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Definitions

Interstellar
extinction

B m; — my: magnitude difference between Ay (flux f)
and Ao (flux f2):
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Size to extinction

Non LTE situation 1 —me = _25 loglo <%>
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Definitions

Interstellar
extinction

m1 — mo: magnitude difference between Ay (flux f1)
and Ao (flux f2):

Extinction curve

Size to extinction

1
Non LTE situation mi1 — Mo = —2.5 loglo <f_>

f2

Some codes

Collisions

HY excitation B ),: Absolute magnitude at \.
With D in pc, and no absorption:

Conclusions

m>\—M>\:510g10D—5
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Definitions

Interstellar

nersiele m1 — mo: magnitude difference between Ay (flux f1)
and o (ﬂux fg):

Extinction curve

Size to extinction

1
Non LTE situation mi1 — Mo = —2.5 loglo <f_>

f2

Some codes

Collisions

B ),: Absolute magnitude at \.
With D in pc, and no absorption:

H;i— excitation

Conclusions

m>\—M>\:510g10D—5

B A,: Extinction at A. With absorption.

Ay = 2.5 logyy (e) Ty =~ 1.086 7y
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Definitions

nterstellar B Photometric bands:
T — Band U B V R T | K
=12 o SUMEHE A (,me) 0.365 | 0.445 | 0.551 | 0.658 | 0.806 | 2.2

Non LTE situation

Some codes

Collisions

H;i— excitation

Conclusions
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B Rvy: Extinction to color index:

Ay

Rv —
VT Epv
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Definitions

Interstellar

Photometric bands:

extinction

Ferr— Band | U B v [t L | K
Size to extinction A (um) | 0.365 | 0.445 | 0.551 | 0.658 | 0.806 | 2.2
Non LTE situation B Avy: Extinction along LoS at V.

Some codes B Fp_v: Color index:

Collisions

H;i— excitation EB_\/' — AB — AV

Conclusions

B Rvy: Extinction to color index:

Ay

Rv —
VT Epv

B C'p (non standard!): Hydrogen column density to color index:

Ny

Cp =
Ep v
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Extinction curve

nterstellar B Standard definition:

Definitions

Ev.v Ay—Ay 1 —1v
1ze to extinction

- FEg.v Ap—Av T -—1Tv

Non LTE situation

Some codes

Collisions

Hj excitation

Conclusions
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Extinction curve

Interstellar
extinction

Standard definition:

Definitions

Ewt(A)_Ex—v_AA—AV_TA—TV

Size to extinction o o A o A T o
Lp_v B—Av TB—Tv

Non LTE situation

ior_e_mdes B WARNING !l By construction:
H;i— excitation E:L't (V) — O : E:L't (B) — 1

Conclusions

Adapted to visible and near UV, but NOT
to infrared and radiol
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Extinction curve

Interstellar

Standard definition:

extinction

Definitions
Et}\_EA—V_AA—Av_TA—TV
Size to extinction £ ( ) - EB v — AB — AV — P
Non LTE situation
S d .
T B WARNING Il By construction:
Collisions
+ .
H, excitation Eﬂft (V) _ 07 Egjt (B) _ 1

Conclusions

Adapted to visible and near UV, but NOT
to infrared and radiol

B Inversion: Bt ()
Ry
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Extinction curve

Interstellar
extinction 12
Definitions
10 |K |I|RV B
Size to extinction
8 |
Non LTE situation
Some codes 6
Collisions 8 4
Hj excitation |_|>j 2 |
Conclusions
0
'2 B / —
4 m / Galaxy ]
Orion Bar
_6 L I l | I
0 2 4 6 8 10

1/A (um™)

Galaxy: Ry ~ 3.1, Cp ~ 5.810%*! cn 2.
Orion Bar: Ry ~ 5.5, Cp ~ 1.5710%? cm 2.
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Extinction curve

Interstellar
extinction 10 I

Definitions Sanders

M=2:144 pm Fritz: Aq =4 —— |

Size to extinction

Non LTE situation

Ha
Some codes - 0-0SWJ)987 6 5 4 3 2 1

Collisions

Hj excitation

Ay / Ak
[

Conclusions

01 | | | |
5 10 15 20 25

A (um)
Galactic Center LoS - Fritz (2011) + Sanders (2022)
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Size to extinction conversion

Interstellar

Column density:

extinction

Definitions
Extinction curve

C
Nu = / nids = —— 2.5 log, (e) / dry
LoS Ry LoS

Non LTE situation

Some codes

Collisions ) CD 1
T excitation dS = 2.5 10 e) — — d
H g10 (€) Rv nm Y%

Conclusions
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Size to extinction conversion

Interstellar B Column density:
extinction
Definitions C
Extinction curve D
Ny = / nyds = Do 2.5 logyq (e) / dry
Non LTE situation LoS v LoS
Some codes
Colle B So:
ollisions CD 1
H excitation dS = 2.5 lOglo (6) R_ — dT\/’
Conclusions \4 nH
102
Galaxy:
100
)
C”
n
1072
1 Cp A
S — — — AV
n R 10-4 Ll Ll Lol T BT
o 107 10% 10 100 10" 10'2
Ny (M)
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Non LTE situation

Interstellar
extinction

B Transfer equation (no scattering):

97

Coupled problem L

Transfer equation 83 o (KD —I_ K’lu) I + 77ul + 77D
Optical depth

Formal solution

Contributions

Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Non LTE situation

Interstellar : : .
Interstella Transfer equation (no scattering):
oI

Coupled problem .
Transfer equation 83 o (KD —I_ K’lu) I + 77ul + 77D
Optical depth

Formal solution

Contributions B Line absorption and emission coefficients:
Mean intensity

External
contribution h c
Escape probability Riy =
Line width 47T )\

Various
approximations h c

Int I _
cr]o:{:;gutions 77ul T 47T )\ AUl Ty ¢>\

Kernel functions

(Bryny — Byiny) o

Conclusion

Some codes

Collisions

H;i— excitation
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Interstellar
extinction

Non LTE situation

Coupled problem
Transfer equation
Optical depth
Formal solution
Contributions
Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions

Non LTE situation

Transfer equation (no scattering):

ol
%:_(KD—l_/ilu)I_'_nul_'_nD

Line absorption and emission coefficients:

h c
u — Bu _Bu U
K 47T)\(znz [ M) O
hc
ul — Au U
Nut = 7~ Aun )

Detailed balance:
n (B Ji + ki nx + Dy) = ny (Aw + Bu Ju + ki nx ) +F

Ny, (Aul + By jul -+ kfﬁ nx -+ Du) — Ny (Blu jlu + ]ﬁ}fb nX)‘l_Fu
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Coupled problem

Interstellar

B 7, (sp) and n; (sg) depend on mean radiation field J,; at so.

extinction

Non LTE situation
Transfer equation
Optical depth
Formal solution

Contributions
Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions
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Coupled problem
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Interstellar

extinction

Non LTE situation
Transfer equation
Optical depth
Formal solution

Contributions
Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions

Coupled problem

n. (s9) and n; (sg) depend on mean radiation field .J,; at s.

Jui (so) depends on the incoming intensities I (£2).
I depends on the emission 7,; (s) and absorption k,; (s)
properties along the ray.
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Coupled problem

Interstellar

ny (so) and n; (sg) depend on mean radiation field J,; at so.
Jui (so) depends on the incoming intensities I (£2).

I depends on the emission 7,; (s) and absorption k,; (s)
Transfer equation .
Ontieal denth properties along the ray.

Formal solution B 7, (s) and Ky (s) depend on ny (s) and ny (s).

Contributions

extinction

Non LTE situation

Coupled problem

Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion
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Coupled problem

Interstellar

ny (so) and n; (sg) depend on mean radiation field J,; at so.
Jui (so) depends on the incoming intensities I (£2).

I depends on the emission 7,; (s) and absorption k,; (s)
Transfer equation .
Ontieal denth properties along the ray.

Formal solution B 7, (s) and Ky (s) depend on ny (s) and ny (s).

Contributions

extinction

Non LTE situation

Coupled problem

Mean intensity

S = The problem is fully coupled!

contribution
Escape probability

Line width m If J, is known, then all positions uncouple.
Various

approximations

Internal

contributions So, how can we estimate it?

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Transfer equation revisited

Incerstellar B Along a sight line, without scattering (D: Dust):
Non LTE situation aI

Coupled problem L

95 = (D ) I+ +0p
Optical depth

Formal solution

Contributions

Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion
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Transfer equation revisited

Incerstellar B Along a sight line, without scattering (D: Dust):
Non LTE situation aI

Coupled problem

95 = (D ) I+ +0p
Optical depth

Formal solution

Contributions [ ] |ntroducing populations:

Mean intensity
External

contribution 8[
Escape probability —_— = [—Eul (ajl — :Iju) ¢I/ I — OD I —+ Dul Ly ¢1/ —+ ED] ng
Line width 88

Various
approximations 2

C hv l

Internal . _ u

cr]o:{:;gutions Eul 2 gu Aul ’ Dul - gu Aul
8TV 47

%DZUDNH; nNp = €D NH

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Optical depth

Lzl B Dust contribution:

extinction

Non LTE situation D S

Coupled proble.m T (S) — oD (t) ng (t) dt
Transfer equation 0

Optical depth

Formal solution
Contributions

Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Optical depth

Interstellar B Dust contribution:

extinction

Non LTE situation

S
Coupled problem TD (S) — / oD (t) ng (t) dt
0

Transfer equation

Optical depth

Formal solution

Contributions B Line contribution:

Mean intensity

External 2

contribution L C
N (s) =

Escape probability 87T

Line width

Various
approximations

o O / (r (t) — 2 (1)) it (1) by (1) dt

¢, (s): Line profile at position s. Depends on T, vy, ...

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Optical depth

Interstellar

Dust contribution:

extinction

Non LTE situation

S
Coupled problem TD (S) — / oD (t) ng (t) dt
0

Transfer equation

Optical depth

Formal solution

Contributions B Line contribution:

Mean intensity

External C2 S

contribution L

Escape probability TI/ (S) 87T 2 gUA / (CBZ (t) — Ly (t)) nNH (t) ¢V (t) dt
Line width 0

Various

approximations

¢, (s): Line profile at position s. Depends on T, vy, ...

Internal

contributions B Tota | :

o 7 (s) =77 (s) + 7 (s)
Some codes

Celllians & CO rot: Line dominates

H excitation & H, vib: Dust dominates

Conclusions
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Formal solution for I,

Interstellar O

extinction S >
Non LTE situation IO I

Coupled problem t —

Transfer equation t

Optical depth

Formal solution

Contributions

Mean intensity B Taking 7 = 0 at the “far end":

External
contribution

Escape probability Il/ (S) = IS exXp (_7-7’/’ (S))
Line width
Various

S
approximations -+ / Dul $u¢y nyg exp (7‘% (t) — Tf;ﬂ (S)) dt
0

Internal
contributions

Kernel functi 5
ot + / epnp exp (T4 (1) — 7% (s)) dt
0

Some codes

Collisions

HF excitation B 3 contributions:

Conclusions

L (s, p) = 15" (s, ) + ID%, (s, ) + I, (s, 1)
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Contributions

Interstellar
extinction
Non LTE situation BG —
Coupled problem D —
Transfer equation e

Optical depth
Formal solution

Contributions

Mean intensity

External

contribution -,
Escape probability

Line width

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions \'

H excitation Thick lines absorb the background!

Conclusions
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Mean intensity (the tricky part)

Interstellar

B \We need:

extinction

Non LTE situation 400 1 +1

Coupled problem J — _ I S d dV
Transfer equation ul v ( ’ 'UJ) M ¢V
Optical depth
Formal solution
Contributions

Mean intensity

External
contribution

Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Mean intensity (the tricky part)

Interstellar
extinction

We need:
Non LTE situation B 400 1 +1
Coupled problem Jul — / (_ / Il/ (S, M) d/”‘“) ¢I/ dV

Transfer equation
—00 2 —1

Optical depth
Formal solution

Contributions B Play with integration order if needed.

Mean intensity

External B Compute separately each contribution

contribution

Escape probability ¢ = Helps understanding the origin
ine width of various approximations.

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Mean intensity (the tricky part)

Interstellar
extinction

We need:
Non LTE situation B 400 1 +1
Tu= [ (5 [ Bt dn) o

Transfer equation
—00 2 —1

Optical depth
Formal solution

SELEEC B Play with integration order if needed.
TR
External B Compute separately each contribution
contribution . o
Escape probability ¢ = Helps understanding the origin
[me weidth of various approximations.
approximations ; ; ‘0 T

Internal B External contribution (“Left” side):
contributions

EernTI f.unctions 100 1 +1

onclusion Je:ct _ [B exp (_’7',1V1 (S’ Iu)) dﬂ ¢V dv
Some codes — 00 2 0

Collisions

H;i— excitation

Conclusions

NanoSpace Astrochemistry Training School - 2024 15 / 58



External contribution (Left)

Interstellar

B Angle integration:

extinction

Non LTE situation
Coupled problem ext
. JoP (s) =
Transfer equation 124
Optical depth
Formal solution

n [ 77 ()
2 Jo

Contributions
Mean intensity
contribution
Escape probability

Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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External contribution (Left)

Interstellar B Angle integration:

extinction

Non LTE situation

0 1 %
Coupled problem ext o [V TT (S)
Transfer equation J]/ (S) — 7 ‘/0 exXp <_T d,u

Optical depth
Formal solution

Contributions

B Frequency integration:

Mean intensity

External
10 oo /1 ,
S
Escape probability Jﬁxt (S) — v exp | — TT ( ) dlu sz/ dV
Line width 2 0 M
Various

approximations _ [B BL (S)

Internal
contributions

Kernel functions = Escape probability!

Conclusion

— 00

Some codes

Collisions

H;i— excitation

Conclusions
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Interstellar

extinction

Non LTE situation
Coupled problem

Transfer equation
Optical depth
Formal solution
Contributions
Mean intensity

External
contribution

Escape probability
Line width
Various

approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions

Escape probability (single side)

B Change of variable: o = 1/u, da/a = —du/u:

/Olexp (_ﬁﬁfs)) dp = /100 oxp (—ar () %

FE5: Exponential integral of the second kind.

[O +00

Jert = o) By (1% (5)) ¢y, dv

— 00
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Escape probability (single side)

Interstellar

B Change of variable: o = 1/u, da/a = —du/u:

extinction

Non LTE situation 1 7—’/ (S) 50 da
Coupled bl

Comed e [Few (-E) du= [ ew(-arp o) 55 = B2 (05 (5)
Optical depth 0 ILL 1

Formal solution

Contributions FEs: Exponential integral of the second kind.

Mean intensity

External

contribution Text [O o U
Ju =5 Ey (17 (s)) ¢v dv
Line width — 00
Various
approximations . _ . v (S)
Internal B Gaussian profile: use z = ul £ - g0 dv =dz Tl vy
contributions Vul vT (S) C
Kernel functions
Conclusion ( ) 1 C —22
S d Pz (8) = €
ome codes ﬁ Vul ,UT (S)
Collisions
H;i— excitation 1 —+-00 9
o —z z
Conclusions BL (S) T 2 ﬁ / € E2 (TT (S)) dZ
— OO0
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Escape probability (single side)

Interstellar

B Still need to work on 77 (s).

extinction

Non LTE situation
Coupled problem

Transfer equation
Optical depth
Formal solution
Contributions
Mean intensity

External
contribution

Escape probability
Line width
Various

approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Escape probability (single side)

Interstellar B Still need to work on 77 (s).
xtinction . .
B For a Gaussian profile:

Non LTE situation
Coupled problem

Transfer equation

S
Optical depth 7'7’/1 (S) — / oD (t) ng (t) dt _|_
0

Formal solution

E,c

Vul ﬁ
Contributions

. . 2
Mean intensity S ng t vV — 1) C
Exter.nal . X/ J (:Ijl (t) — ZCU (t)) eXp — dt
contribution _ 0 T Vul v (t)

Line width

Various

approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Escape probability (single side)

Interstellar B Still need to work on 77 (s).
xtinction . .
B For a Gaussian profile:

Non LTE situation
Coupled problem

Transfer equation

S
Optical depth 7'7’21 (S) — / oD (t) ng (t) dt _|_
0

Formal solution

E,c
Vul ﬁ

Contributions

Mean intensit S t
External ’ X / nH—() (SUZ (t) _ xu (t)) eXp _ <Z T—
0

contribution

Escape probability
Line width
Various

approximations

vT (t)

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Escape probability (single side)

Interstellar B Still need to work on 77 (s).
xtinction . .
B For a Gaussian profile:

Non LTE situation
Coupled problem

Transfer equation

S
Optical depth 7'7’21 (S) — / oD (t) ng (t) dt _|_
0

Formal solution

E,c
Vul ﬁ

80 oy 0) a0 o |- (= L) | a

o vr(l)

Contributions
Mean intensity

External X
contribution

Escape probability
Line width
Various
v S
approximations O |f r = T( )

Internal
contributions

Concusion 7 (s) =7 (s) + €% 7L (s)

S—

Some codes

Collisions B 7)(s): Line optical depth at line center (z = 0).

H;i— excitation

Conclusions
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Escape probability (single side)

Interstellar

Still need to work on 77 (s).
B For a Gaussian profile:

extinction

Non LTE situation
Coupled problem

Transfer equation

S
Optical depth 7'7’21 (S) — / oD (t) ng (t) dt _|_
0

Formal solution

E,c
Vul ﬁ

) ) e (1)) exp —(z o1 <S)) it

o vr(l)

Contributions
Mean intensity

External X
contribution

Escape probability
Line width
Various
v S
approximations O |f r = T( )

Internal
contributions

Concusion 7 (s) =7 (s) + €% 7L (s)

S—

Some codes

Collisions B 7)(s): Line optical depth at line center (z = 0).

H;i— excitation

Conclusions = Gauss-Hermite integration is possible.
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Line width

Interstellar

extinction 1.8 ™ . . .
Non LTE situation To =10 K =——
Coupled problem 16 To =100 K =—
Transfer equation To=1000 K —
Optical depth 14 | ]

Formal solution
1.2 .

Contributions

Mean intensity

External
contribution

Escape probability

Various
approximations 0.6 ]

r=vr(To) / vy(T)

Internal
contributions 0.4

Kernel functions

—— Vi = 2 km 5-1
onclusion 0.2 . . e . L
Some codes 10 100 1000

Collisions T (K)

Hj excitation

Conclusions Depends on position in cloud and ratio of Turbulence / Thermal.
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Line width

Interstellar
extinction 1 I

Non LTE situation r=04 ——
Coupled problem r=07 —

Transfer equation 0.8 f=10 i
Optical depth '
Formal solution r=1.7 —
Contributions 0.6
Mean intensity .

External
contribution

exp(_ZZ)r2

Escape probability

Various

approximations
Internal 0.2 -
contributions

Kernel functions

Conclusion 0 | |
Some codes 0 1 2 3 4 5

Collisions Z

Hj excitation

v (s)

Conclusions Approximation may be badly off (r =
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Various approximations for 3

Interstellar

B Constant width approximation:

extinction

Non LTE situation

Coupled probl 1 oo 2 2.0

oupled problem o _ .

Transfer equation BL (7-0) — 9 ﬁ / € E2 (6 T ) dZ
Optical depth — 0

Formal solution

Contributions
Mean intensity
External
contribution
Escape probability
Line width

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Various approximations for 3

Interstellar B Constant width approximation:

extinction

Non LTE situation

Coupled probl 1 oo 2 2.0

oupled problem o _ .

Transfer equation BL (7-0) — 9 ﬁ / € E2 (6 T ) dZ
Optical depth — 0

Formal solution

contributions B RADEX LVG and Slab approximations:

Mean intensity

External

contribution 1 1 e 6—7‘0 1 1 L 6—37‘0
Escape probability T — . T e

ecape pr Brvea (10) R Bpp (T0) > 37

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Various approximations for 3

Interstellar B Constant width approximation:

extinction

Non LTE situation 1 +00

Coupled problem 6 ( ) . —22 E —22 0 d
Transfer equation L\T0) = 2 ﬁ € 2\ € T ~
Optical depth —o0

Formal solution

contributions B RADEX LVG and Slab approximations:

Mean intensity

External
contribution 1 1 — e —170

. 1

E.scape. probability BLVG (7-0) : BPP (7-0) _

Line width 2 T0 2 3 70
Various

approximations

1 — —37‘0

Internal

contributions L] de Jong, BOland, Da|garno (1980)
el fiueits (warning: 7 = 79 +/7 in Appendix B):

Conclusion

Some codes

Collisions ij (7_0 < 4) =

H;i— excitation

1 — —4.15 T0 1

1
S G A Bl Ry e

Conclusions
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probability (single side)

Interstellar

extinction 0

Non LTE situation

Coupled problem -0.5 |Og10(1/2) B
Transfer equation

Optical depth -1

Formal solution

Contributions — 1.5 1

Mean intensity %

External > 2 r

contribution o

Escape probability -2.5

Line width =1 [2 RADEX LVG

-3 —— 1/2 RADEX PP

approximations

Interr?al . 35 de Jong et al., 1980

contributions G-H Inte

Kernel functions | 9 | |

Conclusion -4 3 2 1 0 1 5 3

Some codes

log1o(tD)

Collisions

H;i— excitation

Conclusions
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Interstellar

extinction

Non LTE situation
Coupled problem

Transfer equation
Optical depth
Formal solution
Contributions
Mean intensity

log+0(B)

External
contribution
Escape probability
Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i_ excitation

Conclusions

Escape probability

10°
Gauss-Hermite integration

B~ Bag (T({J) Es (TD)
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Interstellar

extinction

Non LTE situation
Coupled problem

Transfer equation
Optical depth
Formal solution
Contributions
Mean intensity

External
contribution

Escape probability [

Line width
Various
approximations

Internal
contributions
Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions

Internal contributions

B with Agt = — |77 (t) — 7% (s)]:

Jint (5) — /0 T ep (8) g (8) Lus (Agt) dt

_ hu Au Smax
Jint () = "ul Aul /O n (1) K1 s (Ast) dt

41 Vul

Interpretation is simple:

L 4

9

’

€D (t) ng (t)

hvy Al : Photons emitted at ¢.
Ty, (t)
\ 47T Vul
[ L1s(Agt)

. Fraction of photons that reach s from ¢.

1 Kl,s (Ast)
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Kernel functions

Interstell : : .
nterstellar m Kernel function L; 5 (dust) and K 5 (line):
Non LTE situation +00

oupled problem 1
'(Iz'ranpslf:f :quzltion Ll,S(ASt) — 5 / Qby(s) E1 (ASt) dV

Optical depth — 00
Formal solution

Contributions Uyl —+00
!xirr]nianltemity Kl,s(Ast) — 7/ ¢I/(S) ¢1/(t) 5} (Ast) dv

contribution 0
Escape probability

Line width
Various
approximations
Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Kernel functions

Interstell : : .
Interstellar m Kernel function L; 5 (dust) and K 5 (line):
1 i | e
u
Transfer equation Ll,S(ASt) — 5 / Qby(s) E1 (ASt) dV
Optical depth — 00

Formal solution

Contributions Uyl —+00
!xirr]nianltemity Kl,s(Ast) — 7/ ¢I/(S) ¢1/(t) 5} (Ast) dv

contribution -0

Escape probability
Line width m If vrT ~ C'te:

Various
approximations

Internal 1 00 2
contributions = — 7
Lus(Ast) = NG
Conclusion >

Some codes E ((TD(?f) —7p(s)) +e ™ (T2(t) - Tg(s))) dz

Collisions

H;i— excitation

Conclusions
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Kernel functions

Drestelon m Kernel function L; 5 (dust) and K 5 (line):

extinction

Non LTE situation +00

oupled problem 1
'(Iz'ranpslf:f :quzltion Ll,S(ASt) — 5 / Qby(s) E1 (ASt) dV

Optical depth —00
Formal solution

Contributions Uyl —+00
!xirr]nianltemity Kl,s(Ast) — 7/ ¢I/(S) ¢1/(t) 5} (Ast) dv

contribution 0

Escape probability
Line width m If vrT ~ C'te:

Various
approximations

Internal 00
ontribution Kl,S(ASt) — 1 € 6_22 6_22
21 vp(t) J-

Some codes E ((TD(?f) —7p(s)) + e (TL(t) - Tg(s))) dz

Collisions

H;i— excitation

Conclusions
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Conclusion

Interstellar : : .
Interstella Computation is always:
Non LTE situation < Long_

Coupled problem “CC

Transfer equation ‘ Dlﬂ:lcu lt ]
Optical depth 2 Numerlca”y tr|Cky.

Formal solution
Contributions

Mean intensity
External
contribution
Escape probability
Line width
Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Conclusion

Interstellar B Computation is always:

extinction

Non LTE situation ‘ I_ong_

Coupled problem “CC

Transfer equation ¢ Dlﬂ:lcu lt ]

Optical depth 2 Numerlca”y tr|Cky.

Formal solution o ] ] .

Contributions B Full treatment is impossible in many practical cases.

Mean intensity
External
contribution
Escape probability
Line width

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Conclusion

Interstellar B Computation is always:

extinction

Non LTE situation ‘ I_ong_

Coupled problem “CC

Transfer equation ‘ Dlﬂ:lcu lt ]

Optical depth 2 Numerlca”y tr|Cky.

Formal solution o ] ] .

Contributions B Full treatment is impossible in many practical cases.
viean Intensiey B Various codes offer various degrees of approximation.

contribution

Escape probability ¢ Define what you need.
Line width ¢ Then (and only then) chose your best bet.

Various
approximations

Internal
contributions

Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Conclusion

Interstellar : : .

Interstella Computation is always:

Non LTE situation ‘ I_ong_

Coupled problem “CC

Transfer equation ‘ Dlﬂ:lcu lt ]

Optical depth 2 Numerlca”y tr|Cky.

Formal solution o ] ] .

Contributions B Full treatment is impossible in many practical cases.
viean Intensiey B Various codes offer various degrees of approximation.

contribution

¢ Define what you need.

Escape probability

Line width ¢ Then (and only then) chose your best bet.
arious

sppro mations B If none exists: you're on your own...

nternal

contributions
Kernel functions

Conclusion

Some codes

Collisions

H;i— excitation

Conclusions
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Some codes

Interstellar Simple review paper: van der Tak (2011)

extinction

o (578 fcnertion (but see Asensio Ramos, 2018).

Local
approximations

LVG

RADEX
ALI - MALI
Monte-Carlo
MOLPOP-CEP

Collisions

Hj excitation

Conclusions
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https://ui.adsabs.harvard.edu/abs/2018A%26A...616A.131A/abstract
https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/
https://personal.sron.nl/~vdtak/radex/index.shtml
https://github.com/han-uitenbroek/RH?tab=readme-ov-file
https://github.com/lime-rt/lime?tab=readme-ov-file
https://ipag.osug.fr/~pintec/mcfost/docs/html/overview.html
https://github.com/aasensio/molpop-cep
https://ism.obspm.fr/pdr.html

Some codes

Intersteller Simple review paper: van der Tak (2011)

Non LTE situation (but see Asensio Ramos, 2018).

e

=Ll | d | B Fast and simple:

o omarions ¢ LTE = Too crude.

RADEX ¢ LVG (Sobolev) = Limited use for ISM.

ALI - MALI

Monte-Carlo m But see RADMC-3D, Section 7.6 of manual.
MOLPOP-CEP

¢ RADEX = "Simple’ Escape probability.

Collisions

Hj excitation

Conclusions
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https://personal.sron.nl/~vdtak/radex/index.shtml
https://github.com/han-uitenbroek/RH?tab=readme-ov-file
https://github.com/lime-rt/lime?tab=readme-ov-file
https://ipag.osug.fr/~pintec/mcfost/docs/html/overview.html
https://github.com/aasensio/molpop-cep
https://ism.obspm.fr/pdr.html

Some codes

nterstellar Simple review paper: van der Tak (2011)

Non LTE situation (but see Asensio Ramos, 2018).

e

Sk . : . B Fast and simple:

i\p;[z;roxmatlons ‘ L_I_E :> TOO Crude_

RADEX ¢ LVG (Sobolev) = Limited use for ISM.
ALI - MAL

Monte-Carlo s But see RADMC-3D, Section 7.6 of manual.
MOLPOP-CEP

Collisions ¢ RADEX = "Simple” Escape probability.
H_ excitation B CPU demanding:

Conclusions

¢ MALI ("Multilevel Accelerated Lambda Iteration”)

= Accurate and complex. E.g.: RH.

LIME (no update since 2018), MCFOST =- Monte-Carlo
MOLPOP-CEP = "Think different’!

Meudon PDR = "More specific”

L 2R 2R 2
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https://github.com/han-uitenbroek/RH?tab=readme-ov-file
https://github.com/lime-rt/lime?tab=readme-ov-file
https://ipag.osug.fr/~pintec/mcfost/docs/html/overview.html
https://github.com/aasensio/molpop-cep
https://ism.obspm.fr/pdr.html

Local approximations

Interstellar

Use only local values for computations
B Various levels of approximation:

extinction

Non LTE situation

vy = Cte (neglect variations of line profile)
ny, T, ... = Cte (uniform profile)

Escape probability prescription (LVG or not)
0D vs. 1D

Some codes

Local
approximations

LVG

RADEX

ALI - MALI
Monte-Carlo
MOLPOP-CEP

L 2R 2R 2R 2

Collisions

H;i— excitation

Conclusions
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Interstellar

extinction

Non LTE situation

Some codes
Local
approximations

RADEX

ALI - MALI
Monte-Carlo
MOLPOP-CEP

Collisions

H;i— excitation

Conclusions

Sobolev Approximation and RADMC-3D

Sobolev: “Large Velocity Gradient'.
Crudest approximation possible.

Use only for large velocity gradients!
Fallback for computationally intensive codes:

® See doc at RADMC-3D

Take Away Message: Do not use if you can avoid it.

But only solution for time dependent MHD simulations.
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https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/manual_radmc3d/lineradtrans.html

RADEX

Interstellar
extinction

van der Tak et al. (2007).

Non LTE situation ‘ Non—I_TE
Some codes ¢ Isothermal, homogeneous medium.

Local

approximations ¢ 3 Options for 6, a” Simple.
LVG

B Available at: RADEX

ALI - MALI

Monte-Carlo

MOLPOP-CEP

Take away message (by Floris...):
“Proper modeling of optically thick lines requires programs

that resolve the source both spectrally and spatially”
(end of Appendix A)

Collisions

H;i— excitation

Conclusions
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ALl and MALI

Interstellar

B Best reference: Rybicki and Hummer (1991) and (1992)

Non LTE situation ¢ Simple operator splitting:

Some codes

Local J — A [S (J)]

approximations
LVG

RADEX
Monte-Carlo
MOLPOP-CEP

extinction

Collisions

Hj excitation

Conclusions
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ALl and MALI

Interstellar

B Best reference: Rybicki and Hummer (1991) and (1992)

Non LTE situation ¢ Simple operator splitting:

Some codes

I:;:))Sfclaximations Jk+1 — A* |:S ((]k>i| + (A _ A*) |:ST (Jk+1>i|
LVG

RADEX

Monte-Carlo

MOLPOP-CEP

extinction

Collisions

Hj excitation

Conclusions

NanoSpace Astrochemistry Training School - 2024 34 / 58


https://ui.adsabs.harvard.edu/abs/1991A%26A...245..171R/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...262..209R/abstract
https://idoc.ias.universite-paris-saclay.fr/MEDOC/Radiative%20transfer%20codes/MALI-GS-2D
https://idoc.ias.universite-paris-saclay.fr/MEDOC/Radiative%20transfer%20codes/NLTE2D
https://rh15d.readthedocs.io/en/latest/
https://github.com/ITA-Solar/rh
https://ui.adsabs.harvard.edu/abs/2008A%26A...488.1237D/abstract
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ALl and MALI

Interstellar

B Best reference: Rybicki and Hummer (1991) and (1992)

Non LTE situation ¢ Simple operator splitting:

Some codes

Egiféximamns JHE = A (5 (JR)] (A - A |8t ()]
RADEX

Monte-Carlo € Requires simultaneous solution on full spatial grid

MOLPOP-CEP = coupling with chemistry and thermal balance difficult.

extinction

Collisions

H;i— excitation

Conclusions
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ALl and MALI

Interstellar

B Best reference: Rybicki and Hummer (1991) and (1992)

extinction

Non LTE situation ¢ Simple operator splitting:

Some codes

Local

approximations JEHL = A [S (Jkﬂ + (A =A%) [ST (Jkﬂﬂ

LVG

RADEX

Monte-Carlo € Requires simultaneous solution on full spatial grid
MORFOPCER = coupling with chemistry and thermal balance difficult.
Collisions ¢ Most widely used method. e.g.:

Hj excitation

= MALI or NLTE2D
(MEDOC and F. Paletou)

s RH 1.5D: Documentation and Git lab
(Uitenbroeck and Pereira)

s Daniel & Cernicharo (2008) and (2013)
(Availability unknown...)

Conclusions
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Monte-Carlo

Interstellar B Mika Juvela family of codes:

Non LTE situation ¢ Cppsimu, CRT, DIES, LOC, PEP, SOC.
Some codes ¢ Sophisticated transfer (polarization...),
approximations Simp|e micro—phySiCS.

LVG

RADEX B LIME: Based on RATRAN. See

ner Brinch and Hogerheijde (2010).

MOLPOP-CEP ¢ Uses Delaunay triangulation and Voronoi tesselation.
Collisions
H;i_ excitation Lo v s eI 10 LO T T o T o o a7
*%ed LA 7 R/ A5
Conclusions :‘. L L T J
05 ¢, ¢ ¢ "1 05 05F aels
[ ) L * ...o o ° N % e N
. - , o
> 0.0 .. ) > 0.0 > 0.0 o
. ® L D)
Moo , g
::c i .:. ° ° : ° .. “% 1 ;:’ ° T
05fc e D et ] 05 050 ]
(] -'. - ) P (] /
ol v et e 10 11,0 BN S A T
210 05 00 05 10 210 05 00 05 10  -10 05 00 05 10
X X X
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MOLPOP-CEP

Interstellar
extinction

B Clever idea (Asensio Ramos and Elitzur, 2018)

Non LTE situation ¢ n,; depend on J,,.

Some codes
Local
approximations

LVG

RADEX

ALI - MALI
Monte-Carlo

MOLPOP-CEP

Collisions

Hj excitation

Conclusions
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MOLPOP-CEP

Interstellar
extinction

B Clever idea (Asensio Ramos and Elitzur, 2018)

Non LTE situation ¢ n,; depend on J,,.
Some codes ‘ Jy depend on n;

Local
approximations

LVG

RADEX

ALI - MALI
Monte-Carlo

MOLPOP-CEP

Collisions

Hj excitation

Conclusions
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MOLPOP-CEP

Interstellar

Clever idea (Asensio Ramos and Elitzur, 2018)

Non LTE situation ‘ n; depend on jy.
Some codes ‘ Jy depend on n;

Local

approximations ¢ Replace J, by its expression in balance equations for n;.
LVG

RADEX

ALI - MALI

Monte-Carlo

MOLPOP-CEP

Collisions

extinction

Hj excitation

Conclusions
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MOLPOP-CEP

Interstellar

B Clever idea (Asensio Ramos and Elitzur, 2018)

extinction

Non LTE situation ‘ n; depend on j)/-

Some codes ¢ J, depend on n;

Local = . . . .

approximations ¢ Replace J, by its expression in balance equations for n;.
E\/:%EX ¢ One (huge) non linear system of equations for n; at every
ALl - MALI positions, without computing the radiation field!

Monte-Carlo

B Could be used more often.

Collisions

Hj excitation

Conclusions

(©) Daniel & Cernicharo (2008)
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Collisions

Interstellar

extinction

Non LTE situation

Some codes

Collisions

Type of collisions

Collisions
computation

Example: Li2 + H
Conclusion

H;i_ excitation

Conclusions

(©) Libretexts
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Type of collisions

Interstellar

B Most general binary collision:

extinction

Non LTE situation

A (St1) + B (St2) — C (st3) + D (St4)

Some codes

Collisions

Type of collisions

Collisions
computation

Example: Li2 + H
Conclusion

Hj excitation

Conclusions
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Type of collisions

Interstellar

B Most general binary collision:

extinction

Non LTE situation

A (St1) + B (St2) — C (st3) + D (St4)

Some codes

Collisions

® A B +# C,D: state specific chemical reaction. E.g.:

Collisions
computation

Example: Li2 + H D + H2 (Ula J/) — H + HD (U”7 ‘]”)

Conclusion

H;i— excitation

Conclusions

NanoSpace Astrochemistry Training School - 2024 38 / 58



Type of collisions

Interstellar

B Most general binary collision:

extinction

Non LTE situation

A (St1) + B (St2) — C (st3) + D (St4)

Some codes

Collisions

® A B +# C,D: state specific chemical reaction. E.g.:

Collisions
computation

Example: Li2 + H D + H2 (Ula Jl) — H + HD (U”7 ‘]”)

Conclusion

H;i— excitation

Conclusions 2 A, B — C, D: inelaStiC CO”iSionS. Eg

Hs (J1) + Ha (J2) = Ha (J3) + Ha (J4)
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Type of collisions

Interstellar

B Most general binary collision:

extinction

Non LTE situation

A (St1) + B (St2) — C (st3) + D (St4)

Some codes

Collisions

® A B +# C,D: state specific chemical reaction. E.g.:

Collisions
computation

Example: Li2 + H D + H2 (Ula Jl) — H + HD (U”7 ‘]”)

Conclusion

H;i— excitation

Conclusions 2 A, B — C, D: inelaStiC CO”iSionS. Eg

Hs (J1) + Ha (J2) = Ha (J3) + Ha (J4)

¢ (S5t2) = (St4): Simple inelastic collisions. E.g.:

C™ (2P1/2) +H=C" (2P3/2) + H
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Collisions computation

el Strategy

Non LTE situation ¢ Compute Potential Energy Surface (PES).
Some codes ¢ Compute deexcitation rates.

Colliions Quasi-Classical or Full Quantum

o ¢ Deduce excitation by detailed balance.

computation
Example: Li2 + H
Conclusion

H;i— excitation

Conclusions
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Collisions computation

el W Strategy:

Non LTE situation ¢ Compute Potential Energy Surface (PES).
Some codes ¢ Compute deexcitation rates.

Colliions Quasi-Classical or Full Quantum

Type of collisions

¢ Deduce excitation by detailed balance.

computation . . . .
Example: Li2 + H B Configurations. Jacobi coordinates
Conclusion (all geometry required):

Hj excitation

Conclusions

(a) H (b)  Li

Li Li H Li
(© Yin et al. (2020)
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Interstellar
extinction

Non LTE situation

Some codes

Collisions

Type of collisions

Collisions
computation

Example: Li2 + H

Conclusion

H;i— excitation

RO

Conclusions

r 2.5 3V 35 4
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(© Yin et al. (2020)
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Collisions B Experiments:

computation

et [ 4 I ¢ Not always possible.
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H;i— excitation

Conclusions

B Databases:

EMAA (Grenoble)
Basecol.

LAMBDA (Leiden).
CHIANTI.
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H structure

Interstellar

extinction Oblate symmetric top

Non LTE situation

Some codes para OrthO
Collisions |=1/2 I - 3/2

H;i— excitation

H;)L structure

Hg— chemistry

Hg— observations
Processes affecting
Hg— excitation
Reactive collisions

Chemical formation

Chemical destruction M Quantum numbers (see Lindsay & McCall, 2001):

Detailed balance

impact of N ¢ [: Nuclear spin (1/2 or 3/2). P < O.
\(’)V;‘y? ; ¢ J: Total angular momentum.
¢ (G Projection on symmetry axis.

B For v =0: levels labeled with (G, J).
B Ortho: G =3n, Para: G=3n=+1.
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NanoSpace Astrochemistry Training School - 2024 46 / 58


https://ui.adsabs.harvard.edu/abs/2001JMoSp.210...60L/abstract

Interstellar
extinction

Non LTE situation

Some codes

Collisions

Hj excitation

H;’ structure

H; chemistry

E (cm™)

H; observations
Processes affecting
H; excitation
Reactive collisions
Chemical formation
Chemical destruction
Detailed balance
Impact of IV

Why?

Observations

Conclusions

500

400

300

200

100

-100

Blue: para, Red: ortho
Note metastable levels (1,0) and (3, 3)
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Collisions

H;i— excitation .
H stilicture B Destruction:

Hi +¢ —Hy +H
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Processes affecting
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Chemical formation .
Chemical destruction H:_S‘_ IS Very Strongly Coupled to H2'
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Why?
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In (9L0 N1
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B Excitation temperature:
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H, and HJ observations

Source nH Tew (Ho) | Toy (Hy)
(em™) | (K) (K)

HD154368 240 518 | 20+4
HD73882 520 5146 | 2343
HD27778 (62 Tau) | 280 55+7 | 29+4
HD24398 (¢ Per) 215 57+6 | 28+4
HD24534 (y Per) 325 57 + 4 46793
HD41117 (x* Ori) 200 607 | 29+13
HD110432 140 68+5 | 30+2
HD210839 (X Cep) | 115 7246 | 34+2
HD43384 (9 Gem) 120 74415 | 38£11

Why is Teo (HY ) # Ten (Ha)?
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Processes affecting HJ excitation

Radiative transitions:
¢ Do not change spin.
Collisions.

& With e, He = do not affect Otho or Para state
¢ With H, Hy, = Reactive collisions may change a p spin.
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Reactive collisions with H,

nterstellar 3 different channels:

Hy (J),G) +Hy — H (J7,G”) + H,
Collisions ; .
H;i— excitation Hé‘_ (J/7 G/) + H2 — H2 —I_ (HH2)+ (J 7G )
Hg' structure Hél- (J/, G/) 1+ H2 v HH i (HQH)+ (J”’ Gaa)

Hg— chemistry

Hg— observations

Processes affecting ] O r:

Hg— excitation

& |nelastic

Gl @ Proton - Hop (reactive

Detailed balance ¢ Exchange (reactive)

Impact of NV

Why? B Rates deduced from PES of ng (O. Roncero and collab.)

Observations

following arguments of Crabtree (2011).

Conclusions
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Impact of IV
Why? 108

Observations

Conclusions

p-Hi* - Apl)prox
0-Hiz* - Approx
p-Hs™ - Pagani et al.
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Impact of NV, number of levels included
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Use at least N = 5 (Number of levels in computation)
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e Formation on

high (G, J)

e Radiative cascades
to (1,1) and (3, 3)

"o Slow collisional
transfer to (1,0)
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destruction by e~

(1,0) is underpopulated = low T (HJ)
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Conclusions

Further work on dissociative recombination rate appr needed!
(© Le Bourlot et al. (2024)
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Conclusions

Interstellar

B Microphysics matters.
B Do not over simplify (pay the price).
B Acknowledge the work of physicists.
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Non LTE situation

Some codes

Collisions L 2 EXperienceS.
H excitation ¢ Computations.
¢ Databases.
Thank youl
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