odeling circumstellar
envelopes and disks with
RADMC-3D

Alexis Matter QB) Observatoire

Laboratoire J.L. Lagrange - Observatoire de la Cote d'Azur



rapmc-3p| Circumstellar disks - Spatial distribution and emission

Spectral energy distribution of a young star (< 10 Myr)

Energetic dome

ayleigh-Jg&ans
domain

Credit : Dullemond (2006)

Disk
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rapme-30| Circumstellar disks - Spatial distribution and emission

ALMA

Direct imaging (HST or 8-meter ground-based)

Near-IR interferometry

Mid-IR interferometry

Magnetospheric
accretion

CID==1 Pure gas disk

Planet-forming

region
0.03 AU 0.1..1 AU
UV continuum, Near-IR dust ToiaL
H-recombination lines continuum
Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum 100 AU
+ atomic lines (Br—y) + molecular lines + molecular rot-lines
+ occasional molecular (H50;, €0, ::)

lines (H,0, CO, OH)

Taken from Dullemond & Monnier (2010)



rapmc-3p| Circumstellar disks - Spatial distribution and emission

VLT/SPHERE ALMA interferometer
(Avenhaus et al., 2018) (Brogan et al., 2015)

IR interferometry
(PIONIER, MATISSE)

FS CMa infrared composite image

4 PIONIER H band
W MATISSE L band
MATISSE N band

MATISSE images: MATISSE commissioning team 14Dec2018; Graphics: A. Mellland; PIONIER image: Kiuska 2014IAUS..299..117K

Magnetospheric

accretion
Planet-formin
D Pure gas disk Dust inner rim a.Et 2 9
region
0.03 AU 0.1..1 AU
i 10 AU
UV continuum, Near-IR dust
H-recombination lines continuum
Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum 100 AU
+ atomic lines (Br—y) + molecular lines + molecular rot-lines
+ occasional molecular (H50;, €0, ::)

lines (H,0, CO, OH)

Taken from Dullemond & Monnier (2010)



RADMC-3D

Circumstellar disks - Grain size regime and opacity

matter/radiation
interaction

Dependence
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RADMC-3D

Analytical modeling ?

Side view

Observer

Warm
Surface

— Idisque = By(T) * (1 —e™™)

Cold
midplane



RADMC-3D

Analytical modeling ?

Side view

Observer

Temperature-gradient model

N

T =T,r*

> =3,r"

Temperature Surface density

radial profile

profile

Cold
midplane

Front view



rapmc-30| Radiative transfer modeling with RADMC-3D

Introduction

RADMC-3D is a software package for astrophysical radiative transfer calculations in arbitrary 1-D, 2-D or 3-D

geometries. It is mainly written for continuum radiative transfer in dusty media, but also includes modules for gas
line transfer and gas continuum transfer.

The radiative transfer problem

Dusty/gaseous medium

1o . . ° |L(ds)

v ® o v

>
S

s therrﬂ [ »scat abs scat
Ia .;"u /_I_J.u /— (&u i ,, )IL"
- . /

Thermal scattering
'source' function  'source' function

L J L J
Y Y

Source term
(add energy to that ray)

Extinction term g
(remove energy from that ray)



rabmc-30|  RADMC-3D dataflow
IDL ***.pro programs IDL ***.pro programs IDL ***.pro programs
Codes made by user Codes from the idlf Codes from the idlf
(or example codes) directory for reading directory for reading
that make the model and plotting the results. and plotting the results.
setup, i.e. create input The user can also The user can also
files for RADMC-3D create own programs. create own programs.

Input data files, in three
possible data formats:

***inp (ascii), or
*** uinp (f77-unform), or
*** hinp (binary)

Model setup

—-.

RADMC-3D

Stage 1 calculation
(e.g. "mctherm”)

Monte-Carlo run
(temperature distribution)

—-,..

Intermediate data files,
possible data formats:

*** dat (asci), or
*** uidat (f77-unform), or
*** bdat (binary)

Additional Monte-Carlo run
(scattering source function)

—-.

RADMC-3D

Stage 2 calculation |—#=

(e.g. "image" or
"spectrum")

Ray-tracing

(image, spectrum)

Output data files, in three
possible data formats:

*** out (ascil), or
*** uout (f77-unform), or
*** hout (binary)

Image and/or
spectrum




rapmc-30| RADMC-3D - model setup

Which spatial distribution of dust/gas do i want for my model ?

Coordinate system = cartesian (x,y,z) or spherical (r,0,¢)

» Spatial grid = 1D (spherical), 2D (spherical), or 3D (spherical or cartesian)




rapmc-30| RADMC-3D - model setup

Which spatial distribution of dust/gas do i want for my model ?

» Coordinate system = cartesian (x,y,z) or spherical (r,06,)
» Spatial grid = 1D (spherical), 2D (spherical), or 3D (spherical or cartesian)

Example : 2D model (axial symmetry)

Regular grid
(with separable grid refinement)

Possibility of adaptive
mesh refinement

Spatial
Star Gridding
4>

(0,0)

11

TG
i
HHH
=
o

B U e ee o e WET



RADMC-3D

RADMC-3D - Monte Carlo run

Then, what is the dust EQUILIBRIUM temperature everywhere in the object ?

IDL/Python interface

v

distribution

p(r,0)
\_

é Dust density A

J

[ .
Dust opacity

scattering

\___K(A)

(absorption and

J

}

External code

(Analytical Mie code, DHS, ...)

Thermal Monte-Carlo run
(Bjorkmann & Wood method + Lucy's cell volume method)

Scattering

Emission of
stellar photon packets

“e.. e°  Output

® A ""’T—.—" B .
= Absorption
9 Ireemission

Dust

—— T(r,e) temperature

distribution
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RADMC-3D

RADMC-3D - Monte Carlo run

Then, what is the scattering source function everywhere in the object ?

IDL/Python interface

v

.

é Dust density

distribution

p(r,0)

J

r

.

Dust opacity

scattering

K(A)

~

(absorption and

J

f

External code

(Analytical Mie code, DHS, ...)

Thermal Monte-Carlo run

Emission of
stellar photon packets

Scattering

Quick scattering Monte Carlo run

Emission of

Scattering
Source function

stellar photon packets

(Bjorkmann & Wood method + Lucy's cell volume method)

Scattering

o °* 1
e %9 i
L ] L ] ®
g Output Dust
r— T(r,e) temperature
distribution
Absorption
Ireemission
~ [ ]
Output
-scat y > Scattering
» j, (Nout) source function

. 2.% 4! Source function
L R T I
Ty °s 00 oo,

.. ... Ll
° ® . N
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RADMC-3D

RADMC-3D - Making images and SED

Finally, how will my object look like ? What is the I(A,x,y) ?

Thermal

Ray-tracing (at each wavelength)

Monte Carl L ioht sour
onte Carlo run i : E § E : /‘gf‘ Light source

v

e

T(r,0)

) {
Temperature
distribution

e

Scattering

.

source function

) _ '

}

Additional

Monte Carlo run

/ ..... SR : ......... : : Integration along the ray
i : E : : dl, » .
: d_ — Jl1jherm +j;cat _ (Ckibs 4 a:;ca.t)}y

J i : _ — - Output
— S —— ? ;T b
N b : SO dosenaness e e T
A O I By

1(A,x,y)

T e TP

6000000008005 0000000000calEE
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RADMC-3D

RADMC-3D - additional features

Modes of dust scattering

v No scattering

v Isotropic scattering

v Anisotropic scattering using the Henyey-Greenstein parameter g=<cos6>

v Anisotropic scattering using tabulated phase function

v Anisotropic scattering with polarization for last scattering (requires scattering matrix)

v Anisotropic scattering with polarization, full treatment (requires scattering matrix)

/\

The input opacity file must contain all the scattering information (scattering opacity, g parameter,
scattering matrix, ...)

15



RADMC-3D

RADMC-3D - additional features

Computation of spectra/images in gas lines (channel maps)

( )
Gas Temperature
distribution
a Y
Gas number
density
distribution
\_ )
[ Line(s) data h

(energy levels,
radiative and

\_collisional rates, ) y

7

Velocity field

B

RADMC-3D
T

Gas continuum radiative transfer

LTE or non-LTE
prescription

N

Population densities of the
atomic/molecular levels

v Gas free/free absorption/emission (under testing)
v Gas bound/free absorption/emission (under development)

RADMC-3D

T

>

Ray-tracing

1(A,X,y)
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raomc-30|  RADMC-3D - last but not least

Parallelization
v Monte Carlo runs = OpenMP parallelized version

Availability of the code
v Publicly available and free of charge
v Package downloadable at : http://www.ita.uni-heidelberg.de/ dullemond/software/radmc-3d/

User support
v Detailed manual included in the package
v Mailing list for updates and bug reports

Not included yet

v Radiative transfer computation for quantum heated grains (PAHs, VSGs)

v No self-consistent computation of the disk vertical structure (hydrostatic equilibrium)
v No dust/gas dynamics considered ('static' models)
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