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Recall: gas vs dust

NIR ALMA mm continuum ALMA integrated 12CO

scattered light . @ thermal continuum spectral line emission

Andrews 2020



Recall: dust evolution

- (Gas disk has a pressure gradient d_p <0

- Radial inward drift dust dr

Weidenschilling 1977
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Recall: dust evolution
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Dust mass: solid reservoir
for planet formation

Solar System: cannot go back in time and measure disk mass, but can estimate the
minimum amount of material needed: The Minimum Mass Solar Nebula

Take amount of solid mass
per planet and multiply by
Solar composition

Divide in annuli and
distribute mass across
each planet orbit: gas
surface density

Compute the solid surface
density considering the
H20 snowline
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Dust mass: solid reservoir
for planet formation

Solar System: cannot go back in time and measure disk mass, but can estimate the
minimum amount of material needed: The Minimum Mass Solar Nebula
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MMSN compared to disks

MMSN profile seems to be pretty consistent with early disk measurements
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(But these are brightest, most massive disks!)

Williams & Cieza 2011



Dust mass budget In disks

Larger protoplanetary disk (Class Il) surveys: solid mass
below the exoplanet core masses?

10~ 1 10
Stellar Mass [M g ]

Exoplanets already formed in Class Il stage?
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Dust mass budget In disks

Mass of solids in

Looking at the mass budget in Class 0 and | stage: more
similar to exoplanet solid mass => evidence early formation?
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Rewsed dust
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Careful! Exoplanet detection catalog is

not a complete or unbiased survey
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Revised: dust mass budget

For disks, correct for selection bias as
well: most exoplanets studies around

Solar mass stars

ALMA Class Il Disk Mass Distribution
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exoplanets and Class Il disks:
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How do we compute
the dust mass?

Dust
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Dust temperature

Disk temperature generally depends on
Infalling stellar radiation

Passively heated, flared disk in radiative
equilibrium has the following temperature:

/ Absorption depth Surf
T(T) _ ( ¢L* )1’4 4 ¢L* 1 for stellar photons_} A ]al;,efce
8wopr? 8mop \/T L
i : : Y
With phi the flaring angle Stellar Thermal
radiation _ 4~ photosphere
(generally taken as 0.02
for the midplane)
---------------- Disk interior
------------------------------- Mid-plane

Chiang & Goldreich 1997
Dullemond et al. 2001



T (K)

Dust temperature

OL. )1/4— oL, 1
8mopr? -

T(r) = (

Disk temperature

100

80 A — L+=0.1
Bulk of the disk (50-150 au, where

most of the mass is) is between
10 and 20 K:

General assumption:
use average temperature to
compute dust mass (usually 20 K)

0 25 50 75 100 125 150
R (au)



How do we compute
the dust mass?

Dust

Optically thin: 7, << 1:

Power-law ¥, (p) — EP(L)—I
surface density: T
Dust mass: M, = [Z(F)Zﬂrdr Fy = ledﬂ
L, =B(T)1l—e")
Compute Maust and Fy in optically thin regime KUZ Just

COS 1



How do we compute
the dust mass?

Dust Commonly used to
. e F = BI/(T)KUMdust derive disk dust masses
Optically thin: 7, : = - with T=20 K
In practice:

* Dust opacity can be computed using Mie-theory: many tables available online
(see later)

e Computation dust mass:

* Either integrated flux (entire disk) conversion to mass
OR

* Full radiative transfer: compute dust temperatures throughout the disk based on a
stellar radiation field and dust density structure, and compute SED and images at
various wavelengths and compare with data

* Flux density is function of frequency/wavelength: remember: superposition
blackbodies and opacities



Rayleigh-Jeans
approximation

2h’

Rayleigh-Jeans: B(T) =

Approximation: ; hy <& kBT (Valid in mm wavelengths)

Compute B(T) in RJ approximation



Rayleigh-Jeans
approximation

2h’

Rayleigh-Jeans: B(T) =

Approximation: ; h << kg1’ (Valid in mm wavelengths)

B,(T(r) = 22 F8T(") —p B (T) ~ 12

(12
Remember: KU ~ I/'B



Rayleigh-Jeans
approximation

2h’

Rayleigh-Jeans: B(T) =

Approximation: ; hv < kg1’

B,(T(r) = 22 F8T(") —p B (T) ~ 12

2

Remember: Ky ~ I/'B

. B (T)xM
Rayleigh-Jeans + P v " dust b o 12 o 120 g
Opt thin regime: FI/ o 2 FI/ UKy v v

So the spectral index alpha can provide us the dust
opacity B in the assumption of opt. thin emission
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Dust opacity

Dust opacity
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Testl et al. 2014
Andrews et al. 2011



Dust opacity
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What if dust is optically
thick?

F,= |10

I, =B/(T)1—-e%) =B/T)

2 a
FVN”}[VNMV

Spectral index a no longer
represents the dust opacity and
the dust mass iIs underestimated



Check optical depth?

If emission is spatially resolved, we can check if the emission is
optically thick by comparing the emission with the local temperature

If optically thick:

2
F(r)=B/(r,T)~ 2V szT(r) x 1(r)
C

Compute the ‘brightness temperature’ T, from the measured flux and
compare with the physical temperature at that location: if
comparable, the emission is likely optically thick



Multi-wavelength
observations

 Multi-wavelength observations: derive spectral index alpha

* Rule of thumb: spectral index alphamm is: F ~ 12 ~ 1218 ~ 2
U U
e 3.7 (ISM)

e 2.0-3.0 (mm-grains/opt. thick) L] , , :
¢ (<)2.0 (optically thick) e TP .
e -1<0 <1 (free-free emission, 35 e one O
non-thermal) g Lof . " v
 |f 3 or more wavelengths available: & | . P :
fi : : : 2.5F -, ‘» * ‘" = -
it opacity (grain size), ) e, e T m ,
Flo « o (R
temperature and 20F Y W T . :
surface density independently! N e
10 100 1000

Fuaeimm LMJy, dist = 140 pc]

Testi et al. 2014 (PPVI)



Multi-wavelength observations
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So dust masses may be underestimated somewhat

(in inner part), but not by a factor 10 Carrasco-Gonzalez et al. 2019
Macias et al. 2021
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Disk dust mass evolution

Approach: map all Class Il disks in nearby star-
‘ forming regions at low resolution 0.25” with ALMA

e Snapshot surveys of 1-2 min/source

 Hundreds of disks in SF regions

* Regions of 1-10 Myr old

e Continuum flux provides disk dust mass

niuchus

9,

=> Statistics of disk
dust mass and evolution!

s ———

Ansdell et al. 2016, 2018
Barenfeld et al. 2016
Upper Sco Cieza et al. 2018



Disk dust mass evolution

1.0 J
0.8 -
< 0.6
3>
= .
Al !
Q. 0.4 -
15-10 Myr
0.2 -
0.0 +——rT———rrrm————+rrrrq
0.1 1 1
Mdust [MEB]
Observed dust mass decreases with age: Ansdell et al. 2016, 2017

decrease of mm-dust grains or change in opacity (grain properties)? Ciezaetal 2018



Disk dust mass evolution

M Class 0: 158 M,
ClassI: 52 M s
0.87 Class II: 3 M,
I Exoplanels
0.6
% Perseus (VLA)
0 0.4- Kgrmm = 0.28 cm? g1
0.2-
0.0-

10 100 102 108

Dust mass (M 4 )

o

Decrease Iin dust mass already seen
from Class 0 to Class |l stage, even

at longer wavelengths:

not just dust opacity change!

Tobin et al. 2020
Tychoniec et al. 2020
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|°9{Mdust) [M@]

10g(Mgyst) [Mg]

Disk dust mass evolution
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Disk dust mass scales with stellar mass
and decrease with age is stronger for low-mass

Ansdell et al. 2016, 2017




Disk dust mass evolution

Pearson coeff: 0.50

N
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= w———sTDs and Structures
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— Taurus, 1-3 Myr
— _1 - ’

Upper 5co, 5-10 Myr

°I'00 —0.75 —0.50 —0.25 0.00 025 0.50
10g10M . [Mg] Interesting phenomenon: gapped
disks (transition and ring disks) do
not follow the trend of the bulk of the

disk population Pinilla et al. 2020
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Recall: 2 options dust evolution

"o Unperturbed density - Weaktraps ' Strong traps
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Also: radial drift more efficient
around low-mass stars

2
2 )Y Ufrag

1/4
Vdrift X L*/ /\/ M* Afrag =

=
37 ps@ury €2

2.0

—2.0 1

o 10 Myr
-2.5

T T T T T T - R | y R B y —
3.70 3.65 3.60 3.55 3.50 3.45 10~ 101 10¢ 10!
log Tefr [K] t [Myr]

Pinilla et al. 2013, 2022
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Resulting dust evolution

Synthetic dust mass, Mg = 0.05M ,

IWeak traps .ISlrong traps
. _,
=

> Unperturbed density
L
1- % ’
O 2 O .
0- 2 x . 7
i = O
A o @
14 & 1 Myr
S Myr . N
-2 . . ' . : . . . . : . ;
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log10M . [Mo]| log10M. Mo log;0M . Mo

Trends remain unclear:

flat slope not reproduced

In the dust traps around low-mass
stars, the mm-sized particles grow
to boulders: decrease observable
mm-dust mass. Dust mass
maintained for Solar mass stars.

Pinilla et al. 2020



Mdust(Me)

Is the slope really flat?

Dust mass

E

PPDs <5 Myr

PPDs >5 Myr *

Larger sample of transition disks around
low-mass stars, including fainter ones:
slope of TDs is now comparable with
that of PPDs, consistent with dust
evolution models with boulder growth

]16090141

Faint transition disk

Van der Marel 2022 (review)
van der Marel et al. 2022, in rev.



Disk dust mass evolution

Disk dust mass decreases rapidly between protoplanetary
disks and debris disks (note: incomplete/biased samples)
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How can we explain this trend if debris disks have large planetesimal belts?
Wyatt et al. 2008



Disk dust mass evolution

Evolution to debris disks

° -
33 Hypothesis: only the disks with
oA dust traps which are most

§-% commonly found around super
23 Solar mass stars, become

' 2 observable debris disks

ge

Najita et al. 2022
Van der Marel 2022 (review)



Polarisation
ALMA polarization of disks

IV Lup C\W Tau

HL Tau

Kataoka et al. 2015



Polarisation

Parallel to the minor axis Azimuthal

HD 163296 (0.9 mm)

L] # L] L] » L ]' l L] L] ' ] » '

HL Tau (3 mm)

\\\\\

NN NN NN NN
B N\ N NN\

Dentetal. 2019 Kataoka et al. 2017

Intrinsic polarization of

Self-scatterin
v aligned dust grains



Polarisation

» Polarization due to scattering:
only detectable when a ~ A/21

[.2

LA | — v rvve]
3.1 mm 1["11“‘ T
I 0.87 mm (Band 3) e
(Band 7)
(.8 .34 mm
(Band 10)
0.6
0.4
0.2
0
2 a a_a a2 2 aal a A a_a a2 aaal a a A 4 4 a4
0.001 0.0] 0.1 |

Maximum grain size [cm]
Kataoka et al. 2015



Polarisation

Measure polarisation in multiple wavelengths:
transition from self-scattering to intrinsic
polarisation by dust alignment

' 870 ym (ALMA Band 7) ' 1.3 mm (ALMA Band 6)
! HL Tau | BB HL Tau

Self-scattering +

ransity (mly baam ')

Intrinsic polarization
of aligned dust

grains

" Polarized 870 um intensizy (m)y beam-')

e b s :
Polarized 2.1 mm in

~ Polerized 1.3 mm intensity (mjy bean )

1

3 Banc
3.0mm o0

I 0.87 mm (Band 3)
(Band 7)

0.8 (Band 10)
0.6 - - . . -
Self-scattering visible in Band 7, not in Band 6/3
04 => maximum grain size must be <100 micron!
0.2
0
0.001 0.01 0.1 | Kataoka et al. 2017

Maximum grain size [cm]



How large are the dust
gralns in dlsks’?

Polanzatl 7 AR ¥ pi‘.r ectral index:

100micron w ?‘ \? . ~1mm

Debate is still on-going!
From MIAPP meeting 2021



Summary dust

Disk dust mass usually calculated using simple
assumptions (optically thin, mm-grains)

Disk dust mass changes in evolutionary plots can be
interpreted in multiple ways

Multi-wavelength observations can help to disentangle
dust opacity effects

Maximum dust grain size remains unknown



Disk gas mass

Fundamental disk property
(planet formation, disk processes, etc.)

Problem: many uncertainties depending on method

Taurus

TW Hya Gas
Th| et al. 2010 Gorti etal. 2010

. Hya Dust | -
..I R

10~ 10~}
(M®>

Number of disks

—
O
N
©
N
QO
QO
5
-
(0]
(7))
-
s

100 x M

dust

figure by Ted Bergin



Disk gas mass

e Methods

Dust mass x 100 (ISM)

CO isotopologues

HD

Self-gravity

Dust follows gas?
ISM ratio?
Dust mass accurate?

CO optical depth?
CO/H: ratio?
Depletion?

Dependence on vertical structure
FIR: inaccessible

Need very good kinematic data




Using molecules

In order to use molecular line emission as a
tracer of mass, we need to understand the
density and temperature structure of the disk

Gas temperature is decoupled from dust
temperature (additional heating mechanisms in
surface layers) and large gradients in

density and temperature which impact the
molecular abundances



Using molecules

Main molecules:

Bulk of the molecular gas
structure in the disk (side view)

——T

H-
e most abundant constituent

“©
| S e no permanent electric
mole.c.ules are phg’rq—di;socio’red moleza{cr::: dipole moment:
gas is in the atomic/ionized ]
' phase layer very weak rotational and
. molecules survive - - -
RS oseous vibrational lines
hase -
p « However, isotopologue HD
. it has dipole moment and is
ICYy midplane -
) molecules are frozen Observable in FIR
onto grains
o co

e second in abundance to H2
(CO/H2 ~ 10-4 in ISM)

e very well studied chemistry

readily detectable pure
rotational lines at mm

_ | wavelength
figure by Anna Miotello



More on chemistry
and line excitation
in Lecture 6

Using molecules— —

What sets the emission strength of a line?

~9.v0
s“ sﬁ

° “ oy

Molecules move around randomly
and occasionally collide

n=

VWW\ YA
°o—>0- &—

A collision brings a molecule in
a higher energetic state



Using molecules

GAS EMISSION

GAS DISTRIBUTION

warm
molecular
layer

ICYy midplane

Using HD as gas mass measure

figure by Anna Miotello



Using CO

GAS EMISSION GAS DISTRIBUTION

warm
molecular
layer

icy midplane

[
]
O 12CO optically thick lines

Tt =1 surface
at low column densities

(1015 cm2?) figure by Anna Miotello




Using CO isotopologues

GAS DISTRIBUTION

GAS EMISSION

hot
surface

warm

molecular
layer

Icy midplane

B3CO and C80O

|
'
‘ optically thin lines

their detection

allows us fo frace figure by Anna Miotello
the il af the Ace



CO optical depth

EMISSION
LINES (mm)
optical depth

_ 1200 -
1/68
1/560

- 13CO
- 180




Parametrised structure

CO abundance and gas temperature are
parametrised, followed by raytracing of the line

200 B

SRR

150 g

S0

0 g .y . N
> 50 e / 200 250 300
R (AU)

CO/Hz2setto O
due to freeze-out N
(T<20 K) Willlams & Best 2014




Parametrised

structure

Creating a large grid of models with a

107

L(C'®0 2-1) [Jy km/s pc?]

101F

-'J\‘Iga 8

1x 107 M,
3 x 10—2M_,
1 x 1072M,,
3 x 1073 M,
I X 1079 M
3 x 107" M
1 x 10~*M,.

1 range of disk masses, stellar masses and
| other properties, we have estimates of

combined line strength of 13CO and C180
{ 2-1 to compare with observed line fluxes

L2 a ]
10"
L(13CO 2-1) [Jy km/s pc?]

”{" 5 - {*
: ..‘J A ] _ T MMMEN $ +
- + : \ i :" *
r * ‘; .
g -
L + :
G " I § * I } + &g
e — e —
100 I1SM *
: bt
|4 ¢
§ 0 I ¢ + I * )
* +
- s F8558 F88877F
. F 8

Mégt gas masses < MMSN

and gas-to-dust ratio ~ 10!  Williams & Best 2014



Parametrised structure

However, this was a biased sample towards R ——rrrrr ———
very bright disks (detectable with SMA) [ o LB

What about the Lupus survey? Gas Masses
106 L | ®3x107M,,

1%10°°M,, 0 .é.
3Ix10M,, e

®1x10 %M,

®3x107°M, ,_? y
®1x107°M, '%.

A 1 L l

Examples of 13CO/C180 emission
Continuum Yco c’’o

L(*?CO 3-2) [Jy km/s pc?]

Ansdell et al. 2016
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Parametrised structure
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Parametrised structure
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Full thermo-chemical

Density structure
Stellar spectrum

—

More on chemistry
and line excitation

in Lecture 6

Continuum radiative transfer

ldusl lemperalures
Chemistry:

// abundance \
Excitation _’ Thermal
levels balances

labundances & gas temperatures

Raytracing molecular lines

temperatures, considering freeze-out,

photodissociation, chemistry....

Bruderer et al. 2012, 2013, 2014
Van der Marel 2015



z (AU)

z |AU)

Compute molecular abundances
of CO isotopologues

Typical value
CO/H2

n CO) /g,

200 200

.. lsotope-selective photodissociation:
photodissociation deeper into the
disk surface for rarer isotopologues

1 ¢ 150 ¢

o= 100

100 ¢ .
1010 No With

o | . isotope-selective isotope-selective
10742 Photodissociation photodissociation

0 = - 102 0 - - warm finger

1) 200 J00 10 100 200 KLl 100 - -
r (AU) r (AU)
(C0) /11 s CTO) /1t
20 "" - .)/’.'L" . 200 ”(’ - ,)/’f“‘ .
 (c) (d) 107 emitting region %\:‘% emitting region
107"

L0 150 ' !
-0 {2l Warm disk isotope-selective

" 10~ Photodissociation

; 0o
' region

50 ¢

.
: ‘ 10" - : W
o LANE . : o LS freeze-out - :
100 200 300 100 100 200 300 100 y

r (AL r (AU) (b) Cold disk

Again, grid of models to be compared with the Lupus data... Miotello et al. 2014. 2018
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Gas dissipation?

|4

1 1 1 ) Ll L] 1 L) 1 I ' 1 L) L) L) L] 1 ) 1 L) L) 1 L 1 1 1 1 L L) 1 1 1

O TD < P
N -
| @ 1Lupus P 03\", .-
—-7H © Edge-on (M L = - N
= & Non acc }.\‘\#L -7 "

Rapid gas dissipation in
Lupus disks is unlikely with -8

I | L L | | ) 1

the observed accretion E
rates, which are consistent [ _ |
. - =
with a few Myr of evolution — i
= b
®) —10;
O F
—11f°
-12k -
- llllllllllllllllllllllllllllllllll.
So something else Lnust 45  —40 —-35 30 25 20 -1s
deplete the CO* log(100 -M,,.,) [M ]

Manara et al. 2016



Using HD

FIR HD 1-0 line (Herschel-PACS) at 112 micron detected in TW Hya

Flux (Jy)

Ll 1 ] Ll | 1 1 I I I ' I
- HERSCHEL -

COJ=23522 |

I

3.5+ -

A (um)

Using a thermo-chemical model:
gas mass of >0.05 Msun (MMSN)

and gas-to-dust ratio of ??

UL

L] ] L L l ] | L ) l L L L] ]
I

2 0 2.
Logo (NHp 4=1 in cm

o
()

o
)

XN|4 8Aje|WN)

ettt ettt

20 40 60 80 100

Gas Temperature (K)

150

50 100
R (AU)

HD/H2 = 3.10-5

Bergin et al. 2013



Flux (Jy)

Comparison with CO

Gas mass derived from C180 emission is only 0.005 Msun!!

lvl ] 1 1 1 1 ] 1 1 | 1
I HERSCHEL -

—

l COJ=23-522 |

Flux [Jy]

3.5+ —

A (l,lm) Vlsr [km S l]

Implication: CO depleted by a factor 100?

Bergin et al. 2013
Favre et al. 2013



Other HD measurements

-»f DM Tou (4.30)

. GM Aur (5.10)

L VZ Cho (1.70)

—
-1x10"" -| I IJ :'L
s«10-7t AA Tou (0.20) it FZ Tou (0.40) L LkCa 15 (1.10)
2“0 d:- -4 -~
i I
—1x10"’_‘[ll‘---'|] - J.-I:L.&A-A it ._-:I....ﬂ'[l_l ------- PP
1.5 112.0 1125 1115 1120 1125 1115 1120 1125
A (um) A (um) A (um)

Only two more

significant

detections:

Mgas estimates of
0.01-0.05 and
0.02-0.20 Msun

or gas-to-dust ratios
of 35-140 (~ISM!)

Large uncertainty:
strong dependence
on temperature
(vertical) structure

McClure et al. 2016



HD measurements

HD emission depends strongly on disk temperature

.....
.....

30 -70K 70 -200 K
107¢ 10°° 10—51113—f 1116—4 10—5";3—5'l15—f
Maia (Mg) Maiar (Me)

r (AU)

Why are there no other HD observations since then?

{10-5

{108

4107

10~#

Trapman et al. 2017



CO depletlon’?

Moament zero map 100 Nermalized surface hrightness distribution
0(

a3 =3 10k '8

*“;_ C*0O (3 2)

64 ®
=)

Starting from the
assumption of Mgas =100x
Muaust, It Is possible to
derive the CO depletion
w.r.t. the ISM CO/H2 ~ 104
from C180 observations

08 ()

a6 ~
.
28 5 o1}

[

10 1 1 1 ol |
400

107
310 \—_\ Lo (3-2)
-1

240 10°°
160
104
00
0 S 1L 1 1 i

10

150 10
‘'W Hya ) N\
2 120 \ C¥0 (3-2)
= 90

aa )

o 60 10tk
30
f) 2 ' i AL A N

10
10() -

140

HD 163295
112

06 [

1. Derive the intensity profiles of
the integrated (13CO and) C180 line

56 107 F

Y 10-2La
10°F

C'0 (2-1)

107

aelhl

1074
1

Zhang et al. 2020a



CO depletion?

2. Run a thermal-chemical model using a gas mass that is
100 times the dust mass and compute the

CO abundances and resulting 13CO and C180 emission, for a
number of depletion factors in CO w.r.t. the ISM ratio of 104

10qg(Xea) Tgas (k)
14 12 10 8 B 4 5 14 39 108 304
1 1 1 L 1 i
15C| - 150 -——
‘ — — 0 gas
100 DMT ' 100 . N, 2" -—- COice
— . A 1au (0 = o e
:’t C / - : _v_“-.'.-'a’:_‘; - 3
— o = - z i .
o) h) # - -3 a0 - *5_'. 211 \\
K 3 ™
= = N~
0+ T T T 04 1? — ' 19+ ’ 2
0 100D ALY 300 a4 o 104 200 300 400Q 10 10 10+
100 100
g o — — 0 gas
5+ 7o - - N9 - - 0} e
= TW Hya - P 2 o0 oo
ﬁ ab A o e all = , ;i -~
(o] ™ W e ' - < 2| - Sw
:5 " - =225 . 25 - / g. \\
e : 208 - \
0= = . . . )] —"""-’-F T T 19 - T LI
0 al 100D 150 200 0 50 100 150 200 10 10° 10°
200 200
— — COgas
150 = ) V4 2 ol -0 e
- :
= —
104U Z .
504 . 3‘,
Q ﬁM T T L8 : T T
0 o 20a 300 400 5D sod o 10D Zoo 300 400 o000 BOA 10 10! 104
160 150
— — CO gas
— 1009 100 ~ = === COice
.:fl: 21 -
= Z
50 e E’ 201 -
 — ] B \\
H s T T T T IE T T T T 1 19 . nt o
0 100 200 300 400 500 600 0 100 200 300 400 300 600 10 10 104
/hang et al. 2020a R (AU] R [AU] B AU



CO depletion?

3. Compare the resulting integrated 13CO and C180
radial profiles with the data for different depletions

10
\, DM TaucC0o(32) ~~ I }_ TwW Hya ’CO (3-2)
0 T 10-
“n 1
5 10 10-1 -
0
=
2
= 10-2 = 107
.
=
D
Il’]—'_.; J.O"'i—-JOU
10-3

HI) 163296 CY¥0 (2-1) 107! -
l(f) ]0 1 o ‘ﬁn““
=
=
T
g
: 10 =
A 10 -
-~
=
D
- 9 —= 114 \ ™

10-3 T T T 7103 T | |
100 200 100 400 200 400 600
R[AU] R [AU]

Zhang et al. 2020a



CO depletion?

4. Compute the depletion as a function of radius

(a)

DM Tau
— C180
TW Hya ®)
Depletion factor is a factor Y
10-100 for all four disks! —— C120
. — 13CO
o) 1 1 1 1
O
o (c)
.S IM Lup
Something is %1 .
happening around the T . . R
CO snowline in o

(d)

HD163296... HD 163296

What is the CO
snowline?

QD =2i0N

0D ssa7

/Zhang et al. 2020a



CO depletion?

Separate study varying the
C/H across the snowline in

RAC2D Mocels

HD163296 and comparison = o)

. h U £ .
with even more optically : | .
thin CO isotopologues 2 e

()
20‘0 2;0
130118y
0.08 0.8
RAC2D
0.06 0.6 F
.:/. 0.04 0.4 F
%
E 0.02 0.2
0.00 0.0

FJ

i

-9 0 o 10

Visr (km/s)

0.00

What do you see?
Can you think why?

e

— = —

i i FJ

5 10 15

0
Visr (km/s)
/Zhang et al. 2020b



© Grainw/COice C

CO depletion

O Grainw/out COice snowline
@® COaqgas

©

O
Sublimation
o

Excess CO vapor:
C/O~1, elevated C/H

Dust pebble drift can cause Oberd ot al. 5016
CO depletion as the CO-icy pebbles drift inwards, Somth 2 llas 2019
depleting the outer disk of molecular CO Krijt et al. 2018, 2020



CO depletion

Similar study now as function of age

l :
: C [J}1|R5sz’_ Planet Formation »
ISM TMCIA
-4 ;""",T"'"’H'ii’; --------------------------
— l
2 | ne Ty
- l
~—~— I .
O 5 : Lupus region
£ : -
o0 |
L, |
: Cha | region
6 F : [
P = Classi0/] Class Il
l ] ] ] | ] ] | | |
0 1 2 3 4 5 6 10
Age (Myr)
CO depletion is an evolutionary Zhang et al. 2020
dust transport effect: ~ 1 Myr Bergner et al. 2020

Miotello et al. 2022 (PPVII)



CO depletion

Full modeling: studying effects dust evolution,
chemical network and turbulent diffusion to test
how to achieve strong CO depletion

t/Myr=0.3 — ‘ t/Myr = 1.0 — ‘ t/ Myr = 3.0

|
W

)

|
NN
f) .'l" 7?11

'

;N
.U. {

log (n¢

100

r/an riau

Modeling shows that CO is depleted
by 2 orders of magnitude in the
outer disk within 3 Myr, when all
effects are combined

Krijt et al. 2018, 2020



CO depletion

CO depletion strongly depends on time,
but also on cosmic rays. When drift is
reduced (DR) only moderate depletion

r<rco r>TCo

1(') 3 - L] LB LA ' L J 1] 1] L llnll ] po 10 3 - L} L] L} LB Il L} L] ‘llll
(a) r* — : L (b)
(i=01 1 : (t=0) 7
10 - 1079 b -
: 10 ° £ = ;3—5' 10 ° F =
" FULL B FULL
10§ FULL-CR18 3 10" B FULL-CR18 3
~JLL-CR16 ] FULL-CR16 1
FJLL-DRO0O | FULL-DRYE |
JLL-DRYY FULL-DRY¢ |
10-7 2 & & 2 2 224 | - 2 § s 2 222l 3 10-7 3 3 2 332l 2 2 L a3l
104 10°7 102 1074 103 10°2

r / r )
-‘“snli Is) -‘\Jgn. n!-‘)li«ls / 31!.1,;1.\

Icy pebble drift model can explain fhe basic effects,
but still requires fine-tuning. Suggests that CO
iIsotopologues can be used to derive gas disk masses! Krijt et al. 2020



Issue CO depletion through
pebble drift

Current data suggest the icy pebble drift scenario to
explain the high CO depletion, assuming that the gas-
to-dust ratio of 100 is correct (also for HD).

Problem: CO depletion models assume drift all the way
in, inside the CO snowline, but most of the disks where
CO depletion was measured have dust traps: there is
no drift all the way in, CO-icy pebbles remain trapped:
what happens to the CO abundance inside snowline?

Second issue: what happens with
dust mass in drift disks without traps?



Issue CO depletion through
pebble drift

"o Unperturbed density Weak traps Strong traps
S 107+ :

=

=
-
=

A
>

@

-

O
=

100 25 N5 N6 3 N5 N6 a s N6
10 10 10 10 10 10 10 10 10
fyears] tlvears] t[years]
. O 1M O] S O . 3M 0 Ju— 1 . OM o — 2 . C' l‘w\";

The dust mass drops quickly in absence of dust traps: the observed dust mass
is NOT representative for the gas mass and ISM ratio of 100 cannot be used

Problem of bias towards brighter disks in ALMA studies: all strong dust traps!

Pinilla et al. 2020



Another method:
self-gravity

Small perturbations in the velocity .
field due to disk self-gravity would Self gravity

directly probe the disk mass. of the disk
leads to super

Keplerian velocity

-2 marginal contribution

- -

= o aun T T ”
r (r* +2%)°/%  pgas OF or
I |
: :
® Keplerian é Pressure
velocity gradient
due to stellar leadsro
gravity sub-Keplerian
velocities

3.0

1.5 -

1.0 4

One application: tentative
evidence for SG disk,
gas-to-dust ratio of 80

— SG model: My, OIM-_M, = 040M

- Kep model: M, =0.50)

\ - l\"»[' model \l, U I" M

Rosenfeld, et al., 2013
Pinte et al., 2018a; 2018b
Teague et al., 2018a,b
Veronesi et al. 2021



Summary

Determine the disk gas mass has been a long-standing issue in
protoplanetary disk studies

The gas-to-dust ratio of the ISM of 100 may be true,
at least for some disks

HD measurements may be most accurate, but temperature-
dependent and not observable any more

CO isotopologues underestimate gas masses with the assumption
of CO/Hz = 104

CO depletion can be explained (and somewhat quantified) using
icy pebble drift models



Questions?

Dr. Nienke van der Marel
astro@nienkevandermarel.com
http://www.nienkevandermarel.com
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