
	−0.04
	8.9
	24
	24
	0.83 



	−1.042
	0.71
	−0.06
	3.6
	51
	51
	1.63





      

      
Notes. It contains Gaia source ids, heliocentric Cartesian coordinates, heliocentric Cartesian velocities, and the three features we used for clustering. The column significance indicates the significance of the cluster to which a star belongs (according to the original single−linkage assignment), Labelorig is the label of the cluster according to the single-linkage process, and LabelDcut is the cluster label after selecting the cluster with the smallest Mahalanobis distance D (requiring at least D <  2.13). The full table is made available at the CDS.



    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Relation between the significant clusters according to the single-linkage algorithm, obtained using the Mahalanobis distance in clustering space.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Location in the E − Lz plane of the six main groups identified in Fig. 10 together with various individual, more isolated clusters. Left: each ellipse shows the approximate locus of the six tentative main groups. Right: location of independent clusters (labelled 1, 2, 3, 4, and 68). Each substructure is colour-coded as in Fig. 10, while the independent clusters are colour-coded arbitrarily. As discussed in Sect. 5.2, substructure B occupies the region dominated by Thamnos1+2, substructure C that of Gaia-Enceladus, D corresponds to Sequoia, and E to the Helmi streams. Groups A and E overlap in the E − Lz plane, but have very different L⊥, resulting in a large Mahalanobis relative distance, as shown in Fig. 10. The orientation of substructure F is peculiar and may indicate that its constituent clusters 65 and 66 should be treated separately.

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Characterization of the Helmi streams as detected by the single-linkage algorithm. Left: distribution of the 51 671 stars analysed in this work as well as clusters 60 and 61 (Helmi streams) in the E − Lz space. Middle: colour absolute magnitude diagram for clusters 60 and 61. We overlay isochrones of a 10.4 Gyr ([Fe/H] = −0.91) and a 13.4 Gyr ([Fe/H] = −2.21) old populations from the updated BaSTI stellar evolution models (Hidalgo et al. 2018) in the Gaia EDR3 photometric system. Right: metallicity distribution functions from LAMOST-LRS for clusters 60 and 61, where the cumulative distributions are shown in the inset.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Comparison of the clusters identified in the present work with those in the literature. The Lz and E of the stars in the clusters were re-calculated for consistent comparisons (see text for details). The upper panel provides a comparison with the results from the H3 survey (Naidu et al. 2020), and the bottom panel presents comparisons with selection boundaries from Koppelman et al. (2019a) and the average kinematic properties of the substructures from Yuan et al. (2020a).

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Clusters identified by the single-linkage algorithm with a significance of at least 2σ . They are colour-coded according to their statistical significance. See for comparison Fig. 5.
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