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OUTLINE of the LECTURE

1) Interstellar physics
ISM components
Heating and cooling
ISM ‘phases’ ...

2) Atomic/Molecular excitation & radiative transfer
The equation of radiative transfer
Approximations and models ...

3) Interstellar chemistry
Molecules in the ISM
Basic ‘intro’ to gas-phase chemistry
Public models...
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Bibliography On InterSte"ar Medium (and credits to several slides)

“Physical Processes in the Interstellar Medium”
L. Spitzer, Jr., New York: Wiley, 1978.

“Interstellar Chemistry”
W.W. Duley and D.A. Williams, Academic Press, 1984.

“The Physics and Chemistry of the ISM” and “Molecular Astrophysics”
A.G.G.M. Tielens, Cambridge University Press, 2005 and 2021

“Physics of the Interstellar and Intergalactic Medium”
B. Draine, Princeton University Press, 2011.

“Master in Astrochemistry”
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Orion in the visible

Hot stars and
ionized gas (nebular)



Orion in the visible Far-IR dust emission

Hot stars and
ionized gas (nebular)

Cold ISM clouds



Half of the luminosity by the Universe is
ISM dust (re)emission in the far-IR & submm
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Stars are separated by =2 pc (= 6.5 lyr)

Galaxies are nearly empty ...

Interstellar Medium: everything between stars (matter, radiation, magnetic field ...)

- Gas: atoms, molecules, electrons, ...

- Dust: small solid grains, = 0.1 um in size, .~ 1% in mass wrt gas

& %ee free radio @mission, WMAP) (gennett+2003)

starlight

A Mﬁ' ; ¥
(2 um IR emission, 2MASS) (Skrutskie+2006)

cosmic rays exciting ISM

L e c————

(GeV gamma-ray emission, Fermi-LAT) (Acero+2015)

- Cosmic rays (particles): energetic protons, nuclei, and e (1 MeV to 102 eV ... ISM ~ GeV)
- Radiation: radio (plasmas), CMB (2.7 K), Far-IR to mm (dust thermal emission),

VISIBLE and UV (starlight), X-rays (hot gas in shocks), .y-rays ...

The ISM of the Milky Way as
seen in radio, IR, and y-rays



* - As galaxies evolve, the ISM is slowly converted into new stars = fuel for star formation
* As stars die they return matter to the ISM - chemical enrichment

* 90 % of the baryons in the Milky Way are in stars (= 5-:10° M,,,) and 10% is in the ISM (=~ 7-10° My,,,)

- Solar Systems )
oo Massive stars

L. 4 ’ « UV radiatign apd winds,

. : 0, A %
Low-mass evolved stars ds (99% molecu"r

Dust grain formation. . -~ (sta nf
*Chemiealenrichment of ISM '

. Subeﬁng\}é ex plosiong
Stellar and ISM evolution are tightly coupled Shacks in ISM



Stellar and ISM are tightly coupled <« Stellar UV, CRs and shocks (e.g. winds and SNe) heat the ISM

Most of the interstellar gas has temperatures and pressures close to be organized in “phases”:
1) Cold Neutral Medium (CNM): diffuse HI and denser molecular (H,) “CLOUDS”
2) Warm Neutral Medium (WNM) +Warm lonized Medium (WIM) +Hot lonized Medium (HIM)
> “INTERCLOUD” component

These “phases” depend on how the gas is heated & cooled = Microphysical processes !

Chemical composition determines how the gas is cooled = Chemistry and spectrosocopy!

SUMMARY: Much of the ISM research deals with understanding the (macro) astrophysical processes

and also the detailed microprocesses that form, destroy, and excite atoms, molecules, and dust grains

<gn
= 4

" Dust continuum emission Herschel/PACS & SPIRE (Molinari et al.) R, e




Flow of Energy in normal Galaxies

STARS extragalactic

self gravity, nuclear burning background
photons

stellar ejecta
kinetic energy
(turbulence)

ISM ~ 1eV cm> each

(kinetic energy, thermal energy, chemical energy
: magnetic energy, cosmic ray energy
self —gravity

radiative
cooling

Line & continuum -
photons ¢—| cold sky Draine’s book (2010)

CRUCIAL: Owing to very low gas densities and presence of ‘UV, turbulence, and cosmic rays:
- ISM is NOT is equilibrium = A single temperature.DOES NOT describe all processes T, # T., # Tionization

—>0ne needs to study and balance all microprocesses using their specific rates and cross-sections:
Thermal balance, excitation & de-excitation, ionization & recombination ...



ISM “phases” in our Galaxy  H*(23% of mass) HI (60%) H, (17%)

Md
M Phase nd (em™3) T" (K) ¢ (%) (10° M)

Hot 7
intercloud 0.003 10 ~50.0
Warm ~*Pressure equilibrium

neutral

medium 0.5 8000 . . Pyw/k=nT:

Field-Goldsmith-Habing+69 (CRs heating)
Dalgarno & McRay 72 (review)

Walm Wolfire+95 (stellar FUV photons)
ionized H*

medium 0.1
Cold neutral

medium’ 50.0
Molecular

clouds
HII regions

Volume filling in the Milky Way

¢ Typical gas density for each phase.
b Typical gas temperature for each phase.

Tielens’s book

The volume filling factor scales inversely with the density:
most of the volume is in the hot & warm phases, most of the mass is.in the cold neutral ISM phases

—> PROPERTIES, MASSES, FILLING FACTORS... VERY UNCERTAIN-NUMBERS.
- HARD TO GET A GLOBAL PICTURE OF THE ISM OF GALAXIES AS A WHOLE - on-going research...



The neutral ISM

Hydrogen is atomic (HI) or molecular (H,) but not ionized (H*)

Dense molecular clouds, diffuse clouds (CNM), inter-cloud (WNM)



Heating of the neutral interstellar gas

e O- and B-type massive stars emit UV radiation fields:

- Extreme-UV (EUV) photons with 100 eV > hv > 13.6 eV ionize H = HIl regions & WIM

- Only far-UV (FUV) photons with hv < 13.6 eV propagate inside neutral HI and H, clouds
IP(Hydrogen) = 13.6 eV, IP(Nitrogen).= 14.5 eV; IP(Carbon)=11.3 eV; IP(Sulfur)=10.4 eV

FUV photons impact dust grains and PAHs which eject energetic electrons through
photo-electric effect > ‘photo-electrons” collide with atoms and molecules and HEAT the gas
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911 A = 13.6 eV cutoff ~
(Lyman edge)

Interstellar Radiation field

Tielens and Hollenbach 1999

Photoelectric Heating on Nobel Prize
PAHs and Grains A. Einstein (1921)

G, = 1 Habing field = 102 FUV photons cm2 s1

Examples: G, = 1.7 in solar neighborhood (mean ISRF)
G, =~ 10%5 close to massive stars



Cooling of the neutral interstellar gas j u

Ability of gas to cool itself sets the ISM “phases” |

collisions
Collisions of HI atoms, and CO molecules with photo-electrons (and H, inside molecular clouds)
EXCITE the lowest energy available levels (electronic, , rotational)
- escaping the cloud COOLS the gas (thermostats!).
Ly @ cooling (1216 A) CO cooling of
of warm HI (WNM) dense molecular gas
(Tyas ~.8,000 K) (Tyas = 10 K)
,7p,
, Op, S
5s, op, od,... F(J)em
4s, 4p, 4d, 4f 400
3s, 3p, 3d
2s. 2p 2s2p® a2 74953
~ < d *Ps /2 4305
o )| | RSRp2 P, , 4302
@ %”Z\o? P}z 4300
[« w| Y
E £ §
(1s2)2s%2p ég;;; 63.42 AE(J=1-0)

=55K



Two-phases model of the neutral ISM ‘

collisions

How do we determine T, ?
Thermal equilibrium = Heating = Cooling
I'=nA - gives T
with n = gas density
Py/k =n T,s= gas thermal pressure




Two-phases model of the neutral ISM ‘

collisions

Two-phases can exist in thermal pressure equilibrium
with Py./k =n T = 3000 K cm™3
“Thermally bi-stable”

How do we determine T, ?
~Thermal equilibrium = Heating = Cooling
I'=nA - gives T
with n = gas density
Py/k =n T,s= gas thermal pressure
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------- Heating processes
Cooling processes

log T, nA (ergs s

0
Cloud density: log n (cm™) Wolfire +1995, 2003




cooling > heating

unstable
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heating > cooling

Thermal bi-stability of the diffuse neutral gas
Adapted from Godard+2024




cooling > heating
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heating > cooling

Thermal bi-stability of the diffuse neutral gas
Adapted from Godard+2024




Dense molecular clouds

n(H,) > 103 cm - M ~103-107 M, (those you see in CO & HCN em|55|on with ALMA)
Dense molecular clouds are self-grawtatmg (Pior > Pamb) rather than
in pressure equmbrlum with other phases in the ISM.

Cosmic Ray heating dominates ' T o> iine coc;lingdeminateS.é T, = iO-’ZO K.




The classical multi-phase model of the ISM

cloud = CNM inter-cloud medium = WNM and WIM + HIM

HIM Dense molecular clouds (~20 % in mass of the ISM)
T=45x10°K T =10-20K
n=35x103cm> n(HZ) =10°-10°cm™
[e/H] = 10-108 = ionization fraction

[e/H] =1.0

WNM

T=8,000K
n=037 cm>

[e/H] =0.15

WIM

T=8,000K
n=025cm>
[e/H] =0.68
CNM

T=80K
n=42cm3

[e/H] =103

McKee & Ostriker 1977

But the ISM is dynamic & turbulent ... changes of ‘phase’ or ‘mixing’ occur,
observations show WNM HI clouds in the thermally unstable regime (T = 8000 K), etc.

Today: hydrodynamic simulations of the turbulent (+ shocks) and magnetized ISM




Modern-day simulations of the turbulent ISM

Complicated problem: turbulence is injected at very large scales but dissipated a very small scales
Hennebelle & Falgarone 2012 for a review.

Gas density contrast

Shocks can induce
phase transitions

between WNM and CNM
Godard+2024

Turbulence in molecular
clouds can be supersonic
- shocks...

\ ‘ Federrath et al. 2021,

Nature Astronomy, FLASH Code

derrath

‘»

-
@c,

Supersonic to sonic turbulence transition at ~0.1 pc
(gravity overcomes turbulence. e.g., P. André+2010)



Interstellar extinction by ISM dust

For standard diffuse ISM grains in the Milky Way:

Ny= N(H) + 2N(H,) = 1.9-10?* - A, .cm? mag? Bohlin et al. (1978, ApJ)

- Ay = magnitudes of extinction in the visible range (V=A, = 0.55 um = 5500 Armstrongs) ...

|l(

A, defines a useful “scale” to classify ISM neutral clouds:

*Ay <1 mag > “Diffuse cloud”.: Visible- and FUV photons from stars are not attenuated

—> gas is neutral but large fraction of hydrogen is in Hl atoms

*1< Ay <4 mag =2 “Translucent molecular cloud”: FUV flux is still significant
—> most hydrogen is molecular H,

*Ay >4 mag 2> “Dense Molecular cloud”: mostly shielded from stellar FUV radiation



Model of the neutral ISM

A,~0 (neutral cloud) ~1 mag

. 107
massive

stars

Diffuse i Diffuse Translucent Dense
atomic { molecular i i molecular

3

CO-dark
molecular gas

T
n
l'l'l'l'll ] B e |

| T |
17

2x10% 2

= 1021 A, = n, x lenght

Only E < 13.6 eV photons penetrate neutral clouds = far-UV photons, below Lyman limit (A > 911 A)
Remember, IP(Carbon) =11.3 eV




Open big questions

How are.ISM clouds assembled from diffuse gas and how do they ultimately form stars?

How.do the different energy sources (UV, thermal, CRs, turbulence, magnetic fields, gravity)
contribute to the dynamical properties and evolution of the ISM ? Feedback processes?

What are the limits of chemical complexity in the ISM ? > How are molecules formed?
What do different molecules trace?




Answers: Observations and models !

[CI1]158 um (C*) Most important
Ha survey WIM coolant of the CNM

-ff:

i el \ . ‘-’{";~"5'~
~ B ¢ R = 4 'W
b3 e 4

;“/

Finkbeiner +2003 Bennett +1994, COBE

Molecular ISM

Excess of dust emission over CO and HI column density
Planck collaboration+11 (dust) & Grenier+15 (y~rays)
- Missing baryons 20-80% of molecular gas in galaxies?




Wavelength-dependent polarization of light
—> grains are not spherical

If polarization degree and angle are measured
—> B field orientation can be estimated.

<Lt o Figt
T

Planck (esa)r

Sub(mm) dust thermal emission and polarization Magnetic field orientation
(texture)




Most A's carry specific information about the ISM

———

< ’ _ 7 atomic hydrogen

-—"““‘V
?«""i A,‘ R ok Q
R

Far-mfrared

(ﬁ.m &‘ust)

mid-infrared

The Milky Way at kpc scales



ll. Atomic/Molecular excitation
and radiative transfer

n . co(1-0)
!. g b 3
T Kb

Abundances T V. - SR \%
Y 5 S ,t\ 28 S P
Ovet | & : >




The equation of radiative transfer

I, = energy time area! frequency? solid angle = erg s cm? Hz sr*

dl, defining T, and S, as: dl

= 'avlv +jv

_ _ '=-1,+5,
ds dt, = o, ds L=

dt,

ay

s path length of propagation of ray (=) cm

a, local absorption coefficient =) cm!
j, local emission coefficient (=) erg s1cm3Hz?1srl
1/a, ~mean free path (=) cm

Formal solution of the equation of radiative transfer:

Ty

hT)=1,e™ i/;v( t,) et dr,’
0

Solution for an homogeneous medium:

l,=1%e%"+ S, (1-e")




Limiting cases (t,)

radiative transfer equation
for an homogeneous medium

,=1%e™+ S, (1—-e™)

- It shows the effects of matter on radiation.

,20 2 I,=1°+ [Sv - /v0] Ty optically “thin” emission

T, 2 2 [,=85, optically “thick” emission




From macroscopic (a,, j,) to microscopic quantities
two-level system

upper level (u)
A, Spontaneous emission rate [=] s

J- B, absorption rate [=] s

stimulated
emission

(%]

3!: C
(@] (@]
v O g
C n o
JopRL 5
5 & 2

Q

o ©
(%]

J - B, stimulated emission rate [=] 571

Relations between Einstein coefficients

p = VB sl gB.=g.B 1 >
ul — C2 ul 91Dy, =9y by _]=4— delv¢(V) dv
T
g, g, statistical weight of lower and upper level an 0

Intrinsic line profile function ¢(v) in terms frequency [=] Hz!

when thermal motions or microturbulence

normalized such as: dominate = gaussian line profile
Av

fcp(v)dv:l 2(tn2)” ! plv)= exp{—(‘g“:o)z}

1/2
0 Avrt




From macroscopic (a,, j,) to microscopic quantities

upper level (u)

hv

jv :E nuAul ¢(V)

stimulated
emission

(%]

3!: C
(@] (@]
v 9 o
C n o
JopRL 5
5 E 2

Q

o ©
(%]

a,= h_V (nl Blu -ny Bul) ¢(V)
4r

lower level (l) w
J

j, emission coefficient (=) erg s1cm3Hz?1srl
o, absorption coefficient (=) cm1
A, Einstein coefficient of spontaneous emission [=] s

B, and B,, Stimulated emission/absorption coefficients [=] cm*? erg? s
g, g, Statistical weight of lower and upper level

¢(v) Line profile function [=] Hz!

n, n, Population of lower and upper level [=] cm™3



The excitation temperature

upper level (u)
hv

jv :E nuAul ¢(V)

stimulated
emission

(%]

3!: C
(@] (@]
v O g
C n o
JopRL 5
5 & 2

Q

o ©
(%]

a,= h_V (nl Blu -ny Bul) ¢(V)
4r

lower level (l) w
J

Ny /9.

= exp(-hv/kT,, )
n;/q; Pl

we define T,, as in Boltzmann law

|II

“normal” populations

> 2 7,>02 a,>0 = 1,>0
n/g;>n,/q, ex ay L thermal emission

inverted populations

n,/g,>n/qg 2 T,<0 = a,<0 = 71,<0 maser emission




The Source function S, / -/cev+ s, (1-ev)

upper level (u)

hv

jv :E nuAul ¢(V)

stimulated
emission

(%]

3!: C

(@] (@]

v 9 o

C n o

JopRL 5

5 E 2
Q

o ©

(%]

a,= h_V (nl Blu -ny Bul) ¢(V)
4r

/9.
:/gg - expl-hy/kT.) Blackbody
1/9i at T,
.. joo | ¥ 2hv? 1
VT, _‘ ¢’ exp(hv/kT,)- 1 | S5,= Bv(Tex)

|
Planck law at T=T,,

But T, is not known ...



radiative transfer equation | e
for an homogeneous medium '~ .

— 10 o . P B
,=10ev+ S (1-e™) > 8.2 v
When hv < kT we can use the Rayleigh-Jeans law: : “.

I,c? Expanding the Planck law “.‘
Ty = 2% for small hvi/k values ... é .
2%k iy
Tg=T1,"€e"+ T, (1-e™
il o

LINE ’ _ ON - OFF —

Tg"™=1Tg- =( Tex'Tbg )(1-e™) measurement

LINE ~ 0). ~ . ) . ..
Tv90 2> TB (Tex'Tbg) T, Tex N optically ‘thin’ emission

T, 200 DTN, T~ T, optically ‘thick’ emission




How are level populations (n, n) - thus T_, - determined?



Rotational population diagram
(or ‘Boltzmann plot’)

Hands-on Project 3: 7racing the physical
properties of warm molecular gas
through observations and models of the
submillimeter CO rotational ladder

Wait until Thursday...



Statistical equilibrium equations

dn;
/

dt  jzi j>i j#i
Populate upper level i De-populate upper level i
Y,  collisional rate coefficient for transition u = | [=] cm3s!
n colliders density (H,, e, ... ) =] cm3

Y,n collisional excitation rate for transition u = | per unit time  [=] s

Two-level system

upper level (u)

hv

spontaneous
emission
absorption
stimulated
emission

lower level (1) Effects of radition
on matter

< ...... P - >
radiative processes




Limiting case: collisional rates >> radiative rates - LTE

dn;
dt J#i j>i j#i 4

Y.9 =7Y,9q,exp(-hv/kT,,) collisional rate coefficients must fulfil detailed balance

Ny, /9y Boltzmann population

ngyn-nY,n=0 - n/a = exp(-hv/kTiin) “TE” distribution at Ty,

Collisional rate coefficients (e.g. CO + H,):

Yul ~ Oy * v [=]em? s

ra = | o () v f\ dv

Cross-section [cm?] Maxwell distribution
(computed by quantum methods) of thermal velocities [cm/s]




Limiting case: collisional rates << radiative rates

dn;
e =an(JBj,+ i ) + gnjAﬂ - nIZ(JBUM_ n,-ng,-j:O

dt  j=i j#i

if J ~ B, (Tpy) ~uniform blackbody radiation field at T,

n,/q. Boltzmann population

nuJ 'Bul + nUAU/ - n/J'B/uz 0 9 nl/g/ — exp(-hV/kag) distribution at Tbg

{

upper level (u)

hv

spontaneous
emission
absorption
stimulated
emission

lower level (I)

< ...... P - >
radiative processes




Radiative transfer models

dn;

t j#Zi j>i j#i ji<i
Different methods depend on how J is computed

NON-LTE BUT LOCAL EXCITATION AND RADIATIVE TRANSFER MODELS:

- LVG & escape probability: Sobolev 1960 and Castor 1970, MNRAS
One slab withJ~ §;; (1- B) RADEX: van der Tak et al. 2007, A&A

\ 4

1-e7 7

T

p = The probability that a photon escapes ~

NON-LOCAL & NON-LTE EXCITATION AND RADIATIVE TRANSFER MODELS:

- Monte Carlo (solving Eq. RT): Bernes 1979, A&A Hogerheijde & van der Tak 2000, A&A
(flexible geometries and velocity fields) Gonzalez-Alfonso & Cernicharo 1993, A&A

Goicoechea et al. 2006, 2022, A&A

Brinch & Hogerheijde 2010 (LIME)

- Accelerated A Iteration (ALI): Rybicki & Hummer 1991, ARA

- Coupled escape probability (CEP): Elitzur & Asensio Ramos 2006, MNRAS
(multi slabs) Asensio Ramos & Elitzur 2018, A&A MOLPOP-CEP




Critical density of a transition

~ Ay 3 _
ncr E— [Cm ] with Y, = o v [cm3 s]

Yul
USEFUL LIMITS:

If n>>n_, -> collisions dominate excitation > T, = T,,~LTE

If n << n, - radiative excitations dominate 2> T,, < Ty,

(‘subthermal’ emission)

‘Line trapping’ as 7 increases:

Ay p Ay Ner
~ ~Ie sy T 1
Yul Yul T 1

c
2
+—
o
—_
o
(%]
QO
©

ncr,eff =

Optically thick lines thermalize at lower densities

In most cases, one must solve the statistical equilibrium
equations with a model ...
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CO: low n_,~ 10%3 cm™

Ts coz-1)/TB co(1 -0)

using a non-LTE model

Tex ~ Tkin

CO line intensity ratios
trace the gas temperature

HCO*: high n~ 10> cm™3

Tg Hco+(3-2)/TB HCO* (1 - 0)

o
| (@)
>

T, << T\, (subthermal)

HCO* line intensity ratios
trace the gas density




Spectroscopic & Collisional data

dn;
— =an(J-Bj,+ Yin) + Zn— n,-Z(J-B,-j+ - n,-=0

The Cologne Database for Molecular Spectroscopy
CDMS ~ Jet Propulsion Laboratory
California Institute of Technology

cjlsie]zy JE
| Jet Propulision\Labor
g !: nortia (ULE siisle

Leiden Atomic and Molecular Database
Data format | RADEX

Browse collisions Search collisions Search articles

Basecol

Try to thank the papers with the

Ro-Vibrational Collisional Excitation

specific calculations too... ! Database and Utilities




Radiative transfer models
(extra ingredients...)

dl, . defining t, and S, as: dl,
:'avlv+/v - dt,=a,ds - Jv — :'Iv+5v

ds dt,

ay

A) Gas and dust coexist, affecting the excitation of molecular lines:

o, = Oggs + Oyt with a,, = dust absoption coeficient
e.g., Draine & Lee 84, Ossenkopf & Henning 94
Jv = Jgas * Jaust with jy,= Qg " B(Ty,e) = dust emissivity

B) When chemical formation & destruction processes are
comparable to collisional processes: _
L L anAﬂ_i_Zni ji )+F

Jj>i J#I

= n; ZAij+Z(Bijjij+Cij) + D;

J<i J#i
+Chemical formation and destruction rates




lll. Interstellar Chemistry

ACETYLENE

Where do interstellar molecules come from?
How are they formed?



Molecules in the ISM? Typical Scales...

“Size” of a diatomic molecule, r=2A =2-108cm
Cross-section (surface) o=mr’= 10" cm?
Typical speeds v=0.1kms'=10cm s’
Reactive collision rate y (cm®s’)=oc-v= 10" cm3 s’

H, density in dense clouds n(H,) = 10° cm3

Time between collisions of two molecules t(s)=1/(y nyy ) =2 weeks !

Distance between collisionsd =vt = 100,000 km !

SLOW chemistry,
Astrophysicists did not expect many molecules in space...



(SHORT) HISTORY OF INTERSTELLAR CHEMSITRY

*1926 — A. Eddington

It is difficult to admit the existence of molecules in interstellar space because

when once a molecule becomes dissociated there seems no chance of the atoms
joining up again.*

“Atoms are physics, but molecules are chemistry...”

* In 1930-1940 three molecules were observed in the line-of-sight
toward slightly reddened stars in the near-UV: CN, CH and CH*

UV spectroscopy, electronic transitions
NP I NI S \M

. S
Swing & Stellar He line

" v

Rosenfeld 1937 'N L o,
CH

¥4
»

3066 4 36902




MOLECULAR SPECTRA CN line absorption

e toward diffuse ISM clouds |,
MOLECULAR STRUCTURE &/

I. SPECTRA OF DiaToMIC MOLECULES HD 179406

Tex ~2-3K . .
Nobel prize in chemistry
Wavelengih in 1971
but he did not know
about Cosmology

SECOND EDITION

At the low gas densities of diffuse clouds, collisional
excitation is negligible, thus T, (molecules) ~ Ty,cground
”Iu‘ observation that in interstellar space only the very lowest rotational
levels of CH, CH™, and CN are populated is readily explained by the depopula-
tion of the higher 1(*\1'1.\' by el ‘i\x" m of the far infrared rotation spectrum (see
p. ) and by the lack of excitation to these levels by collisions or radiation.
The intensity of the rotation spectrt f CN 1s much smaller than 1}11 t of CH
or CH™ on account of the smaller <11puh* moment as well as the smaller frequency

[due to the factor »* in (I, 48)]. That is why lines from the second lowest level
(K = 1) have been observed for CN. From the intensity ratio of the lines with
K =0 and K = 1 a rotational temperature of 2.3° K i()llm\'s, which has of

se onlv a verv restricted meaning. 1950
Nearly 15 years before Penzias & Wilson discovery of the CMB in the radio (Nobel Prize) ...
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Molecules in Space

About 330 molecules found in Space (~75 in galaxies)
H, most abundant species (... CO)
H,0, CH*, ... simple hydrides = first steps of ISM chemistry

Polycyclic Aromatic Hydrocarbons ‘.ﬁ}-‘fft‘.

HCOCH,OH glycolaldehyde, simplest sugar + COMs ...



Elemental abundances in Universe

The Astronomers’ Periodic Table
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The numberof C,N, O, S ... atoms represents
<0.1% of H atoms. B. McCall 2001




I’m sorry Dr. Eddington ...
Molecules are very important !

—_

Exotic chemistry and unique laboratory

_ Astrochemistry
Chemical composition evolves with time

—_

—_

Molecules as diagnostics (T, ny, 0y, B, (e, --.) _
__ Astrophysics

Gas coolants (gravitational collapse, shocks...)



Interstellar chemistry is peculiar ...

- Diffuse H, clouds: ny>~100 cm3, T,i,~100 K

« Dense molecular clouds: nyy,~10° cm=3, T,i,~10-20 K

e Compare with this room: T,;,~300 K n ~10" cm3

« Best laboratory ultra-vacuum chambers: P =2.5:10-"" mbar > n~ 10°cm?3

ISM = very low densities, very low temperatures - conditions very different
compared to Earth !!

+ chemistry affected by presence of UV-photons, X-rays, Cosmic Rays,
turbulence, magnetic fields...

- ISM chemistry is NEVER in ‘thermo-chemical equilibrium’
—> solve two body reaction kinetics: A+ BC=AB + C
(+ many quantum effects)



Summarized Interstellar chemistry

1) Need to form the basic molecule H, > dust grain surfaces

2) We need atomic (C*, S*, O*, ) and molecular ions (H, + O* = OH* + H):
- FUV-photons from massive OB-type stars
- Cosmic-ray particles

Gas-phase molecules are (predominantly) synthesised in exothermic
reactions in the gas and on the surfaces of tiny grains (many exceptions!).
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BIMOLECULAR REACTIONS IN THE ISM

A+BC 5 AB+C

AB+hv b ...

k (T) = “reaction rate coefficient”
[K] =cm*™ s’ ~ g (cm?) -v (cms)

B = “photodissociation rate”
[B] = (molecules) s

F = Formation rate of AB =k - n(A) - n(BC) [cm= s]

D= Destruction rate of AB =3 - n(AB) [cm3 s71]

n(AB) as function of time ?
d/dt n(AB,t)=F —-D =k n(A, t) n(BC, t) — B n(AB, t)

— d/dt n(AB) =0 — |n(AB) = kn(A)-n(BC) /3
(time to reach steady-state is ~1/8, [B~109s7 1/8~300 yr)




Astrochemical models contain thousands of reactions but only a few reaction types:

» Formation of bonds reaction rate k(T)~ o -v:

= Radiative association: 10-13 cm3s-! X"+Y > XY+ hv
= Asgssociative detachment X+Y —- XY +e
* Grain surface: 31077 em’®s™*(e.g. H2) X+ VY:ig > XY +g

= Destruction of bonds

* Photo-dissociation: 10°-10*2 st XY +Ahv—>X+Y

* Dissociative recombination: 107° em*s™* XY "+ ¢ — X +Y

= (Collisional dissociation: XY+M->X+Y+M
= Rearrangement of bonds

* Jon-molecule reactions: 107° cm’s™t X *+YZ > XY+ Z

* Charge-transfer reactions: 10-° em3st X"+ YZ > X+ YZ"

* Neutral-neutral reactions: 10-22 em3s! X+YZ > XY +7Z

+ Ebarrier




Negative temperature dependence of many reactions

| ' |

AN  «(T)=a(T/300)" exp (-c/KT)
Ocana et al. (Th) [Cm3 S_1]
Nguyen et al. -

v Siebrand et al. ]
e QOcana et al. (Exp) ; -
peoket Ml  Arrhenius-law fit
Shannon et al.
Gomez Martin
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CHEMISTRY !

OH + CH,0H- CH,0 + H,0




PHOTO-DISSOCIATION of MOLECULAR GAS:

e Stellar FUV photons dissociate molecules:

CO+hvy > C+0  Bo=6y2.41010 (s7)

Photodissociation rate B: {3 (dissociation s™1) = f921410:A Iryy () da

I
Stellar physics &
FUV propagation

FUV radiation field inside a molecular cloud o
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Ojonization (/1)

Ay=2

—
(@1

o
(@31

-

S S

=]

S >

S 1.0 3
(@]

]

? 3

wn

2 X

: 3

O

1050 1100 1150 1200 1250

A (Armstrongs )
Goicoechea & Le Bourlot 2007

o
o

70 80 90 100 110
Wavelength (nm)

Heays, Bosman, van Dishoeck 2017
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Dark molecular clouds are not completely dark
Molecular clouds with n(H,) > 103 cm3 ‘

Cosmic-ray induced FUV radiation (“secondary FUV photons”)

H_) + (‘R => H2++e*

H, FUV ‘sp'ec't'rum ‘

l—l2 + e:': => Hl* + e

H_w,* => H2 + thUV

75() l ()()() l 25() l 5()() l 73() Prasad & Ta rl'(lar 1%'3

}-,( A ) Gredel et al. 1987

G, = 10* deep inside molecular clouds
(May affect the chemistry of grain ice
mantles in cloud interiors)



(Astro)chemical reaction data bases

Gas-phase chemical reactions:

Typical models contain ~5000 reactions between ~450 species up to 13 atoms

https://umistdatabase.uk (UMIST-UDFA, T. Millar et al. )

http://kida.obs.u-bordeaux1.fr (KIDA-Bordeaux, Wakelam, Herbst, et al.)

http://home.strw.leidenuniv.nl/~ewine/photo/ (Photo-rates, E. van Dischoeck)

k(T)=a(T/300)? exp (-c/kT) [em3s] Arrhenius law

kphoto(Av)=GO'B exp (' aAv) [3_1]



https://umistdatabase.uk/
http://kida.obs.u-bordeaux1.fr/
http://kida.obs.u-bordeaux1.fr/
http://kida.obs.u-bordeaux1.fr/
http://home.strw.leidenuniv.nl/~ewine/photo/

Computational chemistry
A+B—->X+Y

kg

X+C—-> D+E

kxc

X+ products

By

1Ce

(Oll grains: Aice + Bice — Xice + Yice ) Xjce T /T— Xgas )

One differential equation per species in the network:
d/dt nX=F—D =ZAZB kABnA nNp — (chXCnC +ﬂ)() ny

+ Conservation equations:
Carbon n.=n(C") + n(C) + n(CO) + n(CH)... + 2n(C,) + 2n(C,H) + ...

Charge n,= n(C*) + n(H") + n(Hy") +...  SOLVED ITERATIVELY
(eg. Netwon-Raphson techniques
when dn/dt = 0 steady-state)



ldeal astrochemical models

- Input radiation field (UV) - output atomic/molecular line emission
- Gas heating & cooling > Tg,s (depends on composition!) + Tg,g;

- Chemistry (gas + grain surface) - abundances (depend on T) \

Several iterations
needed

But remember, reaction rates
are often uncertain...,
- Model predictions are
uncertain (factors ~2 to 10)
e.g. Wakelam et al. 2005




The Meudon PDR code (public

JISMServices ISMDB TECHNOLOGIES PARTNERS

PDR Code Download

https://pdr.obspm.fr
PDR Code FUV-dominated Photodissociation regions

The code considers a stationary plane-parallel slab of gas and dust illuminated by a radiation field coming LERMA - Paris Observatory
from one or both sides of the cloud. The incident radiation field can be the Interstellar Standard Radiation

) Scientists and engineers
Field (ISRF) and/or a star.

Emeric Bron (scientist)

It solves at each point in the cloud, the radiative Fa r_UV e . David Languignon (engineer)
olecular region -
transfer in the UV taking into account the absorption +— Jacques Le Bourlot (scientist)

in the continuum by dust and in discrete transitions Franck Le Petit (scientist)

of H and H2. The model computes the thermal Nicolas Moreau (engineer)

balance taking into account heating processes such Evelyne Roueff (scientist)
as the photoelectric effect on dust, chemistry,

cosmic rays, etc. and cooling resulting from infrared Eph < 13'6 ev

and millimeter emission of the abundant species. References

Chemistry is solved for any number of species and reactions.

Le Petit et al., 2006, ApJS, 164, 506
Once abundances of atoms and molecules and level excitation of the most Goicoechea et al., 2007, A&A, 467, 1
important species have been computed at each position in the cloud, line Gonzalez Garcia et al., 2008, A&A,
intensities and column densities can be deduced by a post-processor code. 485, 127

Le Bourlot et al., 2012, A&A, 541, 76

Bron E., 2014, Thesis

Bron et al., 2014, A&QA, 569, 100

Bron et al., 2016, A&A, 588, 27

The Meudon PDR code can be used to study the physics and chemistry of

diffuse clouds, photodissociation regions (PDRs), dark clouds, ...

FUV radiative transfer + heating/cooling + chemistry + molecular excitation



https://pdr.obspm.fr/

Typical output

)

_— Physical structure

/ Chemical abundances

Line emission stratification:

Density (cm

Edge—on angular distance (arcsec)
8 7 654 3 2

2
(9]
3
a

0

)
|13
-3
n
()]
O
fu]
(]

o
a]
3

Q

<

Depth into the PDR (Ay)

Normalized line emissivity

—_[CI]609um ]

Ly gy
1

The Orion Bar PDR, G;=2-10%, Py, = 108 K cm3 Depth into the PDR (Ay)




mdb.html

The InterStellar Medium DataBase (ISMDB) allows quick and easy access to precalculated theoretical models Content Of |SMDB
for various ISM conditions and objects. ISMDB includes models produced by the Meudon PDR code and the
Paris-Durham shock code. October 2021

Presently, ISMDB gives access to several thousands PDR 1.5.4 models covering different astrophysical * PDR 1.5.4 - isochoric PDR models
conditions. Later, it will also contains shock models produced by the Paris-Durham shock code and it will be « PDR 1.5.4 - isobaric PDR models

extended to other astrophysical conditions.
December 2016

Prepare and interpret observations « PDR 1.5.2 - isochoric PDR models

« PDR 1.5.2 - isobaric PDR models
To prepare and interpret observations, ISMDB provides an inverse search service to allow:

« queries on observables to find the best models that match observations

* access to line intensity maps in a parameter space (ex: density, UV flux) to prepare observations
« download model results without running the code

Examples

To find the best models that have I(CO 1-0) between 2.4E-9 and 7.2E-8 erg cm-2 s-1 sr-1 for a face on
PDR, enter in ISMDB:

e I(CO v=0J=1->v=0,J=0 angle 00 deg) > 1.9e-7 Pre_run PDR mOdelS &

e |(CO v=0,J=1->v=0,)=0 angle 00 deg) < 2.5e-7

To get estimations of the C+ 158 microns line intensity, enter in ISMDB: quiCk diagnostic plOtS

s I(C+ EI=2P,)=3/2->El=2P,)=1/2 angle 00 deg)

log1o[l(CO, 1-0) logso[l(C+, 158 microns)]

Shock models coming
soon...



https://ism.obspm.fr/ismdb.html

The PDR toolbox

PhotoDissociation Region
TOOLS MODELS ~ DOCUMENTS ABOUT CONTACT

Toolbox https://dustem.astro.umd.edu/tools.html
[O1163 um /[CII] 158 um
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ALMA SOFIA JWST Spitzer Herschel.

n [cm~3]

diagnostic plots

provide guidance

models for surface temperature



https://dustem.astro.umd.edu/tools.html

Cloudy photoionization code (public)

[©) README.md

https://gitlab.nublado.org/cloudy/cloudy
Cloudy HII regions and more

Cloudy is an ab initio spectral synthesis code designed to model a wide range of interstellar "clouds", from H Il regions and
planetary nebulae, to Active Galactic Nuclei, and the hot intracluster medium that permeates galaxy clusters.

Cloudy has been in continuous development since 1978, led by Gary Ferland, and in close collaboration with a number of
scientists -- see the list of contributors.

Version Includes extreme-UV (EUV) with E, > 13.6 eV

The current version of Cloudy is C23, released in 2023. A summary of what is new is available here.

If you used Cloudy in your research, please cite our most recent release paper

EUV + FUV + heating/cooling + HIl region ionization + chemistry

There are other models of PDRs, shocks, Hll regions ...



https://gitlab.nublado.org/cloudy/cloudy

Interstellar chemistry makes this...



Diffuse clouds

Low densities, warm gas ~100 K
FUV heating & CR ionization

Simple reactive molecules:
OH*, CH*, CH, ...

Cold & dense cloud
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High densities, cold gas,
depletion, CR ionization...

H,0 and even CO freeze out
Deuterated species: N,D* _



Outflows
and shocks

High-Temperature chemistry
Grain sputtering

High-J CO, H,0, OH, SiO ...

Hot Cores around
massive protostars

T (gas)=200-1000K T (dust) ~90K ~60K ~45K ~20K

NN\ \ N co
complex organics CcO
H,0, CH,OH, NH; \ \ \ N2 —
"‘ CH,O
\ \“:,_3 lce
C02
ice
, ,trappedl ’

Lolo )]
L A TS

~10% ¢m ~5x107 ¢m

Ice-mantle evaporation
Warm-temperature chemistry

CH;OH, and saturated COMs



Photodissociation regions

Photochemistry,
UV dissociation and gas heating

IR emission from PAHs & H,
Reactive molecular ions ...

Circumstellar envelopes
around evolved stars

s

*

High densities, dust formation

with metals: NaCl...
refractory: TiO, SiC,...
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Take home messages

ISM = A very important component of galaxies ...
The ISM is slowly converted into stars. As the die, they return enriched matter back.
UV, cosmic rays and shocks heat the ISM = Stellar and ISM evolution are tightly coupled

Fascinating physical and chemical (micro) processes = collaborate with quantum chemists
and experimentalists

New developments: magnetic fields and turbulence = more sophisticated MHD simulations

Bright future: ALMA, NOEMA, IRAM30m, JWST, SKA, ... be a multiwavelength astronomer !




