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•  Grains < 1 m migrate very fast – too rapid for planets to 
form!  Yet they do....            (Weidenschilling 1977, Nakagawa 1986)             

Theory of radial dust migration 

assuming MMSN�

(Weidenschilling 1977) 

Small particles coupled 
with gas, large particles 
decoupled 
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•  Grains < 1 m migrate very fast – too rapid for planets to 
form!  Yet they do....            (Weidenschilling 1977, Nakagawa 1986)             

•  Recent improvements: 
−  depending on Σ(r), T(r) and grain growth, can keep dust 

for longer than disk lifetime  
 

 
 
 

Theory of radial dust migration 

assuming MMSN�

(Laibe et al. 2012) 

p=0 
q=3/4 

p=3/2 
q=3/4 

(Youdin & Shu 2002, Dullemond & 
Dominik 2004, Birnstiel et al. 2009, 
Youdin 2011, Laibe et al. 2012)�
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•  Some 1.3−3 mm observations suggest larger grains 
centrally concentrated (Isella et al. 2010, Guilloteau et al. 2011)  

Obs of radial dust migration 
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à But generally lack observational constraints  



TW Hydra ideal to study migration 

•  Nearest T Tauri star, massive gas-rich disk 
−  d = 56pc 
−  age= 3-20 Myr (ave. 10 Myr)  

•  Disk very well studied: 
−  discovered in scattered light (Krist et al. 2000) 
−  dust continuum and molecular line images @ several λ 

•  Multi-epoch, multi-λ studies [sub-mm and mm]: 
−  870 µm @ SMA (Qi et al. 2004; Andrews et al. 2012) 
−  1.3 mm @ SMA/CARMA (Hughes et al. 2008; Isella et al. 2009) 
−  3 mm @ ATCA (Wilner et al. 2003) 
−  7 mm @ VLA (Wilner et al. 2000, Hughes et al. 2007) 

•  Extensive models exist (Thi et al. 2010, Gorti et al. 2011)  
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TW Hya in scattered light 

"    Disk pole-on!  
"   (useful à use visibility 

profiles instead of images) 
"    Rout > 200 AU 

"     
"   Break in surface brightness  
≈ 60 AU (1’’) 
"    colour change @ 

break(Roberge et al. 2005) 

Scattered light image & early results
 Disk Pole-on! 

Useful later, will use 
visibility profiles instead 
of  «!images!».

 Rout > 200 AU
Sensitivity limited 

 Note the break in 
surface brightness at   
" 60AU (1 arcsec)

 color change @ break
(Roberge et al. 2005)
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"    Disk pole-on!  
"   (useful à use visibility 

profiles instead of images) 
"    Rout > 200 AU 

"   (sensitivity limited)  
"   Break in surface brightness  
≈ 60 AU (1’’) 
"    colour change @ 

break(Roberge et al. 2005) 
 

Recent HST obs dip in surface 
brightness ~80 AU and sharp 
cutoff ~150 AU 

(Debes et al. submitted) 

TW Hya in scattered light 

1.1 µm 

2.2 µm 1.7 µm 
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870 µm data & results 
(Andrews et al. 2012) 

Emission @ 870 µm compact 
•  all emission within 60 AU 

•  sharp edge @ 60 AU  
  provides better model fit 
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870 µm data & results 
(Andrews et al. 2012) 

Emission @ 870 µm compact 
•  all emission within 60 AU  

•  sharp edge @ 60 AU  
  provides better model fit 

870 µm emission much more  
compact than scattered light  
or CO disk 

−  Rout_870      ≈ 60 AU 
−  Rout_scattered > 200 AU 
−  Rout_CO       > 215 AU 
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Previous 7mm data & results  

•  Inner hole in disk  
•  Visibility null shows peaked  
  emission @ 4 AU (≈ 1000 kλ) 
•  Incomplete UV coverage  

−  no info < 200 kλ 
−  no info on larger scale 

 

(Hughes et al. 2007) 
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Filling the uv-plane at 7mm 

Hybrid config H168, �
includes NS spur �

EW track �
22m �

Australia Telescope Compact Array 
- 6 element array 
- mm bands: 3, 7, 15 
 (and cm to 21cm) 
- compact hybrid, extended 6km 

ATCA < 200 kλ	




Filling the uv-plane at 7mm 
Hughes et al. (2007) This work: ATCA 44 GHz  

12h on-source�

Filling the uv-plane at 7mm
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Putting it all together: 870µm vs 7mm
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Putting it all together: 870µm vs 7mm 
this work Hughes+ 07 
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Interpretation: Analytic models of 
SURFACE BRIGHTNESS distribution 

870 microns
 R-1 profile needed
 With sharp cut off at 
60 AU
 No need for significant 
emission outside

 Same conclusions as in 
Andrews et al. 2012

No surprise ! 
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Interpretation:  
  

Surface brightness distribution model 

•  R-1 profile needed 
•  with sharp cutoff @ 60 AU 
•  no need for significant  
  emission outside 
 
à  Same conclusions as  
    Andrews et al. (2012) 
    no surprise !  

870 µm 

slope change :  
60 AU cutoff  

9 



  7mm
 R-2  is required

Very peaked inside

 Rin ! 4 AU needed
Something is ‘halting’ the 
migration for a long time.

 Nothing special at 60 AU 10.0 100.0 1000.
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Interpretation: Analytic models of 
SURFACE BRIGHTNESS distribution 

But, also a tail of faint extended emission
Similar to scattered light
Rout of 200 AU or more 

•  R-2  profile required 
    very peaked inside 

•  Rin ≈ 4 AU needed 
 à something ‘halting’  
      the migration 

•  nothing special @60 AU 

•  includes tail of faint  
  extended emission  
 (similar to scattered light) 
à Rout ≥ 200 AU 

Interpretation:  
  

Surface brightness distribution model 

7 mm 

tail of faint 
extended emission null: sharp edge 

@ 4AU 
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Emission profiles different and 
trace different dust populations 
 
• 870 µm : 50−300 µm grains 
•    7 mm : 1 mm - 1cm grains 
 
λ-ratio ≈ 10 : limited overlap 
 
Models with radially well-mixed 
dust: ruled out!�

Interpretation:  
  

Separate dust populations needed 870 µm 7 mm + �
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Separate dust population are needed

  The emission profiles are 
different and trace 
different dust populations

870μm : 50-300μm grains
7mm : 1mm - 1cm grains
λ-ratio ! 10 : limited overlap

Models with dust radially 
well-mixed: ruled out!
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Broad picture: radial migration 

Roughly we have: 

•  7mm emission (large > mm grains): more peaked 
toward center, but extended to > 200 AU 

•  870 µm emission (≈ 100 µm grains): emission with 
intermediate size & sharp cut-off 

•  Scattered light (µm-sized grains): extended over full 
disk 

à Big particles inside, small particles outside… 
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Discussion: the outer disk  

Q: Why 7mm + scattered light extended over full disk  
(≥ 200 AU) like CO gas disk, but not 870 µm? 

13 

•  Small grains (< 10 µm) present: won’t emit   
significantly at 870 µm or 7 mm 

•  How large a grain would it take to emit at 7 mm 
(between 60−200 AU) and not at 870 µm?  



Discussion: the outer disk  

Emission profile @870 if opacity 
law is flat

Emission profile 
@870 if opacity 

law has slope of -2

Discussion: the outer disk 
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870 µm 



•  if opacity ratio   
870/7000 ≈ 1 

à implies grains ≥ 10 cm 

Discussion: the outer disk  

Discussion: the outer disk 
 Small grains (< 10 microns) are present.

 they will not emit significantly at either of 
870μm and 7mm.

 How large a grain would it take to emit 
at 7mm (between 60-200AU) and not at 
870μm? 

if opacity ratio  
870/7000 ! 1
implies grains ! 10cm or more
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Q: Why 7mm + scattered light extended over full disk  
(≥ 200 AU) like CO gas disk, but not 870 µm? 
•  Small grains (< 10 µm) present: won’t emit   

significantly at 870 µm or 7 mm 
•  How large a grain would it take to emit at 7 mm 

(between 60−200 AU) and not at 870 µm?  

Too  
bright 

Too  
faint 

FINE PRINT WARNING: strongly 
dependant on shape of visibility! 



Big grains (≥ 10 cm) 
•  decoupled from gas 
•  similar extent 7mm emission 
•  remain undetected @ 870µm 

Very small grains (≤ 10 µm)   
•  v. strongly coupled to gas 
•  agrees with scattered light 
•  don’t emit much @ λmm 

 ≈ 100 µm−1mm optimal 
grain size for migration 
at R > 100 AU for this 
disk ?? 
 

(Laibe et al. 2012) 

Discussion: the outer disk  
 Big grains ! 10cm

Entirely decoupled from gas
agree with extended 7mm 
emission
remain undetected @ 870μm

 Very small grains 
10μm or less

Very coupled to the gas
No significant migration expected
In agreement with scattered light 
images
Don’t emit much @ mm λ

Discussion: the outer disk G. Laibe et al.: Revisiting the “radial-drift barrier” of planet formation and its relevance in observed protoplanetary discs

Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred

Fig. 8. Isocontours of the survival time (i.e. the time needed to
reach the disc inner edge at rin = 0.01 AU) of grains of size s
and initial position r0 for q = 3

4 and di!erent values of p.

AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred

Fig. 8. Isocontours of the survival time (i.e. the time needed to
reach the disc inner edge at rin = 0.01 AU) of grains of size s
and initial position r0 for q = 3

4 and di!erent values of p.

AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred

Fig. 8. Isocontours of the survival time (i.e. the time needed to
reach the disc inner edge at rin = 0.01 AU) of grains of size s
and initial position r0 for q = 3

4 and di!erent values of p.

AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred

Fig. 8. Isocontours of the survival time (i.e. the time needed to
reach the disc inner edge at rin = 0.01 AU) of grains of size s
and initial position r0 for q = 3

4 and di!erent values of p.

AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3
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4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.
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Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
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2 , q =
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4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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Fig. 7. Survival limits of grains for di!erent values of p and q.
Left: Epstein regime, right: Stokes regime. Grains to the left of
the curves (tin < tdisc) are accreted onto the star whereas those to
the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
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Left: Epstein regime, right: Stokes regime. Grains to the left of
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the right (tin > tdisc) survive in the disc.

q! = q (since the equation of motion has the same structure
for both drag regimes, see Sect. 4), and using the expression of
sopt,0 for that regime, given in Table C.1. Here sopt,0 " T 1

4 : the
weak temperature dependence results in very little change for a
large range of temperatures below or above our adopted value of
T (1 AU) = 150 K. The right panels of Fig. 7 show the survival
limit in the Stokes regime for the di!erent values of q (note that
it no longer depends on p). When q increases, the curve’s lower
branch slides towards larger radii, making the survival of parti-
cles in the Stokes regime less and less favourable.

Given the form of Eq. (49) and its di!erent expressions for
each drag regime, it is not possible to compute analytically the
survival limit for a grain transitioning from the Epstein to the
Stokes regime as it migrates inwards. However, large values of p
and q, for which the Stokes region is the largest, are not observed
in protoplanetary discs (see Sect. 6.2), and in practical cases the
Stokes regime only applies to a small area of the (r0, s) plane.
Small grains, which are detected in disc observations at IR and
sub-millimetre (submm) wavelengths, are mostly subject to the
Epstein drag. We therefore focus on that regime in the following.

Equation (49) can give quantitative information about the
outcome of the grain population. Replacing tdisc by any time t
gives the location in the (r0, s) plane of grains reaching the disc
inner edge (at r = rin) in that time t, which is therefore the sur-
vival time of those grains. Its isocontours are shown in Fig. 8
for di!erent values of p and for q = 3

4 . Only one value of q
is shown as the q dependence is moderate, as can be seen from
the left panels of Fig. 7. The fate of particular dust grains can
easily be obtained from these figures. For example, in the con-
text of disc observations, 1 mm grains initially at 100 AU fall
on the 105 yr contour for p = 0. Their survival time decreases
to a few 104 yr for p # 0.8, and increases again to values larger
than 106 yr as p increases. At an initial position of a few hundred
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AU, 1 mm grains survive longer than 106 yr for any p, therefore
long enough to contribute to the disc emission over its entire life-
time. As noted above, such grains have longer survival times for
higher p and lower q values. As another example, in the context
of planetesimal formation, the survival time of a 1 m particle ini-
tially at 1 AU is # 105 yr for p = 0, decreases to # 102 yr for
p # 1, and increases again to # 103$104 yr for p = 2. The ability
of such particles to remain for long enough in the disc to grow
to larger sizes therefore strongly depends on the surface density
profile. As a general rule, the survival of pre-planetesimals in the
inner disc is favoured by small values of p.

Similarly, replacing now rin with any radius r in Eq. (49)
gives the locus in the (r0, s) plane of grains reaching that radius
r at any time t. Alternatively, one can plot isocontours of the
initial position r0 of grains in the (r, s) plane at various times,
thus showing the radial evolution of grains with the same initial
position but di!erent sizes. This is shown in Fig. 9 for (p = 0,
q = 3

4 ) and Fig. 10 for (p =
3
2 , q =

3
4 ). These plots make it easy

to compare the radial evolution of any particle to any physical
timescale of interest in the disc. In particular, they show that the
disc still contains particles at all radii at the end of its evolution
(t = 106 yr). No grains are found to the right of the r0 = 103 AU
contour, since this was the initial outer disc radius. In the disc
with (p = 0, q = 3

4 ), no grains between # 0.06 and # 0.2 mm
remain, and grains of other sizes still present were initially in
the outer disc. Given that the grains of sizes which contribute to
IR and submm emission have come from a small fraction of the
initial disc, this disc is likely faint. In the disc with (p = 3

2 , q =
3
4 ), only grains with s # 0.1 mm are absent from the very outer
regions, and the observable grains come from a larger portion
of the disc, likely making the disc brighter than in the previous
case.

As a conclusion, the analytic criteria derived above apply
even when taking into account the finite lifetime (or inner radius)
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 ! 100μm-1mm 
could be the 
optimal grain size 
for migration at 
radii > 50-100 AU

Laibe et al. (2012)
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Concluding remarks: what we see 

•  Unambiguous evidence of radial migration in TW Hya  
 (“easy” as it’s nearby, good λ coverage). Clearly see: 
−  Scattered light: µm grains well-coupled to extended gas  - 

 . disk > 200 AU 
 . something funky at 60 AU… 

−  870 µm: 100 µm grains compact 
. disk within 60 AU 

−  7 mm: 10 cm grains very peaked 
. grain pile-up 4 AU 
. but extended tail with small grains > 200 AU 

•  Dust @ 4 AU: something preventing inward migration 
•  gas pressure max, hidden planet? 
•  Transition @ 60 AU: “sweet spot” for rapid migration of 

100µm – 1mm grains?? 
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Concluding remarks: what it means! 

•  Dust pile-up @ 4 AU:  
−  something preventing inward migration 
−  gas pressure max, hidden planet? 

•  Transition @ 60 AU:  

−  “sweet spot” rapid migration for 100µm–1mm grains?? 

−  Messy mix of migration, growth, fragmentation 

•  ALMA to the rescue!  

−  3 mm ALMA will help understand dust size distribution 

−  plus tons of fun for dynamic modellers J 
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Thermal dust at 7mm 

Pascucci et al. (2012) 

fit 0.87-3.4mm 
α = 2.57 ± 0.06 

opt thick free-free 
α = 0.4 

opt thin free-free 
α = -0.1 

à free-free contributes @ 3.6 and 6 cm, but not 7 mm 


