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The main neutral gas heating mechanism

[C1]i58um. [O1]63um — usually the brightest ISM lines in galaxies (e.g.; Cormier et al. 2019).

A process dominated by small grains

For PAHs & nanograins: absorption of a hv 2 11 eV photon = electron ejection probability high.

For medium / large grains: photon absorption within the grain = low diffusion probability of the
electron to the surface.

Most of the grain cumulated area is in small sizes = | PE dominated by PAHs & nanograins |.
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hv>hvi=11.3 eV 3/2kT=h(v-vi) ‘ % 4
- Ly = / %(V) x aj(v) X h(v—v;) dy,

” v Sl S

cross-section excess energy

photon rate

0
H hvj: photoionization potential.

COCHtem (e.g. Tielens, 2005)

In the ionized gas
® Most electrons coming from the photoion-
ization H® + y—H +e .

= dominant heating process in H1II.
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The heating rate due to the photoionization of specie i
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hv>hvi=11.3 eV 3/2kT=h(v-vi) ; &2
2l Th= / ) i) x bl = wi) o,
14 g N—
Vi N e

cross-section  excess energy
photon rate

0
H hvj: photoionization potential.

COCHtem (e.g. Tielens, 2005)

In the ionized gas
® Most electrons coming from the photoion-
ization H® + y—H +e .

= dominant heating process in HII. i) G DG e G

® Most electrons coming from photoioniza-

c —

c =10* . >
'gm%mooo tion CO+~ > CT e .

£ e At Z ~ Zg, N(C)/N(H) ~ 1.6 x 10~*.
SBLE

%;3;200

=

& 107 2x10° 3x10° 4x10° 5x10*

Stellar effective temperature, T [K]

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 6/46



Thermal Phases | Photoionization Heating

The heating rate due to the photoionization of specie i
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In the ionized gas
® Most electrons coming from the photoion-
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating
Cosmic-Ray (CR) heating

® Low-energy CRs (1-10 MeV) are the most
numerous.
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Cosmic-Ray (CR) heating
® Low-energy CRs (1-10 MeV) are the most
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e They penetrate dense clouds where there
are no UV photons.
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Cosmic-Ray (CR) heating

® Low-energy CRs (1-10 MeV) are the most
numerous.

e They penetrate dense clouds where there
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e CRrate: [Cr ~ (0.5 —3) x 1070571 |
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Cosmic-Ray (CR) heating

® Low-energy CRs (1-10 MeV) are the most
numerous.

e They penetrate dense clouds where there
are no UV photons.

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

— Tcr = Cer X 10 [eV/s].
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating
Cosmic-Ray (CR) heating

® Low-energy CRs (1-10 MeV) are the most
numerous.

e They penetrate dense clouds where there
are no UV photons.

e CRrate: [Cr ~ (0.5 —3) x 1070571 |
FCR ~ CCR x 10 [eV/s]

CRs are the most efficient heating source
in dense molecular clouds.

4l
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating

4l

H* (1-10 MeV)

Low-energy CRs (1-10 MeV) are the most Ho
numerous. N
They penetrate dense clouds where there Q‘Jb

are no UV photons.

CR rate: | ¢cr ~ (0.5 —3) x 1071071 |

FCR >~ CCR x 10 [eV/s] éy

CRs are the most efficient heating source
in dense molecular clouds. He
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating

4l

H* (1-10 MeV)

Low-energy CRs (1-10 MeV) are the most Ho
numerous. N
They penetrate dense clouds where there e (=35 eV)Q S
are no UV photons.
CR rate: | ¢cr ~ (0.5 —3) x 1071071 |

(primary
lcr ~ Ccr X 10 [eV/s]. - ionization)
CRs are the most efficient heating source v

in dense molecular clouds. HO+H*—=2H*+e~
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating

H* (1-10 MeV)
* Low-energy CRs (1-10 MeV) are the most

numerous.

Ho+e —»H*+2e-

e They penetrate dense clouds where there
are no UV photons.

(secondary
ionization)

e CRrate: | {cr >~ (0.5 —3) x 10716 51|

I'CR ~ CCR x 10 [eV/s] L—//
CRs are the most efficient heating source
in dense molecular clouds. HO+H*—=2H*+e~

primary
ionization)

1

4
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating
H* (1-10 MeV)
® Low-energy CRs (1-10 MeV) are the most Ho+e-—H*+2e-
numerous.
e They penetrate dense clouds where there e~ (=35 eV)
are no UV photons.

(secondary
ionization)

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

ionization)

— Tcr = Cer X 10 [eV/s].
= CRs are the most efficient heating source -
in dense molecular clouds. He+H+—=2H++e-

X-ray heating
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating
H+* (1-10 MeV)
® Low-energy CRs (1-10 MeV) are the most Ho+e-—H*+2e-
numerous.
e They penetrate dense clouds where there e~ (=35 eV)
are no UV photons.

(secondary
ionization)

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

lcr =~ Cer X 10 [eV/s] é .
CRs are the most efficient heating source -
in dense molecular clouds. He+H+—=2H++e-

ionization)

1

4

X-ray heating

* Similar interaction as cosmic rays but with lower energy.
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating
H* (1-10 MeV
® Low-energy CRs (1-10 MeV) are the most ( ) Ho+e-—H*+2e-
numerous.
e They penetrate dense clouds where there e~ (=35 eV)
are no UV photons.

(secondary
ionization)

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

FCR ~ CCR x 10 [eV/s] -
CRs are the most efficient heating source <
in dense molecular clouds. He+H+—=2H++e-

ionization)

1

4

X-ray heating
* Similar interaction as cosmic rays but with lower energy.

e X-rays penetrate less deeply into clouds:
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating
H* (1-10 MeV)

® Low-energy CRs (1-10 MeV) are the most Ho+e-—H*+2e-
numerous.
e They penetrate dense clouds where there e (=35 eV)Q e *

are no UV photons.

(secondary
ionization)

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

ionization)

1

FCR ~ CCR x 10 [eV/s]

CRs are the most efficient heating source <
in dense molecular clouds. He+H+—=2H++e-

4

X-ray heating
* Similar interaction as cosmic rays but with lower energy.
e X-rays penetrate less deeply into clouds:
Near bright X-ray sources: (binary, AGNs, etc.) — only regions where it dominates.
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Cosmic-Ray (CR) heating

H* (1-10 MeV
® Low-energy CRs (1-10 MeV) are the most ( )

numerous.

Ho+e —»H*+2e-

e They penetrate dense clouds where there e~ (=35 eV)
are no UV photons.

(secondary
ionization)

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

ionization)

1

lcr =~ Cer X 10 [eV/s] \
CRs are the most efficient heating source <
in dense molecular clouds. He+H+—=2H++e-

4

X-ray heating
* Similar interaction as cosmic rays but with lower energy.
e X-rays penetrate less deeply into clouds:

Near bright X-ray sources: (binary, AGNs, etc.) — only regions where it dominates.
Diffuse X-ray background: Ixg ~ 1033 [W/H].
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating

H* (1-10 MeV
® Low-energy CRs (1-10 MeV) are the most ( )

numerous.

Ho+e —»H*+2e-

e They penetrate dense clouds where there e (=35 eV)Q‘ = .
are no UV photons.
(secondary
ionization) .

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

(primary
— Tcr > Cer X 10 [eV/s]. A\ ionization)
= CRs are the most efficient heating source <
in dense molecular clouds. He+H+—=2H++e-

X-ray heating
* Similar interaction as cosmic rays but with lower energy.
e X-rays penetrate less deeply into clouds:

Near bright X-ray sources: (binary, AGNs, etc.) — only regions where it dominates.
Diffuse X-ray background: Ixg ~ 1033 [W/H].

Shock Heating
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Cosmic-Ray (CR) heating

H* (1-10 MeV
® Low-energy CRs (1-10 MeV) are the most ( )

numerous.

Ho+e —»H*+2e-

e They penetrate dense clouds where there e (=35 eV)Q‘ = .
are no UV photons.
(secondary
ionization) .

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

(primary
— Tcr > Cer X 10 [eV/s]. A\ ionization)
= CRs are the most efficient heating source <
in dense molecular clouds. He+H+—=2H++e-

X-ray heating
* Similar interaction as cosmic rays but with lower energy.
e X-rays penetrate less deeply into clouds:

Near bright X-ray sources: (binary, AGNs, etc.) — only regions where it dominates.
Diffuse X-ray background: Ixg ~ 1033 [W/H].

Shock Heating
® Tohock ~ 1/2myva, o X Ron X fy, W/ Vanoeok = 300 km/s, Rsy ~ 1/(100 year) & £y ~2 x 10~ 7.
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Thermal Phases | Cosmic-Ray, X-Ray & Shock Heating

Cosmic-Ray (CR) heating

H* (1-10 MeV
® Low-energy CRs (1-10 MeV) are the most ( ) Ho+e-—H*++2e-
numerous.

e They penetrate dense clouds where there e (=35 eV)Q‘ = .
are no UV photons.
(secondary
ionization) .

e CRrate: [Cr ~ (0.5 —3) x 1070571 |

(primary
— Tcr > Cer X 10 [eV/s]. A\ ionization)
= CRs are the most efficient heating source <
in dense molecular clouds. HO4+H+=2H++e~

X-ray heating
* Similar interaction as cosmic rays but with lower energy.
e X-rays penetrate less deeply into clouds:

Near bright X-ray sources: (binary, AGNs, etc.) — only regions where it dominates.
Diffuse X-ray background: Ixg ~ 1033 [W/H].
Shock Heating
® Tohock ~ 1/2myva, o X Ron X fy, W/ Vanoeok = 300 km/s, Rsy ~ 1/(100 year) & £y ~2 x 10~ 7.

= dominant heating process in the hot, intercloud, coronal gas.
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Heating rate, nxI [W/m3]

Thermal Phases | Comparison of the Different Heating Processes
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Thermal Phases | Comparison of the Different Heating Processes
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Monochromatic luminosity, vL, [Lo]

Thermal Phases | Dust Cooling & Total ISM Cooling
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Thermal Phases | Dust Cooling & Total ISM Cooling

Atomic.

hv=13.6eV Photon frequency, v
1010 100PHz  10PHz ,/ 1PHz 100THz  10THz 1THz 100GHz  10GHz 1GHz
—_ Absorption
© & scatterin
= 10 -
< o
> 108 lonizing
> photons |
s }
e 107 S
g 10%
L
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c [ (HII regions
o & molecular clouds)
< 104
3
C
o
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1000 Coronal & molecular
plasma lines At Synchrotron
i
1nm 10nm 100nm 1um 10um 100 um 1mm Tcm 10cm

Photon wavelength, A

e Gas & dust are not thermalized (e.g. Tps(WNM) ~ 10* K vs. Ty (WNM) ~ 18 K).
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Thermal Phases | Dust Cooling & Total ISM Cooling

Atomic.

hv=13.6eV Photon frequency, v
1010 100PHz  10PHz ,/ 1PHz 100THz  10THz 1THz 100GHz  10GHz 1GHz
—_ Absorption
© & scatterin
= 10 -
< o
> 108 lonizing
> photons |
s }
e 107 S
g 10%
L
T 109
c [ (HII regions
o & molecular clouds)
< 104
3
C
o
=

1000 Coronal & molecular
plasma lines At Synchrotron
i
1nm 10nm 100nm 1um 10um 100 um 1mm Tcm 10cm

Photon wavelength, A

e Gas & dust are not thermalized (e.g. Tps(WNM) ~ 10* K vs. Ty (WNM) ~ 18 K).
® Dust dominates the energetic balance of the ISM: L0 = [ ~30% L, = [~ 1% L&

dust dust — gas dust *
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Thermal Phases | The Interstellar Cooling Function
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Thermal Phases | The Two Neutral Atomic Phases of the ISM
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Thermal Phases | The Two Neutral Atomic Phases of the ISM

P TxrT
%= - In the ISM: P/k ~ 3000 K.cm~3.

Thermal balance: n x I = n® x ANT) = AT)
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Thermal pressure, Pk [K/cm?3]

Thermal Phases | The Two Neutral Atomic Phases of the ISM
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Thermal Phases | The Two Neutral Atomic Phases of the ISM
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Thermal balance: nx I = n®> x A(T) =

Thermal pressure, Pk [K/cm?3]

Thermal Phases | The Two Neutral Atomic Phases of the ISM
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Thermal Phases | Observations
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Thermal Phases | The Two lonized Phases of the ISM

Accounting for heating by shock & HO photoionization:
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Thermal Phases | Observations of the Hot lonized Medium (HIM)

Credit: eRosita all-sky survey (0.3-0.6 ke / 0.6-1 keV / ); J. Sanders, H. Brunner & the eSASS team (MPE);
E. Churazov, M. Gilfanov (on behalf of IKI).
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Thermal Phases | Molecular Clouds

Diffuse molecular clouds: n(Hy) = 102 — 10° cm 3 & T = 40 — 100 K.
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Thermal Phases | Molecular Clouds

Diffuse molecular clouds: n(Hy) = 102 — 10° cm 3 & T = 40 — 100 K.
Dense molecular clouds: n(Hy) = 10% — 10° cm™3 & T =20 — 50 K.
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Thermal Phases | Molecular Clouds

Diffuse molecular clouds: n(Hy) = 102 — 10° cm 3 & T = 40 — 100 K.
Dense molecular clouds: n(Hy) = 10% — 10° cm™3 & T =20 — 50 K.
Molecular cores: n(Hp) = 10° — 10" cm =3 & T =10 — 20 K.
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Thermal Phases | Molecular Clouds

Diffuse molecular clouds: n(Hy) = 102 — 10° cm 3 & T = 40 — 100 K.
Dense molecular clouds: n(Hy) = 10® — 10° cm 2 & T = 20 — 50 K.
Molecular cores: n(H») = 10° — 10" cm 3 & T = 10 — 20 K.

Lbaddper

Sl
Filamest

Credit: Planck image with 12(:O(J:14>0)2‘6mm contours from Dame et al. (2001); ESA, HFI and LFI consortia.

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 16 /46


https://sci.esa.int/web/planck/-/47341-selected-galactic-and-extragalactic-sources-in-the-microwave-sky-as-seen-by-planck

Thermal Phases | Summary of the Properties of the ISM Phases

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 17 / 46



Thermal Phases | Summary of the Properties of the ISM Phases

(Adapted from Tielens 2005 & Draine 2011)
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Thermal Phases | The Multiphase Interstellar Dynamical Network

Hot lonized Medium
(HIM)

(adapted from P. van der Werf)
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Thermal Phases | The Multiphase Interstellar Dynamical Network
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Transfer | The Radiative Transfer Equation

di, (v, 7,0,
WAL T s PPl 7.0, 6) — s, I, 7,0,9)
absorption scattering out of the sightline
+ e (v, 7)2 / d(cos O, ), (v, 7,000"), $(6"))d cos 0’
—1
scattering in the sightline
5 3> Unextincted
Absorbed g o

6 ISM emission

T!
y |ncoming ray Scattered out Scattered in_ Outgoing ray

of the sightline the sightline

(Rybicky & Lightman, 1979; Steinacker et al., 20
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Transfer | The Radiative Transfer Equation

di, (v, 7,0,
WAL T s PPl 7.0, 6) — s, I, 7,0,9)
absorption scattering out of the sightline
+ e (v, 7)2 / d(cos O, ), (v, 7,000"), $(6"))d cos 0’
—1
scattering in the sightline
+iM (0, 7)
——
ISM emission
5 3> Unextincted
Absorbed g
6 ISM emission
'r'
y |ncoming ray Scattered out Scattered in_ Outgoing ray

of the sightline the sightline

(Rybicky & Lightman, 1979; Steinacker et al., 20
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Transfer | The Radiative Transfer Equation

dh (v, 7,0,¢) _
di N
Z
b
T
y Incoming ray

F. Galliano (CEA Paris-Saclay)

— s (1, PV (1, 7,0, ¢) — aeealv, P)(v, 7,0, ¢)

+ sV 7)271' /

absorption

-1

scattering out of the sightline

d(cos O, ), (v, 7,000"), $(6"))d cos 0’

scattering in the sightline

+iM0 7)
N——

ISM emission

= 2> Unextincted
Stellar emission
ISM emission

Absorbed

Scattered in
the sightline

Scattered out
of the sightline

Outgoing ray

(Rybicky & Lightman, 1979; Steinacker et al., 2013)
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Transfer | The Radiative Transfer Equation

M = —am(, ), 7,0,0) — (v, P (v, 7,0, )

absorption

scattering out of the sightline

+asca(u,7)27r/ d(cos O, ), (v, 7,000"), $(6"))d cos 0’

-1

scattering in the sightline

+ MW ) + 7))
—_— =

ISM emission stellar emission

= 2> Unextincted
Absorbed Stellar emission
6 ISM emission
T!
y |ncoming ray Scattered out Scattered in

Outgoing ra
of the sightline the sightline g g ray

(Rybicky & Lightman, 1979; Steinacker et al., 2013)
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Transfer | The Radiative Transfer Equation

dl, (v, 7,6,
WAL T s PPl 7.0, 6) — s, I, 7,0,9)
absorption scattering out of the sightline
+ e (v, 7)2 / d(cos O, ), (v, 7,000"), $(6"))d cos 0’
—1
scattering in the sightline
+iMwW ) + i, 7))
——— N —
ISM emission stellar emission
5 = 3> Unextincted
Absorbed Stellar emission
6 ISM emission
T!
y |ncoming ray Scattered out Scattered in_ Outgoing ray

of the sightline the sightline

Solve thisV 0,V ¢, VF, Vv

(Rybicky & Lightman, 1979; Steinacker et al., 20
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Transfer | The Radiative Transfer Equation

M = —am(, ), 7,0,0) — (v, P (v, 7,0, )

absorption

scattering out of the sightline

+asca(u,7)27r/ d(cos O, ), (v, 7,000"), $(6"))d cos 0’

-1

scattering in the sightline

+ MW ) + 7))
—_— =

ISM emission stellar emission

= 2> Unextincted
Absorbed Stellar emission
6 ISM emission
T!
y |ncoming ray Scattered out Scattered in

Outgoing ra
of the sightline the sightline g g ray

Solve this V 0, V ¢, V ¥, V v = numerically intensive.

(Rybicky & Lightman, 1979; Steinacker et al., 2013)
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Transfer | The Concept of Optical Depth

The optical depth along a sightline
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Transfer | The Concept of Optical Depth

The optical depth along a sightline
Along a given sightline, /:
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Transfer | The Concept of Optical Depth

The optical depth along a sightline

Along a given sightline, /:
dr(v, 1) = a(v,l)dl
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Transfer | The Concept of Optical Depth

The optical depth along a sightline
Along a given sightline, /:

dr(v,l) = a(v,)dl = p(l) xr&(v,l)dl
N S
specific mass  opacity
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Transfer | The Concept of Optical Depth

The optical depth along a sightline
Along a given sightline, /:

dr(v,l) = a(v,)dl = p(l) xr&(v,l)dl
N S
specific mass  opacity

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,l) = a(v,)dl = p(l) xr(v,l)dl
N S
specific mass  opacity

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /: 1 1

dr(v,l) = a(v,l)dl = p(l)  xw(, 1) dl (v, F) = — = — —
~— = a(v,F)  p(F)a(v,7)
specific mass  opacity

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

1 1
dr(v,l) = a(v,l)dl = p(l)  xw(, 1) dl (v, F) = — = — —
—~ =~ (v, ) p(F)r(v, F)
specific mass opacity e T L 1 = “optically—thin”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

1 1
dr(v,l) = a(v,l)dl = p(l)  xw(, 1) dl (v, F) = — = — —
—~ =~ (v, ) p(F)r(v, F)
specific mass opacity e T L 1 = “optically—thin”.

e 7=1= = lean.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

1 1
dr(v,l) = a(v,l)dl = p(l)  xw(, 1) dl (v, F) = — = — —
—~ =~ (v, ) p(F)r(v, F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=ll= -
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=ll= -
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds
ny =0.003cm™ 3 | ppy=03cm™3 | ny=30cm3 = 10* cm—3
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e
Along a given sightline, /: 1 1
dr(v,l) = a(v,)dl = p(l) x&@, 1) dl len(v,7?) = —=— —

~— = a(v,r)  p(F)k(v,F)

specific mass opacity e T L 1 = “optically—thin”.
I
=1l = | = e
=1, l)= [ p(l') x K, I')dl' | -
0 e 7> 1 = “optically-thick”.

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds
ny=0.003cm™3 | ny=03cm 3 | ny=30cm 3 ny = 10* em™3
) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /: 1 1

dr(v,l) = a(v,)dl = p(l) x&@, 1) dl len(v,7?) = —=— —
~— = a(v,F)  p(F)a(v,7)
specific mass  opacity

e 7 K 1 = "optically-thin".

I
=1 = | = llen-
=1, l)= [ p(l') x K, I')dl' | -
0 e 7> 1 = “optically-thick”.

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

ny=0.003cm™3 | ny=03cm 3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e
Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,F)  p(F)a(v,7)
specific mass  opacity

e 7 K 1 = "optically-thin".

I
=1 = | = llen-
=1, l)= [ p(l') x K, I')dl' | -
0 e 7> 1 = “optically-thick”.

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

ny=0.003cm™3 | ny=03cm 3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
a7 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

e 7=1= = e

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

e 7> 1 = “optically-thick”.

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

ny=0.003cm™3 | ng=03cm™3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
a7 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
Imean(R) 275 kpc 2.75 kpc 27.5 pc 0.0824 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=l| = e
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

ny=0.003cm™3 | ng=03cm™3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
Inean (V) 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
) 275 kpc 2.75 kpc 27.5 pc 0.0824 pc
Inean (1) 358 pc 3.58 kpc 35.8 pc 0.107 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=l| = e
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

ny=0.003cm™3 | ng=03cm™3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
Imean (V) 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
Imean (R) 275 kpc 2.75 kpc 27.5 pc 0.0824 pc
—) 358 pc 3.58 kpc 35.8 pc 0.107 pc
—) 691 kpc 6.91 kpc 69.1 pc 0.207 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=l| = e
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

my=0.003cm™3 | ng=03cm™> | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
Imean (V) 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
Imean (R) 275 kpc 2.75 kpc 27.5 pc 0.0824 pc
—) 358 pc 3.58 kpc 35.8 pc 0.107 pc
—) 691 kpc 6.91 kpc 69.1 pc 0.207 pc
Imean (H) 1021 kpc 10.2 kpc 102 pc 0.306 pc
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Transfer | The Concept of Optical Depth

The optical depth along a sightline i3 e i (2t & 2 (e

Along a given sightline, /:

dr(v,) = alp,)dl = () XK@ ) dl (P} = —— = — L
~— = a(v,r)  p(F)k(v,F)
specific mass opacity e T L 1 = “optically—thin”.

O 7=1=l| = e
e 7> 1 = “optically-thick”.

I
= |7(v, 1) :/ p(I") x (v, I")dl" |.
0

The visible / near-IR mean free path for the different ISM phases

HIM WNM CNM Molecular clouds

i =0.003cm™3 | ny=03cm™3 | ny=30cm 3 ny = 10* em™3

) 139 kpc 1.39 kpc 13.9 pc 0.0417 pc
Imean (B) 177 kpc 1.77 kpc 17.7 pc 0.0532 pc
Imean (V) 223 kpc 2.23 kpc 22.3 pc 0.0669 pc
Imean (R) 275 kpc 2.75 kpc 27.5 pc 0.0824 pc
—) 358 pc 3.58 kpc 35.8 pc 0.107 pc
—) 691 kpc 6.91 kpc 69.1 pc 0.207 pc
Imean (H) 1021 kpc 10.2 kpc 102 pc 0.306 pc
[ 1734 kpc 17.3 kpc 173 pc 0.52 pc

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 23/46



Transfer | Analytical Solutions: Radiative Transfer in Vacuum
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

A Al

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

A Al

d/
Transfer equation: d—y =0
r

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

A Al

dl,
Transfer equation: a 0= L(R:)=1L(r)=B.(Tx)
r

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

A Al

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

- . . ‘E*
Angular size at distance r: sina = —.
r

(Rybicky & Lightman, 1979)

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 24 /46



Transfer | Analytical Solutions: Radiative Transfer in Vacuum

ol

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

. . . Ry
Angular size at distance r: sina = —.
r

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

R*
Angular size at distance r: sina = —

Flux at r: F,(r) = / / l, cos 0 df d¢

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

| —

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

. . . Ry
Angular size at distance r: sina = —.

r

2w feY a
Flux at r: F,(r) = / / I, cos0dfdp = 27rBl,(T*)/ cos 0'sin 6d@
0 0 0

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

| —

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

. . . Ry
Angular size at distance r: sina = —.

r

2w feY a
Flux at r: F,(r) = / / I, cos0dfdp = 27rBl,(T*)/ cosfsinfdd = wB,(Ty)sin’
o Jo 0

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

| —

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

. . . Ry
Angular size at distance r: sina = —.

r

2w feY a
Flux at r: F,(r) = / / I, cos0dfdp = 27rBl,(T*)/ cosfsinfdd = wB,(Ty)sin’
0 Jo 0

= | F(r) = 7B (Ty) (/?:)2 .

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Radiative Transfer in Vacuum

d/
Transfer equation: d—y =0 = IL(R:) = L(r) = Bu(Tx) < energy conservation.
r

. . . Ry
Angular size at distance r: sina = —.
r

2w feY a
Flux at r: F,(r) = / / I, cos0dfdp = 27rBl,(T*)/ cosfsinfdd = wB,(Ty)sin’
0 Jo 0

= | F(r) = 7B (Ty) (/?:)2 .

Consistency check: F,(R.) = mB,(T%)

(Rybicky & Lightman, 1979)
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Transfer | Analytical Solutions: Emission or Absorption
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Transfer | Analytical Solutions: Emission or Absorption

Emission only
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Transfer | Analytical Solutions: Emission or Absorption

Emission only

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.
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Transfer | Analytical Solutions: Emission or Absorption

Emission only

0] L /

A 4

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.
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Transfer | Analytical Solutions: Emission or Absorption

Emission only

0] L /

A 4

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

dl,
Transfer equation: T p(NEBL(Ty).

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 25/46



Transfer | Analytical Solutions: Emission or Absorption

Emission only

0] L /

v

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

dl,
Transfer equation: T p(NEBL(Ty).

L
Surface brightness: [, (L) = nBu(Td)/ p(1)dl = (p)kL x B, (Ty)
o
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Transfer | Analytical Solutions: Emission or Absorption

Emission only

0] L /

A 4

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

dl,
Transfer equation: T p(NEBL(Ty).

I(L) = 7(L) x B,(Ty) \

L
Surface brightness: [, (L) = nBl,(Td)/ p(h)dl = (p)rL x B,(Ty) <
o
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: d—;’ = p(NkBu(Ty).

L
Surface brightness: /(L) = nBl,(Td)/ p(Ndl = (p)rL X Bu(T4) < | L (L) = 7(L) x B,(Ta) |
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: d—;’ = p(NkBu(Ty).

L
Surface brightness: [, (L) = nBl,(Td)/ p(l)dl = (p)rL x B, (Ty) < | L (L) = 7(L) X B,(Tq) |.

Absorption only

+ ..

Hypothesis: dust cloud, with opacity &, in front of a star of specific intensity /.
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: T; = p(NkBu(Ty).

L
Surface brightness: [, (L) = nBV(Td)/ p(l)dl = (p)rL x B, (Ty) < | L (L) = 7(L) X B,(Tq) |.

Absorption only

w I

Hypothesis: dust cloud, with opacity &, in front of a star of specific intensity /.
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: T; = p(NkBu(Ty).

L
Surface brightness: [, (L) = nBV(Td)/ p(l)dl = (p)rL x B, (Ty) < | L (L) = 7(L) X B,(Tq) |.

Absorption only

w I

Hypothesis: dust cloud, with opacity &, in front of a star of specific intensity /.

A 4

dl,
Transfer equation: d—l" =—a(Nl,
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: T; = p(NkBu(Ty).

L
Surface brightness: [, (L) = nBV(Td)/ p(l)dl = (p)rL x B, (Ty) < | L (L) = 7(L) X B,(Tq) |.

Absorption only

w I

Hypothesis: dust cloud, with opacity &, in front of a star of specific intensity /.

A 4

L
d/
Transfer equation: d—ly =—a(l)l, = I, = I exp |:—n/ adl]
0
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Emission only

0] L /

Hypothesis: homogeneous dust cloud of grains at thermal equilibrium, T = Ty, with opacity «.

d/
Transfer equation: T; = p(NkBu(Ty).

L
Surface brightness: [, (L) = nBV(Td)/ p(l)dl = (p)rL x B, (Ty) < | L (L) = 7(L) X B,(Tq) |.

Absorption only

w I

Hypothesis: dust cloud, with opacity &, in front of a star of specific intensity /.

A 4

I,(I) =I5 exp[—7(L)] |

L
d/
Transfer equation: d—ly =—a(l)l, = I, = I exp |:—n/ adl] &
0
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d/
Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T

source function
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d/
Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T

source function

Solution: /,(7) = I} exp(—7) +/ exp(7 — 7) x Sy (r')d7’
0
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d/
Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T

source function

Solution: /,(7) = I} exp(—7) +/ exp(7 — 7) x Sy (r')d7’
0
= I, = Ij exp(—7) +
e

stellar extinction
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Transfer | Analytical Solutions: Emission & Absorption

d/
Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—l,+ Sy
T

- source function
Solution: 1, (7) = I¥ exp(—7) + exp(t’ — 7) x Sy (7') d7’
)
= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
~—— —

stellar extinction cloud self-absorption

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 26/46



Transfer | Analytical Solutions: Emission & Absorption

Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0
= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
~—
stellar extinction cloud self-absorption
- 10f 7
2
£ F 1
z
_; 0.1F 1
0w
(%]
)
S 001f 1
<
Ry
o 0.001F 3
0.1 i 10 100 1000

Wavelength, A [pm]

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 26 /46



Transfer | Analytical Solutions: Emission & Absorption

Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0

= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
~—— —

stellar extinction cloud self-absorption
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T

T source function

Solution: I, (1) = I exp(—T) + exp(1" — 1) x Sy (7') d7’
0
= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
SN——

stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0

= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
-~
stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0

= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
-~
stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function

Solution: I, (1) = I exp(—T) + exp(1" — 1) x Sy (7') d7’
0
= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
SN——

stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T

T source function

Solution: I, (1) = I exp(—T) + exp(1" — 1) x Sy (7') d7’
0
= Iy =I5 exp(—7) + B, (Ta) X [1 — exp(—7)] .
SN——

stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0

= I, = I} exp(—7) + Bu(Ty) x [1 — exp(—7)].
~—— —
stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—” — — /), L S,
T
T source function
Solution: /I, (7) = I} exp(—7) +/ exp(T' —7) x SV(T’)dT’
0

= I, = I} exp(—7) + Bu(Ty) x [1 — exp(—7)].
~—— —
stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function
Solution: /,(7) = I} exp(—7) +/ exp(t’ — 7) x Sy (7') d7’
0

= I, = I} exp(—7) + Bu(Ty) x [1 — exp(—7)].
~—— —
stellar extinction cloud self-absorption

Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
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Transfer equation: can be simplified using 7 instead of / as a parameter: d—y =—I, + Sy
T
T source function

Solution: 1, (7) = I¥ exp(—7) + exp(t’ — 7) x Sy (7') d7’
)
= I, = I} exp(—7) + Bu(Tu4) X [1 — exp(—7)].
SN——

stellar extinction cloud self-absorption
Optically thin: 7 < 1 = /8 ~ 7B, (T,) — “grey body".
Optically thick: 7> 1 = /9" ~ B, (T,4) — “black body".
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

2kT1?
C2

Rayleigh-Jeans approximation: hv < kT = B,(T) ~
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Radiastronomy convention

) ) ) 2kT1?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ T
G
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Brightness temperature: T, = .
2kv?

Measuring H | gas temperature (“spin temperature”)
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

) ) ) 2kTv?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ T
G
. I c?
Brightness temperature: T, = .
2kv?

Measuring H | gas temperature (“spin temperature”)

Background source through a cloud: T2" = Tqso exp (—7) + T, [1 — exp(—7)].
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

) ) ) 2kTv?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ —
G
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Brightness temperature: T, = ——.
2kv?

Measuring H | gas temperature (“spin temperature”)

Background source through a cloud: T2" = Tqso exp (—7) + T, [1 — exp(—7)].
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

. . . 2kTv?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ —
G
. I c?
Brightness temperature: T, = ——.
2kv?

Measuring H | gas temperature (“spin temperature”)

Background source through a cloud: T" = Tqso exp (—7) + T, [1 — exp(—7)].
Cloud alone: T2 = Ty, [1 — exp(—7)].

A 4

Off

A 4
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

. . . 2kTv?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ —
G
. I c?
Brightness temperature: T, = ——.
2kv?

Measuring H | gas temperature (“spin temperature”)

Background source through a cloud: T" = Tqso exp (—7) + T, [1 — exp(—7)].
Cloud alone: T2 = Ty, [1 — exp(—7)].
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Transfer | Application to the 21 cm H1 Line

Radiastronomy convention

. . . 2kTv?
Rayleigh-Jeans approximation: hv < kT = B,(T) ~ —
G
. I c?
Brightness temperature: T, = ——.
2kv?

Measuring H | gas temperature (“spin temperature”)

Background source through a cloud: T" = Tqso exp (—7) + T, [1 — exp(—7)].
Cloud alone: T2 = Ty, [1 — exp(—7)].
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry

Sources of photons can be stars at any position — large number of photons at every wavelength.
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.

Interactionkl’
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.

Iterecien 2

Interactionkl’
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.

Interaction}?) P, x(1-Q)%&

abs

Py (1-0)

Interactionkl’
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry

Sources of photons can be stars at any position — large number of photons at every wavelength.

Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.
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Transfer | Monte Carlo Radiative Transfer

Drawing random photons in an arbitrary geometry
Sources of photons can be stars at any position — large number of photons at every wavelength.
Multiple scattering are then accounted for randomly, keeping in memory the weight of the ray.

Iterative process is required to compute atomic & molecular level populations & dust heating.

— Cloud lvx@?
XG0z 3 P, o(1-60) x @2
Interactiont?] P, «(1-Q0)X®

abs

Plp(1-0)

ntereciien &
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Large-Scale Radiative Transfer of Galaxies

MIPS 24 micron

3

SPIRE 250 micron

Galliano (CEA Paris-Saclay)

ISM lecture 3 (ISYA 2024, Algiers)

250 micron: model

(De Looze et al., 2012)
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Large-Scale Radiative Transfer of Galaxies

T T ::.‘,:\

w

NUV band: model

et

g band: observed

| RE SR e

MIPS 24 micron

Usefulness of these models:
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Large-Scale Radiative Transfer of Galaxies
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Usefulness of these models: Simulations:

© Large-scale geometry: disk scale-height,
opacity, etc.

Monte Carlo radiative transfer models can also

be used to post-process numerical simulations

® Contribution to dust heating of # stellar of star-forming regions or galaxies = synthetic
populations. observables.
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SF regions | The Structure of Star Forming Regions

WIM: thermally stable phase ionized by diffuse UV photons escaping from H1I regions.
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SF regions | The Structure of Star Forming Regions

WIM: thermally stable phase ionized by diffuse UV photons escaping from H1I regions.

H 11 regions: short-lived, localized region ionized by nearby star cluster.
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SF regions | The Structure of Star Forming Regions

WIM: thermally stable phase ionized by diffuse UV photons escaping from H 11 regions.
H 1l regions: short-lived, localized region ionized by nearby star cluster.

Credit: 1C 1396 (Kallias IOANNIDIS).

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 31/46


https://skyandtelescope.org/online-gallery/ic-1396-4/

SF regions | The Structure of Star Forming Regions

WIM: thermally stable phase ionized by diffuse UV photons escaping from H 11 regions.
H 1l regions: short-lived, localized region ionized by nearby star cluster.

Credit: 1C 1396 (Kallias IOANNIDIS).

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 31/46


https://skyandtelescope.org/online-gallery/ic-1396-4/

SF regions | The Structure of Star Forming Regions
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H 1l regions: short-lived, localized region ionized by nearby star cluster.
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SF regions | The Structure of Star Forming Regions

WIM: thermally stable phase ionized by diffuse UV photons escaping from H I regions.

H 11 regions: short-lived, localized region ionized by nearby star cluster.

Credit: 1C 1396 (Kallias IOANNIDIS).
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SF regions | The Orion Bar: The Best-Studied Region
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SF regions | The Orion Bar: The Best-Studied Region
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SF regions | The Orion Bar: The Best-Studied Region
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Massive,stars

-HIl' region !
,' .
lonization front | (Habart et al., 2024)

Dissociation front
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SF regions | The Orion Bar: The Best-Studied Region
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SF regions | Large Scales: The Large Magellanic Cloud
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Credit: J. C. Canonne, N. Outters, P.
Bernhard, D. Chaplain, L. Bourgon.
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SF regions | Large Scales: The Large Magellanic Cloud
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SF regions | Public Photoionization & Photodissociation Codes

| Name | Scope | Reference | Download link |

(adapted from B. Godard)
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Name

Scope

Reference

Download link

CLOUDY

H 1t

XDRs, PDRs (3D)

regions,

AGNs, Ferland
2017)

et

al.

(2013,

https://www.nublado.org
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SF regions | Public Photoionization & Photodissociation Codes

Name Scope Reference Download link

CLOUDY H1r regions, AGNs, Ferland et al. (2013, https://www.nublado.org
XDRs, PDRs (3D) 2017)

MAPPINGS V | HII regions, shocks Allen et al. (2008); | https://mappings.anu.edu.au/

Sutherland & Dopita
(2017)
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SF regions | Public Photoionization & Photodissociation Codes

Name Scope Reference Download link
CLOUDY H1r regions, AGNs, Ferland et al. (2013, https://www.nublado.org
XDRs, PDRs (3D) 2017)
MAPPINGS V | HII regions, shocks Allen et al. (2008); | https://mappings.anu.edu.au/
Sutherland & Dopita
(2017)
Meudon PDR | PDRs Le Petit et al. | https://ism.obspm.fr

(2006); Le Bourlot
et al. (2012)
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SF regions | Public Photoionization & Photodissociation Codes

Name Scope Reference Download link
CLOUDY Hi regions, | Ferland et al. | https://www.nublado.org
AGNs,  XDRs, | (2013, 2017)
PDRs (3D)
MAPPINGS V | HII regions, | Allen et al. | https://mappings.anu.edu.au/
shocks (2008);  Suther-
land & Dopita
(2017)
Meudon PDR | PDRs Le Petit et al. | https://ism.obspm.fr
(2006); Le Bour-
lot et al. (2012)
Kosma-T7 PDRs Réllig et al. | https://hera.phl.uni-koeln.de/~pdr/

(2006, 2013)
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SF regions | Public Photoionization & Photodissociation Codes

Name Scope Reference Download link
CLOUDY Hi regions, | Ferland et al. | https://www.nublado.org
AGNs,  XDRs, | (2013, 2017)
PDRs (3D)
MAPPINGS V | HII regions, | Allen et al. | https://mappings.anu.edu.au/
shocks (2008);  Suther-
land & Dopita
(2017)
Meudon PDR | PDRs Le Petit et al. | https://ism.obspm.fr
(2006); Le Bour-
lot et al. (2012)
Kosma-T7 PDRs Réllig et al. | https://hera.phl.uni-koeln.de/~pdr/
(2006, 2013)
UCL PDR PDRs (3D) Bell et al. (2005); | https://uclchem.github.io/

Bisbas et al.
(2012)
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SF regions | Photoionization Balance — The Stromgren Sphere
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SF regions | Photoionization Balance — The Stromgren Sphere
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SF regions | Effects of Density & Stellar Type on H Il Region Sizes
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SF regions | Effects of Density & Stellar Type on H Il Region Sizes
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SF regions | The Modeled Spectrum of an H Il Region
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SF regions | The Modeled Spectrum of an H Il Region
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F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 38/46



SF regions | Star Formation Rate (SFR) Estimators

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 38/46



SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission
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SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission

® Young stars are extremelly luminous & enshrouded
with dust.
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Using Dust Emission

® Young stars are extremelly luminous & enshrouded
with dust.

= Log >~ L.
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SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission

® Young stars are extremelly luminous & enshrouded
with dust.
= Log >~ L.
= SFR [Mg/yr] ~ 107 x Lg [Lg], with reasonable

assumptions about the Initial Mass Function (IMF),
burst age & metallicity (Kennicutt, 1998).
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SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission

® Young stars are extremelly luminous & enshrouded
with dust.

= Log >~ L.

= SFR [Mg/yr] ~ 107 x Lg [Lg], with reasonable
assumptions about the Initial Mass Function (IMF),
burst age & metallicity (Kennicutt, 1998).

Accounting for escaping UV photons

(Hao et al., 2011; Boquien et al., 2016)

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 38/46



SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission

® Young stars are extremelly luminous & enshrouded
with dust.

= Log >~ L.

= SFR [Mg/yr] ~ 107 x Lg [Lg], with reasonable
assumptions about the Initial Mass Function (IMF),
burst age & metallicity (Kennicutt, 1998).

Accounting for escaping UV photons
Photons absorbed by the dust: traced by L.

(Hao et al., 2011; Boquien et al., 2016)

F. Galliano (CEA Paris-Saclay) ISM lecture 3 (ISYA 2024, Algiers) October 1st, 2024 38/46



SF regions | Star Formation Rate (SFR) Estimators

Using Dust Emission

® Young stars are extremelly luminous & enshrouded
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= SFR [Mg/yr] ~ 107 x Lg [Lg], with reasonable
assumptions about the Initial Mass Function (IMF),
burst age & metallicity (Kennicutt, 1998).

Accounting for escaping UV photons
Photons absorbed by the dust: traced by L.

Escaping photons: traced by far-UV or Ha measurements.

(Hao et al., 2011; Boquien et al., 2016)
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® The radiative transfer equations solves the propagation of light in the ISM, accounting for
absorption, scattering out & in the sightline & emission by the ISM.

® The optical depth, 7()), is related to the mean free path of photons.

® The Monte Carlo method is the most flexible solution when dealing with complex geometries.

Star-forming regions

® The size of H 11 regions, the Strémgren radius, is determined by the photoionization equilibrium.
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Medium (HIM; n ~ 0.003 cm™3; T ~ 10° K; ~ 50 % of the volume of the Galaxy).

® Molecular clouds exhibit a large range of densities (n ~ 10% — 10° cm—3).

Radiative transfer

® The radiative transfer equations solves the propagation of light in the ISM, accounting for
absorption, scattering out & in the sightline & emission by the ISM.
® The optical depth, 7()), is related to the mean free path of photons.

® The Monte Carlo method is the most flexible solution when dealing with complex geometries.

Star-forming regions

® The size of H 11 regions, the Strémgren radius, is determined by the photoionization equilibrium.

* PhotoDissociation Regions (PDRs) harbor complex chemistry at the UV-illuminated edge of
molecular clouds.
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Star-forming regions

® The size of H 11 regions, the Strémgren radius, is determined by the photoionization equilibrium.

* PhotoDissociation Regions (PDRs) harbor complex chemistry at the UV-illuminated edge of
molecular clouds.

® At low metallicity, the photodissociation of CO biases molecular mass estimates.
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