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Outline

® Context: Circumstellar Disks around Young Stars
® Flements of continuum radiative transfer

® Constraints from various techniques:
- thermal emission & spectroscopy,
- light scattering,
- polarization,
- infrared interferometry

® Multi-technique modelling

® Observation & modelling of Gas in disks



From clouds
to envelopes,
to disks,
B to planets




From clouds
to envelopes,
to disks,
g, to planets

- Timescale for gas dispersal
and planet formation?

- Grain growth and settling ?
- Relative evolution of dust
and gas ¢




Processes in Protoplanetary disks
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Dust in Protoplanetary disks

® Dust grains are expected to grow by
coagulation and to settle by gravity

® Disks should have a stratified structure

® Physical models predict extremely short
timescales (<10 yrs) for both phenomena

® Disks around 10° yr-old T Tauri stars could
already show evidence for these effects

The search for stratified disks is on !



A variety of observations

HST/Nicmos  HST/WFPC2 HST/WFPC2

Fach approach | 6um 0.8um 0.6um
orobes a different _ “
part of the disk - - —w

Disk modelling must

consider
o
at once
Multi-A modelling 0 y
Not so frequent |
|
... but necessary! VLTI Spitzer 5-30pm  SMA |.3mm

= Radiative transfer code (MCFOST)



A variety of observations

The same is now true for the gas phase

Fach approach
brobes a different
part of the disk [Ol] 63 & 144pm [CII] 158um

A

H,O

Disk modelling must
consider

at once

CO
rotational lines

Multi-A modelling

Not so frequent
... but necessary!

= Radiative transfer code (MCFOST)



How to extract information from

observations?

1) Goal: obtain simple, parametric fit to as wide a set of
observations as possible

e A few simplistic asumptions:
— parametric description of disk structure
— Mie theory

® exact radiative transfer: MCFOST

® systematic exploration of the parameter space

® 2 fitting, Bayesian estimates

= Quantify parameters AND their validity range

2) Link with models of the physics of disks



Radiative transfer in dust
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Radiative transfer in dust
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Why the need for Monte Carlo?

e multiple-scattering
® anisotropic scattering (+ polarisation)

e complex 3D structure

® benchmark: tested up to very high optical depths (10°)

® Fast: variance reduction techniques, MC + diffusion
approx., MC + ray-tracing

photon

stellaire
marche

Lefevre et al 1982, 1983
Bjorkman & Wood, 2001

Wolf, 2003

\IICCOIIHI, 2003 photon thermique
) uvela, 2005 émis par le disque
Pinte et al, 2006, 2009 g

Y limite

du modele




MCFOST

MCFOST? Physical processes:

- 3D radiative transfer - multiple scattering
Monte Carlo method and polarisation

- radiative transfer in dust - dust heating

and gas - NLTE molecular pop.

Code specificities:
- Spatial differentiation (radial/vertical)
- No limits on opacity: Tv =0 — 10’
- Non-equilibrium grains: PAHs, VSGs
- consistent modeling of dust and gas phases

= scattered light (+ pola) & thermal emission maps + SEDs

+ visibilities + molecular emission maps & line profiles



Disk Emission

® The disk is reprocessing
the stellar light

e hot surface + warm/cool
midplane

® T ranges from 1500K (Rin)
to 30K (Rout, midplane)

= disk radiates from NIR to

ETOILE DISQUE

mm/cm regime

radio

© R. Lachaume longueur d’onde
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IR spectroscopy with Sp/tzer
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Thermal emission at mm wavelengths

Emission from a pole-on disk:

1 ROUt —T\V.T
a:ﬁ/ B,(T(r)(1 — e~ "™\ 2mrdr
Rin

Dust opacity strongly dependent
on grain size
(V) x k(v) o v”

Optically thin regime:
F, x ?7(v) « v?k(v) oc v2TP)
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D’Alessio et al 2001 10g ey (im)




Dust opacity indices

Measure of 3
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o
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Korner et al 1995
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= (Grains grow to

centimeter size boulders



Dust opacity indices

Measure of 3

Korner et al 1995
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First evidence of differential grain growth ?

B might be larger in
central parts of the disk
—) ALMA | ISM dust

See also Guilloteau et
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Multi-\ scattered light images

® Dust opacity decreases with increasing A
® [mages in the thermal IR probe deeper into the

disks than optical/NIR images

® Scattering depends on grain size and , and is
most sensitive to 2ma ~ A grains

® Optical/NIR < 0.1-0.5 pm ¢

® Thermal IR & 1-5 pm dust g

us
ral

- grains

1S

A powerful tool to probe stratification



Light scattering: anisotropy

Polarisability depends on grain size
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The case of GG Tau

® A 0.13M, 180AU-radius circumbinary ring

® Clear detection of the ring in scattered light

® Morphology extremely similar to visible

Image

ISM dust models
match the visible
Image with | = 40°

HST (0.8um)

Krist et al. (2002)

Keck AO (3.8um)
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Duchéne et al. (2004)




A first direct evidence

Scattered light at above the
midplane; above
*Arguably the most direct evidence of dust

stratification to date
Settling and/or growth?
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The GG Tau ring

0.5 - 3.8 pm scattered light images

® | arge grains (>1pm)
are present in the
disk

® The larger the deeper

OA Keck / NIRC2 N3 Lk 1.5 tm

= Disk stratification

Duchéne et al. taille max. des crains

Duchene et al 2004



GG Tau: models with dust stratification

Observations Models without dust settling with dust settling

HST / NICMOS
L’

g

OA Keck / NIRC?2

0.5 um
taille max. des

Pinte et al. (2007)



GG Tau: a stratified ring

Model with stratification reproduces images from 0.5 to 3.8um
Obs Models

SPH simulations (Fouchet, Gonzalez, Lyon) + radiative transfer
Pinte et al 2007



Dust grains properties

( ID 181327 (debris
- disk).

The dust is more
evolved (2nd
generation)
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* 2 2

]
i
&
-
-
L

. - M, R
) F _." iJ' -l-

)

B | Schneider et al. 2006



Evidence of non spherical grains
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Signatures of agregates ¢
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Polarisation

Polarisation by scattering very sensitive to dust properties

Mueller matrix (Mie theory)

I S11 Si2 0 0 Ji
@ _ S12 S11 0 0 @,
U 0 0 Sas  Say U
|4 7 0 0 —Sg4 533 V ;

Circular polarisation in case of multiple scattering

=1 1°7e diff =1 2°me diff =1
Q=0 ] —~ Q#O ~~ | @70
U =0 — 0 U # 0

V=0 V—O V #0



Polarisability of dust grains

Polarisability depends on grain size
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Polarisability of dust grains

Polarisability depends on grain size
& composition/porosity (real part of refractive index)

0
\
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0p)

I

- S512/511

Mie theory grain size distribution dn(a) & a3~ da



Effect of chemical composition/porosity

Scattering phase function &
polarisability both depend on
grain composition & porosity

y

Porous grains produce larger
polarization for same
asymmetry parameter

=
fe!
©
@
-
<
@)
o

Porous grains (Mathis & Whieffen)

need to constrain g Compacts grains (Draine)

— multi-technique analysis




The GG Tau ring

® |[ntensity map:

effect of anisotropic

scattering clearly visible
g~ 0.6

= grains with size = A

o Silber, Gledhill, Duchéne, Ménard et al. (2000)
e == Sy HST/NICMOS




The GG Tau ring

" Silber, Gledhill, Duchéne, Ménard etal, (2000)
At A HST/NICMOS
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® |[ntensity map:

effect of anisotropic

scattering clearly visible
g~ 0.6

= grains with size = A

® Polarization map:
high polarisation
= “Rayleigh” scattering

Not reproduced by
compact silicates



The GG Tau ring

® |[ntensity map:
effect of anisotropic
scattering clearly visible

Front side E Back side
P~ 15% ' P~ 60% g~0.6
o = grains with size = A

%
S~~~
Al
%

® Polarization map:
high polarisation
= “Rayleigh” scattering

Not reproduced by
compact silicates




The GG Tau ring

® |[ntensity map:

effect of anisotropic

scattering clearly visible
g~ 0.0

= grains with size = A

Front side E Back side

o
S
AN
/)

I

® Polarization map:
high polarisation
= “Rayleigh” scattering

Not reproduced by
compact silicates

Suggests grains with low refractive index:
pPOrous grains or Ices



Solution is not unique !!!

Models with well-mixed
dust population can also
reproduce but this
requires an “exotic” dust
size distribution

dn(a) @ a>> da

OA Keck / NIRC?2



... polarization can help !!!

Using polarimetry to refine the model

Observations Model with strat without strat
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Another example: AU Mic
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Large polarisation = porous
grains (ices)
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Fitzgerald et al 2007 projected distance (AU)




y [orcsec

Another example: AU Mic

T s0%

o= i
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PE 0T r— SN
o B T o i 3

SED and images can be
reproduced both with compact
and porous dust grains

Large polarisation = porous

grains (ices)

Fitzgerald et al 2007
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Another example: AU Mic

¢ ¢ ¢ 2MASS
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Unresolved polarimetry: tomography of inner

disk

Tool to probe the disk-star interface

The magnetospheric

accretion predicts ~ — | £
formation of warp at \@&% N@/\‘
the inner edge \géf% F =
—
~ 0.025 AU

Figure from Romanova et al 2004



Unresolved polarimetry: tomography of inner

disk

Tool to probe the disk-star interface

The magnetospheric
accretion predicts =2

formation of warp at X@)\

the inner edge

= can eclipse the star ~ 0.025 AU

Figure from Romanova et al 2004



lomography of the inner disk Wood et al 1996
Ménard et al 2003

O’Sullivan et al 2005

AA Tau
Many rotation periods 30 .  bete N e 50

Quick summary:
Need variable achromatic

extinction = occultation
by a “deformed” disk




lomography of the inner disk Wood et al 1996

Meénard et al 2003
O’Sullivan et al 2005

AA Tau

synoptic monitoring
Many rotation periods

Quick summary:
Need variable achromatic

extinction = occultation
by a “deformed” disk

Photo-polarimetric variation

579.0 581.0 583.0
Julian Date (2452000 +)



Disk orientation and inclination

Variations along Q axis
= disk oriented east-west & disk inclination = 70"

B dota set ]

X data set 2 0.1% error bar
() data set 3

Stokes Q) (%)

Menard et al 2003



Disk orientation and inclination

Variations along Q axis
= disk oriented east-west & disk inclination = 70"

B dota set ]

X data set 2 0.1% error bar
() data set 3

Stokes Q) (%)

Menard et al 2003



Disk orientation and inclination

Variations ajona () axis
= disk orie T R, N

HST/STIS coronography (C. Grady)

Menard et a1 zuus



Disk orientation and inclination

Variatic
= disl - | N
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Disk orientation and inclination

Variatic
= disl - | N
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Measuring the inner radius of disks

Characteristic NIR size measured by interferometers < 1 AU:
comparable to the location of terrestrial planets in more
evolved systems

Ring model:

simple emission model:

unresolved central star + narrow
rng

relative contribution from star &
disk estimated from SED



Inner radius ot T Tauri stars

Radii inferred from interferometry larger than predicted

o HAe Objects
A HBe Objects
o TTS Objects

ublimation radjus: direct dust heating, backwarming.
guB“mat!on ra !us: Irect gust eatlng, nocbaciwarrﬂlng
Sublimation radius: standard model
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Lstar + Laccretion (Lsolar)

Millan-Gabet et al 2006



Inner radius ot T Tauri stars

Radii inferred from interferometry larger than predicted

o HAe Objects
A HBe Objects
o TTS Objects

ublimation radjus: direct dust heating, backwarming.
- . guB“matlon rag!us: glrect gust eatlng, nocbaciwarrﬂlng
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Inner radius ot T Tauri stars

Radii inferred from interferometry larger than predicted

o HAe Objects
A HBe Objects
o TTS Objects

ublimation radjus: direct dust heating, backwarming.
- . guB“matlon rag!us: glrect gust eatlng, nocbaciwarrﬂlng
Sublimation radius: standard model

Sublimation radius

=)
<
(2}
.
©
(3]
o
(@)
£
i

10
Lstar + Laccretion (Lsolar)

Millan-Gabet et al 2006



=)
<
(2}
.
©
(3]
o
(@)
£
i

Inner radius ot T Tauri stars

Radii inferred from interferometry larger than predicted

o HAe Objects

A HBe Objects
o TTS Objects

ublimation radjus: direct dust heating, backwarming.
- . guB“matlon ra !us: glrect gust neatln ) nocbaciwarrﬂlng
Sublimation radius: standard model

Sublimation radius

10
Lstar + Laccretion (Lsolar)

Millan-Gabet et al 2006

accretional

hea

sub

tem

ing? lower
Imation
nerature?

smaller dust
grainsg
photoevaporation?
magnetospheric
truncation¢



Measuring the inner radius of disks

Ring model justification

NIR emission only comes from the hottest dust disk
are optically thick : shielding by the inner disk

— further drop in dust temperature scattered light
from inner disk is negligible

Introduced at the beginning to study Herbig Ae/Be
stars (Tuthill et al. 2001)

Improved sensibility: T Tauri stars can now be studied
(Akeson et al 2005 ; Eisner et al 2007)

= Is the assumption on scattered light still valid for T

Tauri stars ?



Why should we care about scattered light?

Peak of the photosphere moving towards longer A
Fraction of stellar (and then also scattered) light is larger

Albedo can be large in the NIR' ! between 0.4 and 0.9 at 2.2
Um, depending on grain sizes and dust composition

- T Tauri star

100.0  1000. 1 . 10.0 100.0  1000.

A (um)




Inner radius of T Tauri stars

Inner radius measured by IR interferometry apparently larger

than sublimation radius for T Tauri stars
But models were neglecting Total Thermal emission
scattered light, which is the
dominant contribution

— over-estimation by factor 2

Need for detailed RT codes like '*"
MCFOST Scattered light Scat. thermal em.

Interpretation of AMBER data:
Tatulli et al 2008
Benisty et al 2010

Olofsson et al 2010 FOV VLTI
Tatulli et al 2010 Pinte et al 2008




What radius would have been measured ?
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Scattered light is a sufficient explanation

The location of fitted inner radii mimics very
well the distribution of data points



Multi-N modelling of IM Lupi

A single model with mild stratification remarkably reproduces
all observations: H(1Tmm) = 0.5 H(1pm)

~ WFPC2 0.6 pm

N ol . SMA 1.3mm

L 3 -

Nicmos .6 pm

5. 10.0 20.

1.0 10.0 100.0 1000. v ‘_

A (um)

Obs Model

Mdust, grain growth “'
& settling Rout, i, Ho, grain
size, composition

Surface density

2(r) & rP

Pinte et al 2008



IM Lupi: quantitative constraints

Bayesian method to estimate model parameters:
for SED

Probability

Some parameters
fixed from data

0 ~1 2 1. 1.1 1.2
(amax, Mdust, Rout)

surface density flaring

0.6

o

0.4

o
\V)

>
=
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©
Q
O
S
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0.2

. 0.0 0.0 0.0
Plnte et aI 2008 0.050.1 0.2 0.5 1.0 15 0.000.050.100.15 0.20
rin stratification

See also Glauser et al 2008, Bouy et al 2008, Duchéne et al 2010



IM Lupi: quantitative constraints

Bayesian method to estimate model parameters:
for SED + mm visibilities

2
.-E
©
@)
Some parameters e
fixed from data | | 0.0
. . 0 -1 -2 10 11 12
(amax, Mdust, Rout> surface density flaring
_ 0.6
= y
S
20 0.2
Pinte et al 2008 050102 0510 = 15 " 0.000.050.100.15 0.20

rin stratification

See also Glauser et al 2008, Bouy et al 2008, Duchéne et al 2010



IM Lupi: quantitative constraints

Bayesian method to estimate model parameters:
for SED + mm visibilities + scattered light images

2
.-E
©
@)
Some parameters e
fixed from data | | 0.0
. . 0 -1 -2 10 11 12
(amax, Mdust, Rout> surface density flaring
_ 0.6
= y
S
20 0.2
Pinte et al 2008 050102 0510 = 15 " 0.000.050.100.15 0.20

rin stratification

See also Glauser et al 2008, Bouy et al 2008, Duchéne et al 2010



IM Lupi: quantitative constraints

Bayesian method to estimate model parameters:
for SED + mm visibilities + scattered light images

Some parameters
fixed from data

(amax, Mdust, Rout)

Probability

0 ~1 2 1. 11 1.2
surface density flaring

=>
=
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©
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Pinte et al 2008 0 0.0501 0.2 05 1.0

rin stratification

See also Glauser et al 2008, Bouy et al 2008, Duchéne et al 2010



Gas & Dust evolution

Taurus
NGC 2068/71

® (Gas represents 99% of
the disk mass

N
)

e Difficult to observe but
Herschel is opening the
far-IR window
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NGC 7160

® (Gas & dust evolution
strongly coupled
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Fedele et al. 2009



Gas in Protoplanetary Systems

Statistical survey (= 250 disks) : evolution of gas

and dust from young gas-rich protoplanetary disks,
to old “dry” debris disks:

e Ages 1 —30Myr, M to A stars, disk dust mass (10~ - 10~>Mo)

® \Well-known star-forming regions (Taurus, TW Hydra, n Cha,
B Pic, Tuc Hor, Upper Sco, Herbig Ae/Be)

)
4 -3 ) : - 5 6 7 8 910 05 1

i5 < 5
10g 10 Mgisk [Mo] Terr[1000K] age [10 ®yrs]



Modelling tools: MCFOST + ProDiMo

Interpretation of line observations is complex !
— need for detailed modelling.

MCFOST: 3D continuum & line radiative transfer (Pinte et al
2006, 2009)

+ ProDiMo: thermal balance & chemistry (Woitke et 2009,
Kamp et al 2010)



Modelling tools: MCFOST + ProDiMo

— need for detailed modelling.

MCFOST: 3D continuum & line radiative transfer (Pinte et al
2006, 2009)

+ ProDiMo: thermal balance & chemistry (Woitke et 2009,
Kamp et al 2010)
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MCFOST: ProDiMo: (phase 3)

dust/gas inclination

dust cont. transfer chemistry, heating/cooling MCEFOST:
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— .« dust density ngyst(r,z) - gas temperature Tga5(r,2) line transfer
» dust temperature Tqgyst(r.z) _, Nausts Taust. Jy = chem. composition Nmel(r,z)— Nmol POP = (formal solution)
« internal radiation field J,(r,z) ' * non-LTE population pop(r,z)
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continuum observations (SED) species masses, Weighted <Tn<,0(> line fluxes, line proﬁles

stellar & disk
parameters




Modelling tools: the DENT grid

Woitke et al 2010
Kamp et al, in prep.

Grid of = 300 000 disk

models: , .
odels Ménard et al, in prep.
. stellar parameter
— Sample the dISk parameters M, stellar mass [M] 05,10,15,2.0,2.5
age age [Myr] 1, 3,10, 100
Observed by GASPS fUV excess UV fUV=Lyv/L* 0001,01
disc parameter
: . disc dust mass [M] 10=7,107°,107>, 107, 10~
.thermO_Chemlcal StrUCtu re. dust/gas mass 1rati(()D 0.001,0.01,0.1,1,10
: inner disc radius [Rypj;i] 1,10, 100
TdUSt/ TgaS/ ab un da NCES outer disc radius [A[}D]l 100, 300, 500
column density Ny(r) oc ¥~ ¢ 05,1.0,1.5
e SEDs flaring H(r) = Ho(Z ) 0.8,10,12

dust parameter
) settling H(r,a) <« H(r) a™* 0,0.5

®?9 line fluxes and profiles: [ EE—ILTETEY ) RS

radiative transfer parameter

Ol], [CII], 12CQ/ o-H»O, 7 inclination ____ 0°,41.41°,60°,75.52°,90° (edge-on) _
C)—HzO

200 000 cpu-hours (ANR “Dusty
Disk” supercomputer, Pl: F. Ménard)



Main heating mechanisms

Pinte et al 2010

® Herbig Ae/Be stars: line
flux correlates with Ly
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® [ Taurl stars: UV excess
required to interpret line
flux




Main heating mechanisms

Pinte et al 2010

® Herbig Ae/Be stars: line
flux correlates with Ly
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® [ Taurl stars: UV excess
required to interpret line
flux

e suggestion that Lacc
could play a role
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HD 169142

Dust modelling (SED + images)
to constrain the disk structure
and dust properties

— geometry, gap at 10 AU

— amount of PAHSs: fpan=0.03

Input for gas modelling
— low UV excess
— PAH = main gas heating
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A (um)
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source log n<H> [em)

— gas dust ratio = 20-50
Meeus et al 2010

Similar work for the T Tauri star
TW Hydra, see Thi et al 2010



HD 169142

HD_169142 OI_63 central_IFU_with_ApCorr

Cont I18.744/-0.05 Line 73.994 +/- 0.945 Cen: 63.1825 FWHM 001799

Dust modelling (SED + images)
to constrain the disk structure
and dust properties

— geometry, gap at 10 AU

— amount of PAHSs: fpan=0.03

Input for gas modelling

— low UV excess

— PAH = main gas heating
source

— gas dust ratio = 20-50

Meeus et al 2010

Similar work for the T Tauri star
TW Hydra, see Thi et al 2010
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T1.7 71.6
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0.048 0.048
line fluxes in [107'% W /m?|




HD169142 12.81 um psf subtracted

HD169142 in PAHSs

VISIR observations

— disk resolved in continuum
and PAHs bands
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Model consistent with
observations

— confirms amount of PAHs

and geometry of the disk model MG
model RT
surface

See also Lagage et al, 2006
and Doucet et al, 2007

mdy/arcsec/2




[O1] 63.18um

_
T
. [OI] 145.53um

Spatial origin
of the lines

HD 169142

X I ] 13CO 1360.23um




Effect of X-ray irradiation

HE B
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G.Aresu et al, 2010
Far-IR lines significantly affected only if Lx >10°' erg/s



Effect of X-ray irradiation
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fpaH = 0.001

G.Aresu et al, 2010
Far-IR lines significantly affected only if Lx >10°' erg/s



Concluding remarks

A variety of datasets = finer disk models

e Spatial differentiation is frequent in disks around T Tauri
stars

e Similar studies in Herbig Ae disks, disks around brown
dwarfs and debris disks are now possible

¢ Testing the physics of dust grains towards planet formation:
separate dust populations, non-spherical aggregates?

¢ Combining fine-structure lines, CO sub-mm lines and dust
observations + detailed modelling is a powerful diagnosis:
main gas heating mechanism, dust-to-gas ratios, ...



