
    
      Table 1 

      Star and disc initial parameters for all the performed simulations.

      
        


	Sim
	M★ [M⊙]
	R★ [R⊙]
	[image: equation]
	Rint [au]
	Rc [au]
	α
	Md [M⊙]
	τ [Myr]





	S1
	1.0
	4.600
	4482
	0.1
	40
	10−2
	0.03
	0.55



	S2
	1.0
	4.600
	4482
	0.1
	40
	10−2
	0.06
	1.02



	S3
	1.0
	4.600
	4482
	0.1
	40
	10−2
	0.10
	1.61



	S4
	1.0
	4.600
	4482
	0.1
	40
	10−3
	0.03
	1.19



	S5
	1.0
	4.600
	4482
	0.1
	40
	10−3
	0.06
	2.80



	S6
	1.0
	4.600
	4482
	0.1
	40
	10−3
	0.10
	7.00



	S7
	1.0
	4.600
	4482
	0.1
	40
	10−4
	0.03
	3.49



	S8
	1.0
	4.600
	4482
	0.1
	40
	10−4
	0.06
	8.04



	S9
	1.0
	4.600
	4482
	0.1
	40
	10−4
	0.10
	>10



	




	S10
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−2
	0.045
	0.64



	S11
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−2
	0.09
	0.97



	S12
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−2
	0.15
	1.52



	S13
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−3
	0.045
	1.42



	S14
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−3
	0.09
	2.65



	S15
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−3
	0.15
	4.58



	S16
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−4
	0.045
	5.05



	S17
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−4
	0.09
	6.10



	S18
	1.5
	4.105
	4797
	0.114
	51.5
	1.5 × 10−4
	0.15
	8.54



	




	S19
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−2
	0.06
	0.66



	S20
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−2
	0.12
	0.98



	S21
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−2
	0.20
	1.42



	S22
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−3
	0.06
	1.38



	S23
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−3
	0.12
	2.64



	S24
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−3
	0.20
	3.56



	S25
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−4
	0.06
	6.40



	S26
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−4
	0.12
	7.60



	S27
	2.0
	3.882
	4797
	0.126
	61.7
	2 × 10−4
	0.20
	9.52



	




	S28
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−2
	0.075
	0.57



	S29
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−2
	0.15
	0.84



	S30
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−2
	0.25
	1.14



	S31
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−3
	0.075
	1.14



	S32
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−3
	0.15
	2.51



	S33
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−3
	0.25
	3.65



	S34
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−4
	0.075
	8.50



	S35*
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−4
	0.15
	9.50



	S36
	2.5
	4.204
	5178
	0.136
	70.9
	2.5 × 10−4
	0.25
	>10



	




	S37
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−2
	0.09
	0.42



	S38*
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−2
	0.18
	1.15



	S39
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−2
	0.30
	1.23



	S40
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−3
	0.09
	1.70



	S41
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−3
	0.18
	2.17



	S42
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−3
	0.30
	2.25



	S43
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−4
	0.09
	9.75



	S44
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−4
	0.18
	>10



	S45
	3.0
	4.571
	5415
	0.144
	79.5
	3 × 10−4
	0.30
	>10





      

      
Notes. M★ denotes the mass of the star, while R★ and [image: equation] refer to the radius and effective temperature of the star at the birthline, respectively. Rint and Rc represent the inner border and the characteristic radius of the disc, respectively. α is the viscosity parameter and Md the mass of the disc. The last column refers to τ, the disc dissipation timescale, which is not an initial condition but a result of our simulations (see Sect. 3.5). The cases highlighted in bold face are referring to the revenant discs that will be described in Sect. 3.4. Simulations S35* and S38* represent cases that do not strictly follow the revenant disc evolution.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Upper panels: time evolution of the gas surface density profiles for massive (top), intermediate (middle), and low (bottom) mass discs around stars with masses between 1 M⊙ and 3 M⊙ in discs with α0 = 10−2, plotted every 0.1 Myr. The labels at the top right of each panel represent the simulation number and the dissipation timescale, also represented by the colour scale bar shown on the vertical right-hand side of the plot. The coloured simulation numbers refer to specific cases described in the text. Lower panels: time evolution of the mass accretion rate Ṁacc (solid red curve) and the mass-loss rates ṀX (solid blue curve) and ṀFUV (solid lilac curve) by the X-ray and FUV photoevaporation, respectively, for the same discs, integrated along the regions where there is still gas surface density to remove. The dashed blue and lilac curves represent the same mass-loss rates but integrated along the disc domain. The vertical dashed lines represent the time at which the gap opened in the disc, due to the effects of either X-ray (blue) or FUV (lilac) photoevaporation. For the high viscosity parameter assumed here, most discs evolve following the classical inside-out disc dispersal (see Sect. 3.1). Only for the highest stellar and disc masses (see cases S38 and S39) do the outer and inner discs disappear on similar timescales (a pathway that we call homogeneous disc evolution).

      

    

  
    
      Fig. 2 
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        Same as Fig. 1 but for discs with α0 = 10−3 and gas disc profiles plotted every 0.15 Myr. For this intermediate value of the viscosity parameter, we only predict classical inside-out disc dispersal for the most massive discs around the least massive stars (S5, S6, S15). In the majority of cases, the discs dissipate according to homogeneous disc evolution, i.e. the inner and outer discs disappear nearly simultaneously (S4, S13, S14, S22, S23, S31, S32). For the initially more massive discs around the most massive stars (S41, S42), we predict the outer disc will disappear clearly before the inner disc; that is, in these cases, the viscous timescale of the inner disc is longer than the photoevaporation timescale of the outer disc. A particularly interesting evolutionary pathway is that predicted by S40 and S33. Following the gap opening through X-ray photoevaporation, the outer and the inner disc reconnect as the X-ray emission decreases and the final disc dispersal is caused by FUV photoevaporation. We termed this pathway revenant disc evolution (see Sect. 3.4 for details).

      

    

  
    
      Fig. 3 
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        Same as Figs. 1 and 2 but for discs with α0 = 10−4 and gas disc profiles plotted every 0.35 Myr. For the lowest viscosity parameter in our grid, we did not find any disc that follows the classical inside-out disc dissipation pathway. Instead, for the lowest mass stars, we predict the photoevaporation timescale of the outer disc to be similar to the viscous timescale of the outer disc, which implies that both components disappear nearly simultaneously (homogeneous disc evolution, see Sect. 3.2). With increasing stellar mass, the evolution switches first to revenant disc evolution (S27, S35*, see Sect. 3.4) and then to outside-in disc dispersal (S34, S36, S43, S45, see Sect. 3.3 for details).

      

    

  
    
      Fig. 4 
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        Viscous ([image: equation], solid lines) and photoevaporation ([image: equation], dashed lines) timescales from the time of gap opening for the discs labelled S3 (red lines) and S39 (black lines). The solid dark grey curve represents the ratio [image: equation], for the S39 disc that evolves always bounded within the shaded grey area, between 0.1 and 10. The same ratio for S3 falls completely outside the range of this figure. As a consequence and following our definition for homogeneous evolution, while model S39 describes the homogeneous disc evolution around a 3 M⊙ star (black lines), and S3 represents inside-out evolution (red lines) of a disc around a star of 1 M⊙. The abrupt decrease in [image: equation] exactly at the time the disc becomes a transition disc (vertical dashed grey line) is due to the change to the direct X-ray photoevaporation rate regime in S3.

      

    

  
    
      Fig. 5 
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        Time evolution of the gas surface density (left panel) and of the mass accretion and photoevaporation mass-loss rates (right panel) for the S33 simulation that we classify as a revenant disc. The reddish, greenish, and blueish profiles describe Stages I, II, and III, respectively, for the evolution of this kind of disc (see Sect. 3.4). The vertical dotted, coloured lines in the right panel denote the same times for the gas profiles as the left figure. In particular, the thicker lines denoted by “b” and by “g” show the positions of the first and second gap openings. It is important to note here that Ṁacc was computed at the inner border of the disc, and that ṀX and ṀFUV were integrated along the disc. Thus, at the time of the gap openings (vertical lines c and g), these curves do not represent the situation at these specific gap-opening locations. As in Figs. 1–3, the dashed curves correspond to the mass-loss rates integrated along the disc domain while the solid ones (grey and light grey) were computed considering the available mass in the disc. A movie showing the time evolution of this disc is available online.

      

    

  
    
      Table 2 

      Characteristics of the special revenant discs described in Sect. 3.4.

      
        


	Sim
	RX [au]
	τX [Myr]
	amax [au]
	τsep [Myr]
	RReb [au]
	τReb [Myr]
	RFUV [au]
	τFUV [Myr]
	Ṁacc variability





	S27
	7.19
	2.96
	10.96
	1.50
	8.25
	4.46
	8.43
	4.88
	No



	S33
	7.77
	1.63
	1.64
	0.16
	6.5
	1.79
	13.47
	2.66
	Yes



	S40
	10.74
	0.41
	5.97
	0.19
	8.75
	0.60
	14.5
	1.02
	Yes



	




	S35*
	9.63
	1.23
	16.41
	–
	–
	–
	~13.5
	~2.20
	No



	S38*
	–
	–`
	–
	–
	–
	–
	15.43
	1.03
	Yes





      

      
Notes. RX and τX represent the location, in au, and the time, in Myr, of the gap opened by X-ray photoevaporation. represents the maximum distance of separation between the inner and outer discs formed after the gap opens, and τsep the time both discs remain apart before joining together again. RReb and τReb represent the location and time at which the disc is rebuilt. RFUV and τFUV denote the location and time of the second gap opened by FUV photoevaporation, and Ṁacc variability refers to a significant change in the accretion rate. Simulations S35* and S38* represent cases that do not strictly follow the revenant disc evolution.




    

  
    
      Fig. 6 
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        Dissipation timescales as a function of the central star mass for discs with α0 = 10−2 (pentagons), α0 = 10−3 (circles) and α0 = 10−4 (diamonds), for low- (dark green), intermediate- (green) and high-mass (light-green) discs. The discs marked with a black cross denote revenant discs. The blue and black curves represent the results of Kunitomo et al. (2021) for discs with α0 = 10−2 (pentagons) and α0 = 10−3 (circles), respectively (see also their Fig. 13). The general trend is that the disc lifetimes decrease with increasing stellar mass, with the two exceptions being low-viscosity discs and revenant discs.

      

    

  
    
      Fig. 7 
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        Summary of the findings described in Sect. 3.4. Each labelled square represents one of our simulations. The different colours represent the different evolutionary pathways, yellow being the classical inside-out evolution, orange the homogeneous evolution, red the revenant disc evolution (also highlighted in bold), and violet the outside-in evolution. The red cases marked with a * are those described in Sect. 3.4 that do not strictly follow the revenant disc evolution sequence. Unlike in Figs. 1–3, the simulations here are organised by disc mass, and each row represents the different α0 viscosity parameters. The transition between the different pathways can be better appreciated this way.

      

    

  
    
      Fig. 8 
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        Time evolution of the gas surface density profiles (top panels) and of the mass accretion and photoevaporation mass-loss rates (bottom panels) for massive discs around stars with masses between 2.5 M⊙ (left panel), 3 M⊙ (middle panel), and 4.0 M⊙ (right panel) with α0 = 10−3. In this case, the X-ray photoevaporation rate for primordial discs has been computed by directly using Eqs. (B1)–(B3) from Appendix B in Owen et al. (2012). As in Figs. 1–3, the short dashed blue and lilac curves represent the mass-loss rates but integrated along the disc domain. For comparison we also plotted the mass accretion and photoevaporation mass-loss rates (represented by the long dashed red, blue, and lilac curves) computed by considering the X-ray photoevaporation rate for primordial discs, as in K21. Our general result seems to be a direct consequence of considering the effects of stellar evolution on disc evolution as they are apparently independent of the details of modelling X-ray photoevaporation. We still predict homogeneous, revenant, and outside-in evolution, with the only difference being that the transitions from one case to the next shift to larger stellar masses.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Time evolution of the pebble drift velocities, as a function of L★ and M★ (Pinilla et al. 2013), for stars with masses between 1 and 3 M⊙. The coloured circles represent the time of gap opening only for those simulations with high-mass discs. As in Fig. 9, the colours represent the different evolutionary pathways.

      

    

  
    
      Fig. A.1 
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        Time evolution of a disc around a 3M⊙ star computed with this paper version of PLANETALP. As in fig. 8 of Kunitomo et al. (2021), the panels on the left show the time evolution of the gas surface density (top) and the midplane temperature (bottom) profiles. The panels on the right show the time evolution of the mass accretion rate, Ṁacc, and the mass-loss rates by X-ray and FUV photoevaporation (top), and the evolution of the disc mass and the time-integrated masses of accretion and photoevaporation (FUV and X-ray). The thick grey curves in each panel show the results from K21

      

    

  
    
      Fig. A.2 
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        Same as fig. A.1 but for a 1M⊙ star. This figure compares to fig. 15 of K21.

      

    

  
    
      Fig. B.1 
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        Time evolution of the mass of a disc around a 3M⊙ star, with its vertical structure computed from different temperatures and star radii (at t0 = 0, t0 = 0.5, and t0 = 1.0 Myr (data from Table 1 in K21).
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Yxray(R) = 0
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Ypp(R) = max[Xyx ray(R). Zruv(R)].





OEBPS/aa47762-23-fig11_small.jpg





OEBPS/aa47762-23-eq10.png





