
    
      Fig. 1. 
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        Distribution of ejection velocities for the ejected star(s) of a 4 + 4 M⊙ binary star system, after a close encounter with a 4 × 106 M⊙ SMBH. The distribution consists of Nej = 60 000 stars ejected in Nint ∼ 240 000 three-body interactions.

      

    

  
    
      Fig. 2. 
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        Magnitude of the radial gravitational acceleration in the plane of the disk due to our MW potential Φ (Eq. (1)), as a function of the radial cylindrical coordinate R. The solid black line represents the total gravitational acceleration. The dashed and dotted lines represent the contributions of the SMBH (dashed orange line), the bulge (dotted green line), the disk (dot-dashed blue line), and a spherical DM halo (long-dashed magenta line).

      

    

  
    
      Fig. 3. 
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        Number of living 4 M⊙ HVSs as a function of the time of observation. The ejection begins at t = 0 with a rate 10−4 yr−1. The number of living HVSs stops increasing beyond t ≃ τL = 160 Myr. The vertical dashed line marks the time of the steady state when we chose to observe the system, tobs = 400 Myr.

      

    

  
    
      Table 1. 

      Summary of the shapes of the DM halo gravitational potential used to simulate the HVS trajectories.

      
        


	Shape of the DM halo
	Axis of symmetry
	Axial ratios
	Number of combinations





	Spherical
	−
	qy = qz = 1
	1



	Spheroidal
	z
	qy = 1 and qz ≠ 1
	7



	Spheroidal
	y
	qy ≠ 1 and qz = 1
	7



	Spheroidal
	x
	qy = qz ≠ 1
	7



	Triaxial
	none
	qy ≠ qz and qy ≠ 1 and qz ≠ 1
	42





      

    

  
    
      Table 2. 

      Ranges of the p-values of the KS tests between the distribution of the HVS phase-space coordinates in a spherical DM halo and those in different spheroidal halos.

      
        


	Phase-space
	
	p-value
	
	
	p-value
	



	coordinate
	
	(spherical vs. prolate)
	
	
	(spherical vs. oblate)
	





	
	qz = 1.4
	qz = 1.1
	qz = 1.05
	qz = 0.7
	qz = 0.9
	qz = 0.95



	




	x
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00



	y
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00



	z
	[0.99–1.00]
	1.00
	1.00
	[0.88–1.00]
	1.00
	1.00



	r
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00



	ϑ
	[0.94–1.00]
	1.00
	1.00
	[0.71–0.99]
	1.00
	1.00



	vx
	[0.98–1.00]
	1.00
	1.00
	1.00
	1.00
	1.00



	vy
	[0.98–1.00]
	1.00
	1.00
	1.00
	1.00
	1.00



	vz
	[0.93–1.00]
	1.00
	1.00
	[0.76–0.99]
	1.00
	1.00



	vr
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00



	vt = |vϑ|
	[6 × 10−22–5 × 10−14]
	[2 × 10−4–0.01]
	[0.06–0.44]
	[7 × 10−21–6 × 10−11]
	[8 × 10−4–0.04]
	[0.11–0.47]





      

      
Notes. Each entry shows the ranges of p-values obtained from a sample of 50 series of mock catalogs A. Each series is made of a spherical halo and spheroidal halos with axial symmetry about the z axis with six different values of the triaxiality parameter qz. Column (1): HVS phase-space coordinate in the galactocentric reference frame. Columns (2)–(4): p-value of the KS test for a spherical halo compared against a prolate halo (with qz = 1.4, qz = 1.1, qz = 1.05). Columns (5)–(7): p-value of the KS test for a spherical halo compared against an oblate halo (with qz = 0.7, qz = 0.9, qz = 0.95). A single p-value is shown instead of a p-value range when the relative difference between the limits of the p-value interval is smaller than 10−2. With the adopted 5% significance level, p-values smaller than 5% indicate that the compared distributions are not drawn from the same parent distribution, implying that the corresponding phase-space variable can be an indicator of the shape of the DM halo.



    

  
    
      Fig. 5. 
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        Kinematics of HVSs with different ejection speeds. Panel a: magnitude of the galactocentric latitudinal velocity, |vϑ|, as a function of the galactocentric radial velocity, vr, for HVSs ejected with different speeds, vej, and traveling in a spherical DM halo. Initially, the star velocity is purely radial, and |vϑ| = 0; as time goes on, |vϑ| becomes non-null due to the nonspherical potential of the Galactic disk (see Eq. (4)). For stars with lower ejection speeds (vej ≲ 800 km s−1), radial and angular dynamics are coupled: this coupling results in a fast growth of |vϑ| after the first turnaround of the star. However, such couplings are not manifested for stars with higher ejection speeds. Panel b: galactocentric radial velocity, vr, as a function of the galactocentric distance, r, for HVSs ejected radially outward with different ejection velocities, vej. The vertical dashed line of panel a and the horizontal dashed line of panel b correspond to vr = 0, while the vertical dashed line of panel b corresponds to r = 10 kpc. In both panels, HVSs are ejected in the direction [image: equation] with a travel time of 160 Myr, which is the largest possible travel time for a 4 M⊙ star.

      

    

  
    
      Fig. 6. 
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        HVS galactocentric azimuthal velocity, vφ, as a function of the radial velocity, vr, for HVSs ejected with different speeds, vej, and traveling for 160 Myr. Here, the gravitational potential of the MW is non-axisymmetric, with a qy = 0.8 and qz = 1.0 DM halo potential. Initially, the star velocity is purely radial, and vφ = 0; as time goes on, vφ becomes non-null due to the DM halo asymmetry with respect to the z axis (see Eq. (5)). Radial and angular dynamics are coupled for stars with lower ejection speeds (vej ≲ 800 km s−1); these stars start acquiring significant vφ values after the outer turnaround. However, stars with larger ejection speeds die before this increase in vφ can happen. The dashed gray line corresponds to vr = 0.

      

    

  
    
      Fig. 7. 
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        Galactocentric radial velocity, vr, as a function of the galactocentric distance, r, for HVSs ejected radially outward with an ejection velocity of vej = 740 km s−1 in the direction [image: equation], for different shapes of the DM halo. The triaxiality parameters (qy, qz) of the DM halos are listed in the inset. The travel time is 160 Myr. The vertical and horizontal dashed lines correspond to r = 10 kpc and vr = 0, respectively.

      

    

  
    
      Fig. 8. 
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        Distributions of the p-values obtained by comparing [image: equation] from each of n = 3 observed samples of HVSs against the Dω’s of a series of nt = 5000 mock samples. The observed samples and the mock samples have all crossed a spherical DM halo. The black histogram shows an approximately uniform distribution of p, with a median value pmed ≃ 0.5; the olive histogram shows the case of a skewed distribution with pmed ≃ 0.3; the purple histogram shows the case of a skewed distribution with pmed ≃ 0.7. The median p-values of the three distributions are marked by the vertical dashed lines.

      

    

  
    
      Fig. 10. 
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        Distributions of the p-values for an HVS observed sample that crossed a spherical DM halo. Panel a: distributions of the p-values (in logarithmic scale) obtained from the KS test comparison of the distribution [image: equation] of one HVS observed sample generated in a spherical DM halo, against each of the ns = 8 ensembles of nt = 5000 mock distributions, D|vϑ|, generated in DM halos with different shapes, as listed in the panel. The vertical dashed lines mark the median p-value of each distribution. Panel b: enlargement of the rightmost part of panel a with the p-value axis in linear scale. The difference in the shape of the distributions in panels a and b is due to the different size of the histogram bins in the logarithmic and linear scales.

      

    

  
    
      Fig. 11. 
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        Distributions of the median p-values for an HVS observed sample that crossed a spherical DM halo. Panel a: distributions of the median p-values, pmed (in logarithmic scale), obtained from the KS test comparison of the HVS observed sample generated in a spherical halo against each of the ns = 8 ensembles of mock HVS samples generated in a DM halo with different shapes. Each distribution is the result of the KS test comparison of the [image: equation]’s of the n = nt observed samples against the nt = 5000 mock samples generated in a DM halo with different shapes, as listed in the panel. Panel b: enlargement of the rightmost portion of panel a, with the pmed axis in linear scale. The yellow and pink distributions are the only distributions with non-null overlap with the gray distribution. The different shape of the distributions in panels a and b is due to the different size of the histogram bins in the logarithmic and linear scales.

      

    

  
    
      Fig. 12. 
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        Distributions of the median p-values for an HVS observed sample that crossed a prolate DM halo. Panel a: distributions of the median p-values, pmed (in logarithmic scale), obtained from the KS test comparison of the HVS observed sample against each of the ns = 8 ensembles of mock HVS samples generated in a DM halo with different shapes. Each distribution is the result of the KS test comparison of the [image: equation]’s of the n = nt observed samples obtained in a prolate DM halo with qz = 1.2 against the nt = 5000 mock samples generated in a DM halo with different shapes, as listed in the panel. Panel b: enlargement of the rightmost part of panel a with the pmed axis in linear scale. The cyan, blue, and magenta distributions are the only distributions with non-null overlap with the pink distribution. The difference in shape of the distributions in panels a and b is due to the different size of the histogram bins in the logarithmic and linear scales.

      

    

  
    
      Fig. 13. 
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        Distributions of the magnitude of the galactocentric tangential velocity |vϑ| for HVSs that have traveled in DM halos with qz = {1.4, 1.0, 0.7}, and with qy = 0.7 (left panel) and qy = 1.4 (right panel). The distributions were generated with the same initial conditions (mock catalogs A) to highlight the effect of the different geometries of the DM halo.

      

    

  
    
      Fig. 14. 
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        Distributions of the azimuthal velocity vφ of two samples of HVSs that have traveled in gravitational potentials whose DM halos have the same geometrical shape but differ by 90° in azimuthal orientation. Left panel: distributions of vφ indistinguishable from one another when the stars from all the quadrants are considered. Right panel: distributions of vφ manifestly different when we consider the HVSs located in the first quadrant of the x–y plane (0° < φ < 90°) only. The HVSs in the first quadrant have positive (negative) vφ when qy = 1.4 (0.7). The distributions were generated with the same initial conditions (mock catalogs A) to highlight the effect of the different geometries of the DM halo.

      

    

  
    
      Fig. 15. 
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        Distributions of [image: equation] for samples of HVSs that traveled in gravitational potentials whose DM halo has different triaxiality parameters. The use of the variable [image: equation] instead of vφ enables us to easily distinguish distributions of azimuthal velocities generated in DM halos with the same geometry but whose semimajor axes a and b are swapped. The distributions were generated with the same initial conditions (mock catalogs A) to highlight the effect of the different geometries of the DM halo.

      

    

  
    
      Table 4. 

      Median value, pmed, of the distribution of nt = 5000 p-values obtained from the nt 2D KS test comparisons of the observed sample’s [image: equation] against the D|vϑ|,vφ’s of the nt mock samples corresponding to different shapes.

      
        


	(qy, qz)
	(1.1, 0.8)
	(1.1, 0.9)
	(1.1, 1.0)
	(1.2, 0.8)
	(1.2, 0.9)
	(1.2, 1.0)
	(1.3, 0.8)
	(1.3, 0.9)
	(1.3, 1.0)





	pmed
	6 × 10−22
	10−17
	9 × 10−16
	0.006
	0.443
	0.004
	3 × 10−5
	3 × 10−6
	3 × 10−11





      

      
Notes. The largest pmed indicates the best match between the observed sample and the mock sample. The observed sample is generated in a DM halo with qy = 1.2 and qz = 0.9.



    

  
    
      Fig. 16. 
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        Distributions of the median p-values for an HVS observed sample that crossed a triaxial DM halo. Panel a: distributions of the median p-values, pmed (in logarithmic scale), obtained from the 2D KS test comparison of the HVS observed sample against a selection of nine of the ns = 56 ensembles of mock HVS samples generated in DM halos with different triaxiality parameters. Each distribution is the result of the 2D KS test comparisons of the [image: equation]’s of the n = nt = 5000 observed samples obtained in a DM halo with qy = 1.2 and qz = 0.9 against the nt mock samples generated in a DM halo with a different shape, as listed in the panel. Panel b: enlargement of the rightmost part of panel a, with the pmed axis in linear scale. The green and dark green distributions are the only distributions with non-null overlap with the gray distribution. The different shapes of the distributions in panels a and b are due to the different size of the histogram bins in the logarithmic and linear scales.

      

    

  
    
      Table 5. 

      Success rate S of our method in recovering the axis ratios qy and qz of the DM halo of a non-axisymmetric Galactic potential from the two-dimensional distribution [image: equation] of an observed sample of HVSs.

      
        


	(qy, qz)
	S





	(0.8, 0.8)
	100.00%



	(1.3, 0.8)
	99.64%



	(1.2, 0.9)
	99.98%



	(1.2, 1.3)
	96.24%





      

    

  
    
      Fig. 17. 
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        Distributions of the median p-values for an HVS observed sample of ≃400 stars that crossed a spherical DM halo. Panel a: distributions of the median p-values, pmed (in logarithmic scale), obtained by comparing each of the 5000 observed samples with ≃400 HVS generated in a spherical DM halo, with the 5000 mock samples generated in spheroidal DM halos axisymmetric about the z axis with a different qz, as listed in the panel. Panel b: enlargement of the rightmost part of panel a with the pmed axis in linear scale. The different shape of the distributions in panels a and b is due to the different size of the histogram bins in the logarithmic and linear scales.

      

    

  
    
      Fig. 19. 

      
        [image: thumbnail]
      

      
        Success rate S of our method in recovering the correct shape of a DM halo as a function of the size of the HVS observed sample, for a spherical DM halo (qz = 1.0; black dots) and for two spheroidal DM halos axisymmetric about the z axis with qz = 1.1 (green dots) and qz = 1.4 (red dots). The sample size reported on the x axis is the average size of the 5000 HVS observed samples used to estimate the success rate in the spherical DM halo scenario. S is shown for sample sizes of 100% (N ≃ 800 stars), 50% (N ≃ 400 stars), 25% (N ≃ 200 stars), 10% (N ≃ 80 stars), and 5% (N ≃ 40 stars) of the original sample size.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Kinematic properties of the HVSs of one of our mock catalogs, corresponding to a Galaxy whose DM halo has a triaxial gravitational potential with (qy, qz) = (1.2, 0.9). The gray histograms represent the full sample of HVSs; the green histograms represent our observed sample, derived from the full sample by requiring r > 10 kpc and vr > 0. Top left panel: Distribution of galactocentric distances; the vertical dashed line corresponds to our threshold radius r > 10 kpc. Top right panel: Distribution of the radial velocities; the vertical dashed line corresponds to vr = 0. Bottom left panel: Distribution of the latitudinal velocities. Bottom right panel: Distribution of the azimuthal velocities.
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