
    
      Fig. 3. 
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Gas (green), stellar (red), and dark matter (black) mass evolution of TDGCs and DM-poor objects shown in Fig. 2 starting from the first time step at which the first stellar particles in their subhalos appeared. Their ID numbers are given in the upper-right corner of the panels and the discussed subhalos of each row belong to the same host galaxy. The subhalo ID 404879 has Mstellar = 2.2 × 107 M⊙, Mgas = 3.0 × 108 M⊙, and Mdm = 6.3 × 106 M⊙ and is thus not included in the main sample of DMC (-poor) DGs (see Table 2). The dashed and long-dashed horizontal lines indicate the initial baryonic (1.26 × 106 M⊙) and dark matter mass (6.26 × 106 M⊙) of a particle. The dark matter content is short lived and is due to individual dark matter particles crossing the objects.



    

  
    
      Fig. 5. 
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Degree of the phase-space correlation, σorbit (Eq. (3)), for TDGCs of sample A (red) and sample B (orange) and DMC DGs (green). The histograms have a bin width of Δσorbit = 0.05.



    

  
    
      Fig. 7. 
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Distribution of the age of the oldest stellar particles within dwarf galaxies identified at redshift z = 0. The histograms have a bin width of Δt = 0.2 Gyr. The statistics of the distributions shown here are listed in Table 6.



    

  
    Table 6. 

Physical properties of DMC DG and TDGC samples at redshift z = 0.




	Properties
	Sample
	Mdm/Mbaryonic
	Minimum
	Maximum
	Median
	Mean





	Mstellar [M⊙]
	DMC DGs
	>0
	5.0 × 107
	1.0 × 109
	1.4 × 108
	2.4 × 108



	
	DM-rich DGs
	≥1
	5.0 × 107
	1.0 × 109
	1.4 × 108
	2.4 × 108



	
	DM-poor DGs
	<1
	5.3 × 107
	8.9 × 109
	1.4 × 108
	3.6 × 108



	
	TDGCs (A)
	0
	5.0 × 107
	3.1 × 109
	1.5 × 108
	3.1 × 108



	
	TDGCs (B)
	0
	5.1 × 105
	4.4 × 108
	2.9 × 106
	1.0 × 107



	
	TDGCs (C)
	0
	5.7 × 107
	4.3 × 108
	1.1 × 108
	1.6 × 108



	




	Mgas [M⊙]
	DMC DGs
	>0
	0.0
	2.2 × 1010
	1.8 × 109
	2.6 × 109



	
	DM-rich DGs
	≥1
	0.0
	2.2 × 1010
	1.8 × 109
	2.6 × 109



	
	DM-poor DGs
	<1
	0.0
	8.4 × 108
	0.0
	1.0 × 108



	
	TDGCs (A)
	0
	0.0
	1.5 × 109
	0.0
	6.2 × 107



	
	TDGCs (B)
	0
	5.4 × 107
	1.5 × 109
	2.0 × 108
	2.5 × 108



	
	TDGCs (C)
	0
	1.1 × 108
	1.5 × 109
	4.6 × 108
	5.9 × 108



	




	κrot
	DMC DGs
	>0
	0.19
	0.75
	0.40
	0.42



	
	DM-rich DGs
	≥1
	0.19
	0.75
	0.40
	0.42



	
	DM-poor DGs
	<1
	0.28
	0.46
	0.34
	0.35



	
	TDGCs (A)
	0
	0.23
	0.60
	0.37
	0.38



	
	TDGCs (B)
	0
	–
	–
	–
	–



	
	TDGCs (C)
	0
	0.35
	0.55
	0.43
	0.44



	




	vdisp [km s−1]
	DMC DGs
	>0
	4.0
	52
	27
	26



	
	DM-rich DGs
	≥1
	6.0
	52
	27
	26



	
	DM-poor DGs
	<1
	4.0
	19
	9.7
	10



	
	TDGCs (A)
	0
	3.7
	35
	7.8
	9.6



	
	TDGCs (B)
	0
	1.3
	26
	5.4
	5.8



	
	TDGCs (C)
	0
	7.2
	26
	13
	14



	




	ψsfr [M⊙ yr−1]
	DMC DGs
	>0
	0.0
	0.59
	0.0031
	0.013



	
	DM-rich DGs
	≥1
	0.0
	0.59
	0.0031
	0.013



	
	DM-poor DGs
	<1
	0.0
	0.049
	0.0
	0.0048



	
	TDGCs (A)
	0
	0.0
	0.95
	0.0
	0.027



	
	TDGCs (B)
	0
	0.0
	0.95
	0.00066
	0.011



	
	TDGCs (C)
	0
	0.0028
	0.95
	0.20
	0.26



	




	Zstellar
	DMC DGs
	>0
	0.00040
	0.052
	0.0016
	0.0021



	
	DM-rich DGs
	≥1
	0.00040
	0.029
	0.0016
	0.0021



	
	DM-poor DGs
	<1
	0.0084
	0.052
	0.028
	0.029



	
	TDGCs (A)
	0
	0.0089
	0.052
	0.019
	0.022



	
	TDGCs (B)
	0
	0.0
	0.045
	0.0030
	0.0047



	
	TDGCs (C)
	0
	0.0090
	0.045
	0.015
	0.021



	




	Zgas
	DMC DGs
	>0
	0.0
	0.025
	0.0018
	0.0022



	
	DM-rich DGs
	≥1
	0.0
	0.025
	0.0018
	0.0022



	
	DM-poor DGs
	<1
	0.0
	0.018
	0.0
	0.0028



	
	TDGCs (A)
	0
	0.0
	0.053
	0.0
	0.0030



	
	TDGCs (B)
	0
	0.0
	0.053
	0.0033
	0.0052



	
	TDGCs (C)
	0
	0.010
	0.053
	0.022
	0.027



	




	tage [Gyr]
	DMC DGs
	>0
	–
	–
	–
	–



	
	DM-rich DGs
	≥1
	7.29
	13.5
	12.8
	12.7



	
	DM-poor DGs
	<1
	1.8
	13.3
	9.2
	8.9



	
	TDGCs (A)
	0
	0.47
	11.7
	8.0
	7.6



	
	TDGCs (B)
	0
	0.0
	12.0
	1.0
	1.5



	
	TDGCs (C)
	0
	–
	–
	–
	–






Notes. Listed are the stellar mass, Mstellar, gas mass, Mgas, kinematical morphological parameter, κrot, 1D velocity dispersion of all the member particles/cells, vdisp, star formation rate, ψsfr, and the stellar and gas mass-weighted average metallicities, Zstellar = (M> He/Mtot)stellar and Zgas = (M> He/Mtot)gas, where M> He is the mass of all elements above Helium (only cells within twice the stellar half-mass radius are considered), and the age, tage, of the oldest stellar particle within a dwarf galaxy identified at redshift z = 0. The metallicities of TDGCs are analyzed in more detail in Appendix B.




  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
Proper radius containing half of the stellar mass, R0.5 stellar, as a function of the stellar mass, Mstellar, of simulated stellar objects at redshift z = 0. Blue bins are DMC and red dots are DMF stellar objects. The stellar masses and the total half-mass radii of simulated TDGs by Fouquet et al. (2012) are shown as black crosses. A few DMC stellar objects can also be found in the regions of DMF stellar objects. The properties of these DMC stellar objects are studied in Fig. 11. The dashed vertical and horizontal lines indicate the initial baryonic matter mass of a particle (1.26 × 106 M⊙) and the smallest fiducial cell size (48 pc) of the Illustris-1 run, respectively. Subhalos with a stellar half-mass radius below the cell resolution are not shown in the plots. The yellow star shows the position of NGC 1052-DF2 with Mstellar = 2 × 108 M⊙ and a 3D deprojected half-light radius of 2.7 kpc (van Dokkum et al. 2018a).



    

  
    
      Fig. 11. 
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Proper radius containing half of the stellar mass, R0.5 stellar, as a function of the stellar mass, Mstellar, of simulated DMC stellar objects at redshift z = 0. Dark matter-containing stellar objects are separated in dark matter-rich (Mdm/Mbaryonic ≥ 1; blue bins) and dark matter-poor (Mdm/Mbaryonic <  1; purple crosses) types. The yellow star shows the position of NGC 1052-DF2 with Mstellar = 2 × 108 M⊙ and a 3D deprojected half-light radius of 2.7 kpc (van Dokkum et al. 2018a). The dashed vertical and horizontal lines indicate the initial baryonic matter mass of a particle (1.26 × 106 M⊙) and the smallest fiducial cell size (48 pc). Subhalos with a stellar half-mass radius below the cell resolution are not shown in the plots. The histograms are normalized such that the total area is equal to 1.0 and such that they have bin widths of log10(ΔMstellar/[M⊙]) = 0.10 and log10(ΔR0.5 stellar/[pc]) = 0.10.



    

  
    
      Fig. 12. 
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Top: proper radius containing half of the stellar mass, R0.5 stellar, as a function of the stellar mass, Mstellar, of simulated stellar objects at redshift z = 0. Blue bins are DMC stellar objects, green dots are DM-rich DGs (Mdm/Mbaryonic ≥ 1), magenta squares are DM-poor DGs (Mdm/Mbaryonic <  1), and red triangles are TDGCs. The stellar masses and the total half-mass radii of simulated TDGs by Fouquet et al. (2012) are shown as black crosses. Pink circles are simulated TDGCs identified in the EAGLE simulations by Ploeckinger et al. (2018). Bottom: masses and radii of the simulated stellar objects compared with the 3D deprojected half-light radii of observed galaxies. The colors here refer to the same objects as in the top panel, but only dispersion-dominated (κrot <  0.5) TDGCs and DMC DGs are shown. Gray circles are early-type galaxies from faint dwarf spheroidals to giant ellipticals taken from Dabringhausen & Fellhauer (2016). Orange diamonds are ultra compact dwarf galaxies (UCDs) and globular clusters (GCs) taken from Mieske et al. (2008, 2013). The stellar masses of UCDs and GCs are calculated by assuming a constant stellar mass-to-light ratio in the V-band of [image: equation]. The yellow star shows the position in the radius–mass plane of the ultra-diffuse galaxy NGC 1052-DF2, which has Mstellar = 2 × 108 M⊙ and a 3D deprojected half-light radius of 2.7 kpc (van Dokkum et al. 2018a). The dashed vertical and horizontal lines indicate the initial baryonic matter mass of a particle (1.26 × 106 M⊙) and the smallest fiducial cell size (48 pc). Subhalos with a stellar half-mass radius below the cell resolution are not shown in the plots. The KS-test is applied for dwarf galaxies with stellar masses between 5 × 107 M⊙ and 109 M⊙ marked by the two solid vertical black lines.



    

  
    
      Fig. 13. 
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KS test for all and dispersion-dominated (κrot <  0.5) simulated DMC DGs (green) and TDGCs (red) in the 5 × 107−109 M⊙ stellar mass regime at redshift z = 0.



    

  
    
      Fig. 14. 
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Median, first, and third quartile of simulated stellar half-mass radii, R0.5 stellar, of dispersion-dominated (κrot <  0.5) objects and 3D deprojected half-light radii, R0.5 light, of observed early type galaxies for different stellar mass bins (107−108 M⊙, 108−109 M⊙, 109−1010 M⊙, 1010−1011 M⊙, and 1011−1012 M⊙). Blue right triangles are DM-rich stellar objects, purple crosses are DM-poor stellar objects, green dots are DM-rich DGs, magenta squares are DM-poor DGs, and red triangles are TDGCs (see Table 3). Gray open circles are observed early-type galaxies taken from Dabringhausen & Fellhauer (2016). The yellow star shows the position of NGC 1052-DF2 with Mstellar = 2 × 108 M⊙ and a 3D deprojected half-light radius of 2.7 kpc (van Dokkum et al. 2018a). The medians of simulated and observed galaxies for different mass ranges are listed in Table 7.



    

  
    
      Fig. 15. 
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KS test for observed late-type galaxies (gray) and dispersion-dominated (κrot <  0.5) simulated (red, green) DGs with stellar masses between 5 × 107 M⊙ and 109 M⊙. The thick lines and the displayed da- and Pa-values refer to the real stellar half-mass radius distribution of the Illustris-1 simulation. The thin lines and the db- and Pb-values refer to a distribution in which all radii in the Illustris-1 simulation are divided by two (see text). The observational data are a subset of the catalog from Dabringhausen & Fellhauer (2016) including all galaxies from the Fornax, Hydra, and Centaurus cluster catalog with stellar masses between 5 × 107 M⊙ and 109 M⊙.



    

  
    
      Fig. 16. 
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Time evolution of the co-moving number density of TDGCs, nTDGCs, identified with the same selection criteria as for sample A. The x-axis shows the lookback time in gigayears (i.e., 0 Gyr corresponds to the present time) and redshift z.



    

  
    
      Fig. C.2. 
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Radial density distributions of four selected gas-free TDGCs of sample A (IDs 372, 487, 593, and 59553) fitted with a Plummer model (green; Eq. (C.2)) and an exponential function (red; Eq. (C.4)). The radial bins have a width of 100 pc. The identification number, ID, their corresponding virial ratios, q (Eq. (C.1)), their total masses and stellar half-mass radii obtained from the Subfind algorithm, and their fitting parameters are given in the panels. According to the particles identified by the Subfind algorithm, the TDGCs shown here are not fully in virial equilibrium. The rotation curves and 3D velocity dispersion of the TDGCs discussed here are shown in Fig. C.3 and Fig. C.4.



    

  
    Table C.2. 

Virial ratio, q (Eq. (C.1)), for gas-free TDGCs of sample A calculated by the stellar particles identified by the Subfind and σ-clipping algorithms.




	Algorithm
	#
	# of |Epot| > |Ekin|
	Mean
	Median
	Std.
	16th−84th percentile





	Subfind (Zjupa & Springel 2017)
	86
	86 (100 percent)
	0.85
	0.83
	0.19
	0.69−0.97



	




	2σ-clipping (+fixed softening length)
	86
	79 (92 percent)
	0.88
	0.88
	0.12
	0.76−1.0



	3σ-clipping (+fixed softening length)
	86
	61 (71 percent)
	0.95
	0.87
	0.28
	0.76−1.0






Notes. Listed are the number of gas-free TDGCs of sample A, the number of gas-free TDGCs which fulfill |Epot| > |Ekin|, the mean, the median, the standard deviation (std.), and the 16th−84th percentile percentile of the virial ratio, q, for gas-free TDGCs with |Epot| > |Ekin|, i.e., with q < 2.




  
    
      Fig. C.5. 

      
        [image: thumbnail]
      

      
Relation between the potential and kinetic energy for gas-free TDGCs of sample A calculated by the Subfind and σ-clipping (η = 2, 3; δ = 0.01) algorithms. The black solid line highlights the condition for virial equilibrium, i.e., where the virial ratio becomes q = 1 (see Eq. (C.1)). All objects above the black dashed line are gravitationally bound (q < 2). The kinetic and potential energy for the Subfind algorithm are taken form Zjupa & Springel (2017) and the calculation for the potential energy using particles identified by σ-clipping assumes a fixed softening length in Eq. (C.11).



    

  
    
      Fig. C.6. 
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Top three panels: modulus of the position and velocity vectors with respect to the center-of-mass for stellar particles (see Eq. (C.7)). Blue dots are stellar particles identified by the Subfind algorithm (left panels), red dots are all selected stellar particles within a sphere with radius 20 times the stellar half-mass radius (highlighted by the dashed solid black line; right panels) and centered around the considered Subfind TDGCs, and green dots are all stellar particles which become accepted by the σ-clipping algorithm with η = 2 and δ = 0.01 (right panels). Bottom: projected stellar particle distribution with positions relative to the center-of-mass for ID 53625. For the σ-clipping, the center-of-mass position and velocity change in each iteration and also for the final accepted stellar particles (see text).



    

  
    
      Fig. C.7. 
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As in Fig. 12 (top) but for gas-free TDGCs analyzed by a σ-clipping scheme (η = 2, δ = 0.01). Red triangles are gas-free TDGCs confirmed by 2σ-clipping and black crosses are gas-free TDGCs which are according to 2σ-clipping not gravitationally bound objects.
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