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Radiative transfer as a diagnostic tool
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Radiative transfer as a physical process

® Heating and cooling and energy transport
- astrophysical objects cool by emitting radiation
- inside the object: radiation can transport energy
from one place to another
- that same radiation is the radiation we observe

with our telescopes

® Drives photo-chemistry
Energetic photons can:
— photoionize atoms, molecules
— photodissociate molecules
— charge dust grains



Two kind of radiative transfer models

* Post-processing, for comparison to observations:

— Must be very accurate, and frequency dependent

— Must include complex radiative physics (lines, dust, pola)
— Must not necessarily be extremely fast

* In dynamic models:

— Must be fast (RT=Dbottle neck)

— Must be as parallellizable as hydrodynamics

— High accuracy not feasible so far (not always necessary)
— Using mean opacities, flux lim diffusion, simplex-style



The radiative transfer problem

Radiative Transfer is a 7-dimensional problem
(that's one of the reasons it is so hard and expensive to solve):

I(x,y,2,0,0,v,t) ergs™ ! em™? Hz ' ster ]
Usually: semi-steady-state:

I(x,y,2,0,0,V) ergs™tem 2 Hz ' ster ]

If the emission and extinction coefficients are known, you can
reduce this to the Formal Transfer Equation along a single ray:

I(s,v) lergs™ ' em 2 Hz ' ster ]



Specific intensity & flux
dEy = I dAdtdAd2

Units of Ix: J/m2/s/m/sr (ergs/cm?2/s/n/sr)
Function of position and direction

)\I)\ — VIV

dFy = I, cosfdf?

Fy\ = / Iy cos 6 df?
Q

s is normal to dA



Intensity is constant a long a ray

Key property : energy conservation
I\ is independent of distance when no sources or sinks

d[)\(S, ﬁ

1
74 ):O i Fy o< —

72

More generally: Iy changes due to
* Scattering (directional change)
* Doppler-shift (frequency change)
* Absorption
* Emission



Mean intensity
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Same units as |y
Function of position

Determines heating, ionization, level
populations, etc
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Remark : moment of intensity

1
S\ = E IA(W) d§? Mean intensity
— 1
HA:—/IA(ﬁ) cos 0 77 d Flux
47 O
1 -
K)\ / I)\( ) C082 0 dO Radiation
47.‘. pressure
1

For homogenous and isotropic radiation K = 3 I



Extinction oL,
Energy removed from beam I, g(;o dA
Defined per particule, per mass, per 177 "absorption
volume ds
dl (s, ﬁ) = —n(s) ox(s) I (s, ﬁ) ds O\ = cross section [m?]

n = particule density [m?3]
dI(s, ) = —ax(s) In(s, ) ds OX\: units of m-2

—\ — K)\: units of m2.kg
dly(s, ) = —p(s) kx(s) Ix(s, W) ds D = density [kgm?]

remark : stimulated emission if X < 0



Extinction

Opacity and optical depth :
TA(S0,81) = / ax(s)ds

S0

Optically thick and thin medium :
™ > 1 and ™ <1

Mean free path :
1

ax(s)

[\ =

Physically, T is the number of photon mean free paths



Radiative transfer equation with
absorption




Emission Jv
T dA
V >
. spontaneous emission
dE) = 50, dV dtdNdQ) 4
Energy, dE), added: - stimulated emission

- spontaneous emission
- thermal emission
- energy scattered into the beam



Emission Jv
T dA
V >
. spontaneous emission
dE) = 50, dV dtdNdQ) 4
Energy, dE), added: - stimulated emission

- spontaneous emission
- thermal emission
- energy scattered into the beam

d])\(S, ﬁ)
ds

= ja(s) = ax(s) In(s, )




Emission Jv
T dA
V >
. spontaneous emission
dE) = 50, dV dtdNdQ) 4
Energy, dE), added: - stimulated emission

- spontaneous emission
- thermal emission
- energy scattered into the beam

d])\(S, ﬁ)

%
ds )

= ja(s) — ax(s) Ix(s, 7

In(s, ) = I\(sg, W) e ™ 50:5) +/ ja(s") e 705 g

S0



Spectroscopic features

Optically thick disk

hot surface layer

observed __ 1bg —1y fg — T



Spectroscopic features

Optically thick disk
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Spectroscopic features

Optically thick disk

Al

No_omwﬁ\mm

bg
p— LX mw
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interior

hot surface layer

T8 - Tb8
emission
features

Small grains

L HD 104257 \E[\/é(: .

HD 144432

I g ﬁ — mlﬁv v. Boekel et al 2003



Spectrosocopic features

Optically thick disk

hot surface layer

observed __ 1bg —1y fg — T



Spectrosocopic features

Optically thick disk o Tfe _ be

absorption

features
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hot surface layer

observed __ 1bg —1y fg — T



Spectrosocopic features
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Kirchoff’s law

Suppose we have a medium at equilibrium at a

temperature T :
d[)\ (S, ﬁ
ds

ga(5) = an(s) In(s, ) = ja(s) — ax(s) BA(T) = 0

>:O and ])\:B)\(T)



Kirchoff’s law

Suppose we have a medium at equilibrium at a

temperature T :
d[)\ (S, ﬁ
ds

ga(5) = an(s) In(s, ) = ja(s) — ax(s) BA(T) = 0

):O and ])\:BA(T)

At radiative equilibrium, a good absorber is a good
emitter, and a poor absorber is a poor emitter

Jx = ax B(T)



Source function

In the general case, we define



Source function

In the general case, we define

The RT equation can be written:

dIA(S, ﬁ)
ds

= a\(8) Sxa(s) — ax(s) Ix(s, ﬁ)

or .
d[)\(S, ﬁ)
dT

= Six(s) — In(s, ﬁ)



Temperature of a dust grain

Heating: ) \ | /

Q+:47T/ liibSJAd)\ :4 —
; .
Cooling: / I \

Q_:47r/ k3% By (T) dA
0




Temperature of a dust grain

Heating: \ | /

Q_|_:47T/ liibsj)\d)\ :4 —
; .
Cooling: / I \

Q_ =4r / k3% By (T) dA
0

Thermal balance:

/ k3% BA(T) d\ = / KPS Ty dA
0 0



Temperature of a dust grain

Heating: \ | /

Q- :477/ KPS Ty dA - —
; :
Cooling: / I \
Q_ =4r / k3% By (T) dA 350
0

\/“\U ;

2 AU

Thermal balance:

Température (K)

/ k3% BA(T) d\ = / KPS Ty dA 50
0 0

1.0 10.0 100.0 1000.

Taille du grain (um)



Scattering
Jv
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Scattering
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Scattering

scattering
ds
d])\(S,ﬁ) —
_ __ ,Sca I
s 03 (s) (s, )
1
+ o™ (s Dy Q?ﬂ/\( ', W) Ia(s, 1) dQY

\

Phase function: anisotropic

RT equation is now integro-differential



Dust RT equations



Dust RT equations



Dust RT equations



Dust RT equations

© K. Dullemond



Dust RT equations

/ AN
\ /) Light source

© K. Dullemond



Remark |:time dependance

1 8[)\(8, ﬁ,t) | 8[,\(3, ﬁ,t)

c Ot | :jA(S) —Oé)\(S) ]A(S,ﬁ,t)

0s

We will assume that light propagation is much faster
than the timescale at which the object changes

Not always true !

See for instance Harris et al, 201 |



Remark 2: Polarisation

Polarization state of the light can be described by
the Stokes parameters

I =F

Q:(EI_EH)
U=(E,—E)
V =(E, —E,)



Remark 2: Polarisation



Remark 2: Polarisation

%
dS/\E; ) = — a5 (s) Sy (s, ﬁ) dichroic extinction
+ a3 (s) BA(T(s))

1
+af\catt(s)ﬂ /Q Mi(s, 7', ) Sa(s, ") dSY




Remark 2: Polarisation

dS)\(S, ﬁ)

y — — a$%(s) Sa(s, 1) dichroic extinction
S

+ a5 (s) BA(T(s)) polarised emision

1
+ a3 (s) - /Q M (s, 7', 1) Sx(s, ") dSY



Remark 2: Polarisation

— — a$(5) Sa(s, ) dichroic extinction
+ a5 (s) BA(T(s)) polarised emision
1
+aX™(s) = | (Ma(s, 70", W)Sa(s, 70") dY
Q

\

Mueller matrix



Remark 2: Polarisation

Polarisation by scattering very sensitive to dust properties

Mueller matrix (randomly oriented particles)

I S11 Si2 0 0 Ji
@ _ S12 S11 0 0 @,
U 0 0 Ssz  Say U
V 7 0 0 —Sg4 Sgg V ;

Circular polarisation in case of multiple scattering

I'=1 1°7e diff I'=1 2°me Jiff I'=1
U =0 | v=o0 " | U0

V=0 V=0 V +£0



Remark 3:line transfer

dl,
T = Ju(8) — au(s)1,(s)
hVij
Jijyv = An NiAij¢l](V)
hv,]
Qijy = (N B — N;Bij)pii(v)

Level populations Ni, and then opacities depend on
temperature



How do we solve the
RT equation !



Discrete-ordinate methods

> 1

ray-tracing v



Discrete-ordinate methods

/

g

/

ray-tracing

/
/

X

long or short characteristics

/4

X

> 1

vV



Choice of rays can become
VERY complex
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2

S

© J. Steinacker

To my knowledge: only | ray-tracing code in 3D



Lambda-iteration

Make an inital guess for |), compute Sy

Integrate the formal RT equation along a
large number of rays

Recompute |\

Loop until converged



Lambda-iteration

Make an inital guess for |), compute Sy

Integrate the formal RT equation along a
large number of rays

Recompute |\

Loop until converged

Jy = A|S\




Lambda-iteration

® Make an inital guess for |), compute Sy

® |ntegrate the formal RT equation along a
large number of rays

® Recompute |\

® | oop until converged
Ty = A[Sy

Pb:need Nyt > 77




Lambda-iteration

® Make an inital guess for |), compute Sy

® |ntegrate the formal RT equation along a
large number of rays

® Recompute |\

® | oop until converged
Ty = A[Sy

Pb:need Nipop > 7° = Accelerated - LI
A=A+ (A - A7)




Monte Carlo Basics

® |dea:
Propagate many photon packets by randomly sampling
from probability distribution functions for directions,
wavelengths, path lengths, interactions with dust.

® mimics the motion of photons

photon
stellaire

Z
marche
au hasard

—————

photon thermique
émis par le disque

8%

S limite

du modele



Monte Carlo Basics

® |dea:

Propagate many photon packets by randomly sampling
from probability distribution functions for directions,
wavelengths, path lengths, interactions with dust.

® mimics the motion of photons

Advantages:
- easy to include physics izt
- intrisincally 3D ;

- Fast: variance cnviroydemeny *7 y
reduction techniques, /
diffusion approx., ray-
tracing

photon
stellaire

photon thermique
émis par le disque

S hmlte

du modele



Monte Carlo Basics

® Emit a photon packet = luminosity packet
® packet travels some distance
® packet interacts with dust :
» scattering : change direction / polarization

| oop until packet

exits » absorption : kill the packet

|06 to 107 times



Monte Carlo Basics

® Emit a photon packet = luminosity packet
® packet travels some distance
® packet interacts with dust :

» scattering : change direction / polarization

| oop until packet

exits » absorption : kill the packet

|06 to 107 times

® Compute Temperature

® Re-emit absorbed packets according to
k3 BA(T)

® Collect packets when they exit to make
observables



Probability of interation

Intensity differential over dlis d/) = —« [ dl

Probability of interaction over dI a d/



Probability of interation

Intensity differential over dlis d/) = —« [ dl

Probability of interaction over dI a d/

Probability of travelling dI without interaction 1 — o d!



Probability of interation

Intensity differential over dlis d/) = —« [ dl

Probability of interaction over dI a d/

Probability of travelling dI without interaction 1 — o d!

L

o S S R R B B B . N segments

Probability of travelling L without interaction:

P(L) = (1 _ af)n s exp(—al) = exp(—7)

N/ n—



Probability distribution function

PDF for photon to travel T is exp(-T)

We want to pick a lot of
small T and fewer large T




Probability distribution function

PDF for photon to travel T is exp(-T)

We want to pick a lot of
small T and fewer large T

Same for all quantities: position, emission angle,
scattering angle, wavelength, ...



Cumulative distribution function

We want to map any probability distribution to an
uniform distribution from 0 to |

CDF = F(z) = / x p(z') dz’ /a bp(fv’) dz' =

a

Y = F(X) uniform distribution in [0,!]



Cumulative distribution function

We want to map any probability distribution to an
uniform distribution from 0 to |

CDF = F(z) = / " p(z/) da / b p(a’)da’ =1

a

Y = F(X) uniform distribution in [0,!]

Pick a random number A, = F(x) in [0, 1]

r=F"'(A;) isfollowing p(z)



Cumulative distribution function

A:/ eTdr =1—eT = T = —log(l — A)
0

or 7 = —log A



Cumulative distribution function

A:/ eTdr =1—eT = T = —log(l — A)
0

or 7 = —log A

z P
T = ads D
/0 |




Cumulative distribution function

A:/ eTdr =1—eT = T = —log(l — A)
0

or 7 = —log A

[ -
T = ads D

0 B//
pd

This is the most expensive part !



Scattering Probability distribution

0.1 =

0.01 =

0.001

Scattering angle 6

This is not a realistic phase function



Scattering Probability distribution

0.1 =

0.01 =

0.001

Scattering angle 6

This is not a realistic phase function
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Scattering Probability distribution

0.1 =

0.01 =

0.001

Scattering angle 6

This is not a realistic phase function




Scattering Probability distribution

0.1 =

0.01 =

0.001

Scattering angle 6

This is not a realistic phase function

> 180
i / 511(9) Sln(é’) dé
0.6_— 0
04
/o S
0



Scattering Probability distribution

0.1 =

0.01 =

0.001

Scattering angle 6

This is not a realistic phase function

> 180
i / 511(9) Sln(é’) dé
0.6_— 0
04
/o S
0

We can sample any PDF



Problem solved ?

and No

Monte-Carlo RT will eventually give the

, but for most real-life cases it
will often be inefficient in its basic
implementation.



When is MC inefficient ?

® When the dust is very optically thick



When is MC inefficient ?

® When the dust is very optically thick

® When the dust is very optically thin



When is MC inefficient ?

® When the dust is very optically thick
® When the dust is very optically thin

® VWhen we only use escaping photons to produce
observables



When is MC inefficient ?

When the dust is very optically thick
When the dust is very optically thin

When we only use escaping photons to produce
observables

When we look away from the peaks of emissivity



Density: 1

Interactions: 2

© T. Robitaille



Density: 10

Interactions: 122

© T. Robitaille



Density: 100

Interactions: 17918
©T. Robitaille



Density: 1000

Interactions: 719222

© T. Robitaille



Naive implementation is VERY slow

® many interactions : many photon paths to
calculate.
Even if it happens only to a few photons, this can
dominate the computation time

® many interactions : we need many iterations
between J and T
= a lots of photons are computed for nothing



rAB)

Immediate re-emission
Directly re-emits photon after absorption:

No iteration any more

Aj)\ — K\ B)\(T T AT) — R)\ B)\(T)

~ /i)\AT (C

|
100 A

dT’

1B, (T )

No equivalent in
ray-tracing methods

Bjorkman & Wood 2001



Diffusion approximation

® High optical depth

Sy = B
° Moment eqztlatlons
FA——S—&VJ/\ V.Ky = —
° Eddlngto? approximation
Ky = = J)
3
V.(DVT*) =0

Extremely fast

—
OéH)\



Modified random-walk

Min et al 2009
©T. Robitaille



Modified random-walk

<

Min et al 2009
©T. Robitaille



Modified random-walk

~

Min et al 2009
©T. Robitaille



Modified random-walk

N

Min et al 2009
©T. Robitaille



Modified random-walk

@

Min et al 2009
©T. Robitaille



Modified random-walk

Min et al 2009
©T. Robitaille



Modified random-walk

Min et al 2009
©T. Robitaille



Photons only create information
where they interact




Photons only create information
where they interact

/ T SO TV By (T(7)) d\ — / TS (LTI () dA




Photons only create information
where they interact

/ T SO TV By (T(7)) d\ — / TS (LTI () dA




Photons only create information
where they interact

/ T SO TV By (T(7)) d\ — / TS (LTI () dA

1
= v ; e, AL,

Lucy (1999)




Ray tracing

We can do the same for |y if we also save the
directions of the packets

@0 e

® Pb :takes a lot of memory : I\(xz,y,2,0,0)

® Alternative : saving scattered

—> — —>/
intensity for a few directions > Yals, 107, 1) Ia(s, 707)



MC + ray-tracing is VERY efficient

Degree of linear polarization

Mon:te:C.ar:Io 30s



MC + ray-tracing is VERY efficient

Monte-Carlo 30s MC + ray-tracing 3s



