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Graphical representation summarizing Sect. 2 on mass constraints of initial planetesimal masses in different regions of the solar nebula. Masses given by the values on the ordinate apply for the entire marked regions. Boxes that extend to the border of the plot indicate unknown upper limits. The dotted vertical line separates the two touching regions.


    

  
    
      Fig. 2 
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As Fig. 1, but converted into column densities, assuming a power-law shape ∝ r−2.25 (see Eq. (37) of Lenz et al. 2019 for a motivation). The blue (orange) line shows (three times) the minimum mass solar nebula profile for solids (Weidenschilling 1977a; Hayashi 1981).


    

  
    
      Fig. 3 
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Illustration of Eq. (31) for Stmin = 0.01 and Stmax = 10.


    

  
    
      Fig. 4 
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Final mass in planetesimals within a given disk radius shown in the legend, normalized to the initial total disk dust mass, as a function of planetesimal formation efficiency. Defining ε = 5hg ∕ℓ, where ℓ is theconversion length over which pebbles are transformed into planetesimals. The vertical dashed lines show the predicted maximum at the outer edge of the respective zone. This means that the dashed blue line shows the predicted maximum at 1 au and the purple line shows this at 50 au. This plot shows ε variations from the first fiducial run (gray values in Table 1) in the left panel and from the second fiducial run in the right panel (bold values in Table 1).


    

  
    Table 1 

Parameters used in this study.



	Mdisk [M⊙ ]
	rc [au ]
	γ
	vf [cm s−1 ]
	Z0
	τf [torb]
	αt
	ε
	LX [erg s−1]





	0.02
	10
	0.5
	100
	0.001
	0
	10−5
	0.01
	0



	[image: equation]
	[image: equation]
	0.8
	300
	0.003
	[image: equation]
	10−4
	0.03
	3 × 1028



	0.10
	35
	[image: equation]
	[image: equation]
	[image: equation]
	600
	[image: equation]
	[image: equation]
	1029



		50
	1.2
		0.02
	1000
	10−2
	0.3
	3 × 1029



		100
	1.5
		0.03
			1
	1030



									[image: equation]



	




	0.10
	20
	1
	200
	0.0134
	1600
	3 × 10−4
	0.05
	3 × 1029






Notes. Standard values are marked in gray. Values for the second fiducial set are shown in bold. The columns list the disk mass Mdisk, characteristic radius rc, viscosity power-law index γ, which is also the power-law index of the column density of our initial condition for r ≪ rc, breakup speed of grains vf, initial dust-to-gas ratio Z0, trap formation time τf, turbulent viscosity parameter αt, planetesimal formation efficiency ε, and X-ray luminosity LX. For comparison, the disk mass of the MMSN is approximately 0.013M⊙. In a separate row, we highlight our most appropriate case, which includes a simple model for accretion heating that is not used in any other simulation.





  
    
      Fig. 5 
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Local particle flux in Earth masses per year resulting from pure radial drift per size bin (color) as a function of Stokes number and disk radius. Here, we show the first fiducial run in the left panels (gray values in Table 1) and the second fiducial run in the right panels (bold values in Table 1), both at three different snapshots. The orange (purple) line shows the fragmentation (drift) limit, and the gray line the threshold Stokes number that is required to participate in planetesimal formation (but see the smoothing function Eq. (31)). Particles in the region below the dashed white line have positive total radial velocities, i.e., they are moving outward. For the simulation shown in the left panels, outside of ~ 10 au the disk is limited by drift over most of the time of planetesimal formation. For the simulation shown in the right panels, the disk is mostly limited by fragmentation.


    

  
    
      Fig. 6 
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Top panels: planetesimal (solid), gas (dashed), and total dust (dotted) vertically integrated density profiles at different times. Bottom panels: same quantities, but as a function of time, for three different disk locations. Both fiducial simulations are compared, where the first (gray values in Table 1) is shown in the right and the second (bold valuesin Table 1) in the left panels.


    

  
    
      Fig. 7 
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Total planetesimal mass as a function of time for the first sample (gray values in Table 1). The fiducial values for this set of simulations are shown in the header of the plot. In each panel, the simulation with those parameters is shown as the dashed gray line, and the solid lines with colors show simulation results where only one parameter of the set was changed. The gray area shows values more massive than the solids of the MMSN (Weidenschilling 1977a; Hayashi 1981).


    

  
    
      Fig. 8 
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Same as Fig. 7, but for the second sample (variations to the bold values in Table 1). The fiducial run produces just enough planetesimal mass in the disk to reach the MMSN mass in solids, even though the disk mass already is at the high end. From this point of view, either a higher initial dust-to-gas ratio, a higher planetesimal formation efficiency, or a higher fragmentation speed are required. Bottom left panel: no line is visible for αt = 0.01 as no planetesimals are formed in that case.


    

  
    Table 2 

Parameters that can be excluded to reproduce the solar nebula based on Figs. 7, 8, 9, and 10.



	prule Mdisk [M⊙ ]
	rc [au ]
	γ
	vf [cm s−1 ]
	Z0
	τf [torb]
	αt
	ε
	Reason





	0.05
	≥35
	1
	1000
	0.0134
	300
	10−3
	0.1
	Fails CCKB condition



	0.05
	20
	1.5
	1000
	0.0134
	300
	10−3
	0.1
	Fails CCKB condition



	0.05
	20
	1
	1000
	≤0.03
	300
	10−3
	0.1
	<MMSN; fails Nice disk condition



	0.05
	20
	1
	1000
	0.0134
	<300
	10−3
	0.1
	Fails CCKB condition



	0.05
	20
	1
	1000
	0.0134
	300
	10−2
	0.1
	Fails CCKB condition



	0.05
	20
	1
	1000
	0.0134
	300
	10−3
	≤0.03
	<MMSN (for ε ≲ 0.01);



									Fails Nice disk cond.



	0.05
	20
	1
	1000
	0.0134
	300
	10−3
	≳0.3
	Fails CCKB condition



	




	0.02
	20
	1
	100
	0.0134
	1000
	10−4
	0.03
	<MMSN; fails Nice disk condition



	0.05
	20
	1
	100
	0.0134
	1000
	10−4
	0.03
	<MMSN; fails Nice disk condition



	0.1
	≤10
	1
	100
	0.0134
	1000
	10−4
	0.03
	Fails Nice disk condition



	0.1
	≥35
	1
	100
	0.0134
	1000
	10−4
	0.03
	Fails CCKB condition



	0.1
	20
	0.5
	100
	0.0134
	1000
	10−4
	0.03
	<MMSN



	0.1
	20
	≥1.2
	100
	0.0134
	1000
	10−4
	0.03
	Fails CCKB condition



	0.1
	20
	1
	<100
	0.0134
	1000
	10−4
	0.03
	<MMSN



	0.1
	20
	1
	100
	≤0.003
	1000
	10−4
	0.03
	<MMSN; fails Nice disk condition



	0.1
	20
	1
	100
	0.0134
	0
	10−4
	0.03
	Fails CCKB condition



	0.1
	20
	1
	100
	0.0134
	1000
	≥10−3
	0.03
	<MMSN; fails almost every cond.



	0.1
	20
	1
	100
	0.0134
	1000
	10−4
	≤0.01
	<MMSN; fails Nice disk condition



	0.1
	20
	1
	100
	0.0134
	1000
	10−4
	≳0.3
	Fails CCKB condition






Notes. We cannot exclude values for LX within the range we analyzed. For all the simulations presented in this table, we used LX = 1030 erg s−1. Here we concentrate on three constraints: (1) the CCKB mass constraints, (2) the necessary mass to fulfill the Nice disk condition, (3) and the MMSN mass. In each row we highlight in bold the parameters that deviate from the default values.





  
    Table 3 

Parameter ranges that might work for reproducing the Solar System.



	Symbol
	Meaning
	Comments





	Mdisk
	Total disk mass
	Mdisk ≳ 0.1M⊙ for vf ~ 1 m s−1 and Mdisk ≳ 0.02M⊙ for vf ≳ 10 m s−1



	rc
	Char. radius
	≲50 au



	γ
	Initial inner column dust
	For vf ≳ 10 m s−1 γ ~ 0.5−1. For vf ≳ 1 m s−1 and Mdisk ≳ 0.1M⊙,



		and gas density power-law index
	γ ~ 0.5 might work, but γ ~ 1 seems more likely



	vf
	Frag. speed
	≳1 m s−1 to allow pebbles with St ≳ 10−2 to form



	Z0
	Initial dust-to-gas ratio
	0.01 ≲ Z0 ≲ 0.03 works more or less equally well, whereas Z0 ≲ 0.003 fails



	τf
	Trap formation time
	Traps needed at least 300 torb to form outside of 50 au or never formed there



	αt
	Turbulence parameter
	αt ~ 10−5−10−3 (or only up to a few 10−4 if vf ~ 1 m s−1)



	ε
	Planetesimal formation efficiency
	0.002 < εhg∕d ≲ 0.06 (if ε and d∕hg are constant)



	LX
	X-ray luminosity
	For rc ≲ 20 au, photoevaporation does not affect the final planetesimal profile



			significantly






  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
Same as Fig. 9, but for the second sample (variations to the bold values in Table 1). If ε is high enough, photoevaporation does not change the result significantly. It seems to have an effect for low ε, however; see the yellow line in the bottom middle panel of Fig. 8. Top left panel: we also plot the most appropriate case as a dotted line (last row in Table 1).


    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
Pebble flux in units of Earth masses per year for different times as a function of disk radius (upper panel) and as a function oftime for different disk locations (lower panel). Here, we show data from the accretion heating simulation (the most appropriate case, see the last row in Table 1). Solid lines show the pebble flux using the smoothing function Eq. (31), dashed lines show the total flux, i.e., taking all solid material into account, except for planetesimals. For the upper panels, sub-critical fluxes are marked by the gray zone. They are shown in the respective colors in thelower panels.


    

  
    
      Fig. B.2 
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Same as Fig. 6, but for the accretion heating simulation (the most appropriate case, see the last row in Table 1).


    

  
    
      Fig. B.3 
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As Fig. 5, but for an example run with accretion heating (the most appropriate simulation, see the last row in Table 1).


    

  OEBPS/aa37878-20-fig9_small.jpg





OEBPS/aa37878-20-eq27.png





OEBPS/aa37878-20-eq26.png





OEBPS/aa37878-20-eq28.png





OEBPS/aa37878-20-eq23.png





OEBPS/aa37878-20-eq22.png





OEBPS/aa37878-20-eq25.png





OEBPS/aa37878-20-eq24.png





OEBPS/aa37878-20-eq21.png





OEBPS/aa37878-20-eq20.png









OEBPS/aa37878-20-eq38.png





OEBPS/aa37878-20-eq37.png





OEBPS/aa37878-20-eq39.png





OEBPS/aa37878-20-eq34.png





OEBPS/aa37878-20-eq33.png





OEBPS/aa37878-20-eq35.png





OEBPS/aa37878-20-eq30.png





OEBPS/aa37878-20-eq32.png





OEBPS/aa37878-20-eq31.png





OEBPS/aa37878-20-fig1_small.jpg





OEBPS/aa37878-20-eq49.png





OEBPS/aa37878-20-eq48.png





OEBPS/aa37878-20-eq45.png





OEBPS/aa37878-20-eq47.png





OEBPS/aa37878-20-eq46.png





OEBPS/aa37878-20-eq41.png





OEBPS/aa37878-20-eq40.png





OEBPS/aa37878-20-eq43.png





OEBPS/aa37878-20-eq42.png





OEBPS/aa37878-20-eq50.png





OEBPS/aa37878-20-fig7_small.jpg





OEBPS/aa37878-20-eq59.png





OEBPS/aa37878-20-eq56.png





OEBPS/aa37878-20-eq55.png





OEBPS/aa37878-20-eq58.png





OEBPS/aa37878-20-eq57.png





OEBPS/aa37878-20-eq52.png





OEBPS/aa37878-20-eq51.png





OEBPS/aa37878-20-eq54.png





OEBPS/aa37878-20-eq53.png





OEBPS/aa37878-20-eq61.png





OEBPS/aa37878-20-eq60.png





OEBPS/aa37878-20-fig6_small.jpg





OEBPS/aa37878-20-eq8.png





OEBPS/aa37878-20-eq9.png





OEBPS/aa37878-20-eq4.png





OEBPS/aa37878-20-eq5.png





OEBPS/aa37878-20-eq6.png





OEBPS/aa37878-20-eq7.png





OEBPS/aa37878-20-eq66.png





OEBPS/aa37878-20-eq63.png





OEBPS/aa37878-20-eq62.png





OEBPS/aa37878-20-eq65.png





OEBPS/aa37878-20-fig5_small.jpg
a0n





OEBPS/aa37878-20-eq1.png





OEBPS/aa37878-20-fig2_small.jpg





OEBPS/aa37878-20-eq2.png





OEBPS/aa37878-20-eq3.png





OEBPS/aa37878-20-fig13_small.jpg





OEBPS/aa37878-20-fig1.jpg
mass in initial planetesimals [Mg)

10%

102

10t

max. tested
value leading to
results similar
to Solar System

———best fit

rough value if
pebble accretion
increased the
mass by a
factor of a few

60
=
=
=
<
=
o
2
=
=
e
9
2
=
B
‘@
2
@
3
<
=
=]
=

10[7

50% of critical mass for}
embryos with strong  :“Nice disk” with
gas accretion iroughly 50% mass
icontribution via
correction due 5007 of min. mass :pebble accretion

to Grand Tack ¢ Jupiter -

no evidence
anything
formed initially

corrected mass
due to Nice
migration

scattered into
correction due Asteroid Belt

to Jupiter-Saturn
interaction

current mass

in CCKBO’s

10?
distance to star r [au]





OEBPS/aa37878-20-fig2.jpg
Z.
2
=
-

X
o)

o]
=}
—

10
10!
10°
o
o
0=
-
105

F|Eo 3] spewrtsogoured Ut A}Isuep UWN[0D

au]

[

distance to star r





OEBPS/aa37878-20-fig3.jpg
pre factor to ¢/d

1072

1071 10°
particle Stokes number St

10!

102





OEBPS/aa37878-20-fig4.jpg
Lo/ Mo = 0.1, vi/em 571 =10, 7 /tor, = 1000, ag = 10~*

107!

1
1
1
1
1
1
1
1
1 1
I 1
] 1
1 1
1

{3 1072
® r<lau ® r<20au

r<lau r < 20au

final ptes mass/ini. tot. disk dust mass

8 ® r<3au ® r<50au r < 3an r < 50 au
L ® r<l0au === max. estimate r < 10au max. estimate
£ 1078 103

1072 107! 10°
ptes formation efficiency &

1072 107! 10°
formation efficient






OEBPS/aa37878-20-fig5.jpg


OEBPS/aa37878-20-fig6.jpg
column density ¥ [g/cm?]

column density ¥ [g/cm?]

10° 10! 10? 10° 10

m 1l
102 10° 104 10° 108 107 10° 104 10° 108 107
time [yr] time [yr]






OEBPS/aa37878-20-fig7.jpg
Mg/ Mo = 0.05, 1c/au = 20, v = 1, vg/ems™ = 10°, Zy = 0.0134, 7¢/tomy, = 300, o = 107%, & = 0.1, Lx/ergs™" = 10%

Maae/ Mo =0.02,0.1 re/an =10,35,50,100 v =05,15

ve/ems™1 =100,300,3000 0.0 7t/tory =0,600,1000

Lx/ergs™ =03 10%,

10%,3 - 10%,
€ =0.01,0.03,0.3,1 10%

10° 10* 10° 10° 10° 10* 10° 100 10° 10* 10° 10°
time ¢t [yr] time ¢ [yr] time ¢ [yr]





OEBPS/aa37878-20-fig8.jpg
10° Maige/Mo = 0.1, rc/au = 20, y = 1, vt/ems™" = 100, Zo = 0.0134, 7¢/ton, = 10%, ag = 1074, & = 0.03, Ly /ergs~! = 10

Massk/Mo =0.02,0.05 re/au =10,35,50,100

1

vgfems™ =100,1000 Zo =0.001,0.003,0.02,0.03

10 10°
time ¢ [yr] time ¢ [yr]






OEBPS/aa37878-20-fig10_small.jpg





OEBPS/dash.png





OEBPS/aa37878-20-fig12_small.jpg





OEBPS/aa37878-20-fig4_small.jpg





OEBPS/aa37878-20-eq19.png





OEBPS/aa37878-20-fig3_small.jpg





OEBPS/aa37878-20-fig10.jpg
% [gem™?)
S

1074

102
10!

10?
10!
10°

gem™?

107!

L1072

D

10-3
104
107°

Maige/Mg = 0.1, 1e/an = 20, v = 1, v/cms™"

100

Maisk/Mo =0.02,0.05

distance to star 7 [au]

re/au =10,35,50,100

distance to star 7 [au]

100, Zo = 0.0134, 7¢/tom, = 10%, ap = 1074, &

=0.03, Lx/erg

AN

10,3 - 10%,
103!

10!
distance to star r [au]

10°





OEBPS/aa37878-20-eq15.png





OEBPS/aa37878-20-eq18.png





OEBPS/aa37878-20-fig12.jpg
]

[au

distance to the star r

~
S
~

————————___
—
-~

3,10,41

]

[yr

time





OEBPS/aa37878-20-eq17.png





OEBPS/aa37878-20-fig11.jpg
mass flux [Mg/y1]

mass flux [Mg/y1]

102
1073
104
107°
106
10—7 7
10—8 ‘,/
10-9 | lg (¢/yr) =3,4,5,6
10710 | —— Mpap

10~ b === Mot

10—12

10
distance to the star r [au]

r/au =3,10,41
Mpeb
e Mtot
10—12
102 10° 104 10° 106 107

time [yr]





OEBPS/aa37878-20-eq12.png





OEBPS/aa37878-20-eq11.png





OEBPS/aa37878-20-fig13.jpg
100 " 10—2
4 .
1.04 x 10* years 10-3
107! 1074 =
—
. 1075 =
—
<)
£ 1072 107° S%
= =
= 1077 =
] 3
1073 1078 <
” 1079 S
~
104 1010 &
10—11
10—12
1.02 x 105 years
107!
g
0 -2
=10
[
=]
&
S 107°
n
1074
1071
g
e -2
: 10
=]
g
51073
n
104
105

10° 10 10%
distance to the star r [au]





OEBPS/aa37878-20-eq14.png





OEBPS/aa37878-20-eq13.png





OEBPS/aa37878-20-fig11_small.jpg





