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Introduction

 PDR is short for
— Photo-Dissociation Region

— Photon Dominated Region

NGC 3603
Hubble Space Telescope « WFPC2

Wolfgang Brandner (JPL/IPAC), Eva K. Grebel (University of Washington),
You-Hua Chu (University of lllinois, Urbana-Champaign) and NASA
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Introduction

* Aregion where far-ultraviolett (FUV: 6-13.6 eV) photons from
young, massive stars dominate the physics and the chemistry of
the interstellar medium.

— 6 eV (2066 A) ~jonization potential of dust/PAHs
11.1 eV (1117 A) dissociation energy of CO
11.3 eV (1097 A) jonization potential of C

— 13.598 eV (912 A) ionization potential of H
13.618 eV lonization potential of O
14.5 eV (855 A jonization potential of N
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Introduction

« Aregion where far-ultraviolett (FUV: 6-13.6 eV) photons from

young, massive stars dominate the physics and the chemistry of
the interstellar medium.
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Introduction

« Aregion where far-ultraviolett (FUV: 6-13.6 eV) photons from
young, massive stars dominate the physics and the chemistry of

the interstellar medium.

| ]
o l{ e i PDRs close to an OB star experience
S I | spectrally different UV radiation
b . compared to the standard mean FUV
NN | field (Draine 78, Habing ‘68)

Wavelength [nm]
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Introduction

Ring nebula H, 1-0 S(1) 2.122 um

H, in

dense gas
clumps is
shielded from
the FUV

Speck et al. 2003 PASP 115, 170
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Introduction

Credit: NASA, ESA, and F. Paresce and R. O'Connell
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PDRs are also observed in extragalactic source

30 Doradus in the LMC

: £ oL Ao E A e T ;
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Introduction

PDRs are also observed in extragalactic source

Credit: ESA/Hubble & NASA

Antennea galaxies (NGC 4038/39)
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IntrOdUCtlon Pineda et al. 2014

S T o Total e
' T Dore PORS e T
Interstellar PDRs include: COdERHyes
HI CNM
1
 Diffuse WNM and CNM clouds. -
5 0
» Translucent clouds: A,<5,n,<10¢
- Dense molecular clouds: A,upto~ 2z .|
including intense FUV fields near O & l
> ~90% of the Galactic molecular :.\/ I]I
02 pF {'
--“\ :I
o . l' ILI'F- i1 Ty —
0 5 15 20
Galactooentric Radius [kpc]
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Introduction

strong
radiation :

C+hv—C*
CO+hv—>C+0O

C+

r
n:

— C
v—>IC+0

Interstellar cloud surface (cross section)
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young massive stars\

0.1 parsec
E  —— van der Wiel et al. 2009
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Introduction

OB cluster emits FUV

molecular cloud

contains gas & dus§ PDR interface

¥ .

w2
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PDR Model Complexity

« Geometry * Dust content

— plane parallel slab — dust composition, size distribution

» 1-sided / 2-sided (practically unknown)

— sphere (new parameter: mass) — very small grains, PAHs

— circular paraboloid (outflow) PE efficiency, charge exchange

— 3D — grain surface characterization

27
— clumpy, fractal Ch Eping /

* Racigign neic (. er1rc?r:ﬁnrg/ar chemical networks

— Isotropic and/or directed/inclined ~10-20% re iR o

— spectral shape of FUV field
» physics and chemistry A-dependent

— detailed photon cross-section
— full A-resolving radiative transfer

— coupling to heating & cooling & RT
— Ice & surface & gas chemistry

— couplingto FUV & CR & XR

— state-to-state reaction rates

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 14



PDR Model Complexity

* Energetics / Thermodynamics

heating couples to FUV RT & dust
cooling couples to chemistry & RT

full treatment of H2, HD, CO, H20,....

detailed internal RT vs. approx.

Isobaric (p constant) vs. isochoric (n
constant)

chemical heating & cooling
multi-stability solutions?

« Stationarity

23.10.2019

stationary vs. time-dep solution
* initial conditions?

 rate uncertainties more important

non-stationary model parameters!
« UV field, geometry, pressure/density

« Numerics

non-linear coupling of geometry RT &
energetics & chemistry

horrible scaling with problem size
chemistry: N3-°

Interpolation introduces large
uncertainties

n-dim global root finding/minimization
existance of (multiple) solutions?

703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 15
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The KOSMA-T PDR Code

« 1-D, spherical geometry
— power-law density profile
— Isotropic illumination
» self-consistent solution of energy- and chemical
balance
and radiative transfer

» self-shielding of H,, CO
(FGK, Draine & Bertoldi 1997, Visser et al.
2009)

« full dust RT and temp. computation for varying
dust distribution

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 18



The KOSMA-T PDR Code

« 1-D, spherical geometry
— power-law density profile
— Isotropic illumination
« self-consistent solution of energy- and chemical
balance
and radiative transfer

» self-shielding of H,, CO
(FGK, Draine & Bertoldi 1997, Visser et al.
2009)

« full dust RT and temp. computation for varying
dust distribution

* clumpy cloud composition
— stochastic clump ensemble

— KOSMA-t 3D
(Andree-Labsch et al. 2017)

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 19



Applications: KOSMA-t 3D

« Arbitrary 3-dim structure, each voxel populated by PDR clump ensembles with full size distribution (embedded in
interclump medium)

* *

H Il region

UV field attenuated in the cloud by foreground clumps

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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Applications: KOSMA-t 3D

* Radiative transfer through all voxel (including shielding) allows to simulate observations from any direction, distance,

45
40
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-10
-20 5
0

Andree-Labsch et al. 2017
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Applications: KOSMA-t 3D

-10 0 10 20 30 40 50 60
Y

no chemical stratification Andree-Labsch et al. 2017

703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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Applications: KOSMA-t 3D

foreground absorption Y
by cool material in front of hot gas 230 -20 -10 O 10 20 1%0
70 70 %-__
60 60
¥ A
50 50 a4
<ID@Q>
40 40
ol 20 Z Z 30
< >
PYA | 2 20
10 10
-10 0 0
_5 E
. s ~10 -10
10 -30 -20 -10 0 10 20
¥
Andree-Labsch et al. 2017
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30}

High spectral resolution of
UPGREAT on SOFIA allows the
spectral identification of various
kinematic components

Tomography of 3-D structure

ok velaosity kbl outflow .. outflow .. . _ e
high velocity blue b:l;(!\LL]A Fed high velocily red

—20 ] 20
velocity [km /=]

Schneider et al. 2018
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Animation of the velocity structure

703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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Current KOSMA-t Developments

* Non-stationary PDR structure — full H, excitation
— t-dependent solution of chemistry (tests) * IR quadrupole emission
— t-dependent parameters, e.g. FUV input *SLUVAUoresqenBEEI TSI

— non-stationary particle transport , e.g * UV contifiSeuiE
diffusion, advection, mass evaporation — detailed PE heating

(PhD project A. Baby) — non-stationary PE heating
« KOSMA-13D * Misc
— inclusion of systematic velocities — Migration to modern FORTRAN
— full line & continuum radiative transfer standards
(PhD projects C. Bruckmann & C. — Coupling to MHD
Yanitski) — stability improvements

— performance improvements
« Microphysics/chemistry

— chemical heating (tests)

— surface chemistry (done)

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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Current KOSMA-t Developments

* Non-stationary PDR structure — full H, excitation
— t-dependent solution of chemistry (tests) * IR quadrupole emission
— t-dependent parameters, e.g. FUV input *SLUVAUoresqenBEEI TSI

— non-stationary particle transport, e.g o LAl ST
diffusion, advection, mass evaporation — detailed PE heating

(PhD project A. Baby) — non-stationary PE heating
« KOSMA-13D * Misc
— inclusion of systematic velocities — Migration to modern FORTRAN
— full line & continuum radiative transfer standards
(PhD projects C. Bruckmann & C. — Coupling to MHD
Yanitski) — stability improvements

— performance improvements
« Microphysics/chemistry

— chemical heating (tests)

— surface chemistry (done)
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ﬂ. ole transitions

and X-C dipi ks

] — UV cont. emission

10% decay to
continuum

120000

? Pak et al. 2001
0 1 1 1 |
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1600 A bump

* Classical T Tauri Stars (CTTSSs),

: CS Ch
show a spectral feature in the A RARARARAS BRARRERES T :
- 1511 @ Molecular Emission —
FUV continuum of some (broad PO 2 ma ™
emission approximately centered = | s
A) B 410 | FWHM = 38.95A
at 1600
: : . £
* Inconsistent with models of H, o
g : 8 2x10°"
excited by electron-impact =
E L
« powered by Ly-a photons ol
 Ly-a driven dissociation of H,O

1400 1500 1600 1700 1800
Wavelength (A)

France et al. 2017
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1600 A bump

* Classical T Tauri Stars (CTTSs),
show a spectral feature in the %
FUV continuum of some (broad e o :

emission approximately centered
at 1600 A)

* Inconsistent with models of H,
excited by electron-impact

« powered by Ly-a photons
 Ly-a driven dissociation of H,O

e” impact model

Flux (107 " ergem ~ s

France et al. 2017
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1600 A bump

* Classical T Tauri Stars (CTTSs),
show a spectral feature in the

FUV continuum of some (broad H;O(X'T?) + hv(Lya) — H0*
emission approximately centered . H,O(C'B, — X'A,) or B(A;) — X (A,
at 1600 A) H:0(X'S?) + hv(Lya) — Hy0*
* Inconsistent with models of H, — H + OH(A’S* or XM),
excited by electron-impact H,O(X'T?) + hw(Lya) - H,0* — HIX'TD)
- powered by Ly-a photons +0('D) or 2H(*8) + O(°P).
* Ly-a driven dissociation of H,0 HI(X'T?) + ho(Lya) — 2H(S) + Bump(1490 — 1690A).

France et al. 2017
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" fluorescent line + continuum spectrum @ n=10°, T=100K, y=100

— Line + cont.
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UV fluorescent line + continuum spectrum @ n= 10°, T= *wHHI\ y=10"
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Chemistry in KOSMA-T

« Rate equation approach

« Steady-state chemistry
— LAPACK: DGESV, DGELSD (least squares), DGESVX (w. equilibration)

 Time-dependent chemistry (fallback for steady-state)
— LSODE, LSODA,

 modular chemistry

— user selects species, code selects reactions, creates conservation equations and Jacobian

 isotopologue chemistry: 13C and 180
— update to the fractionation reaction from Langer et al. 84 (Mladenovic & Roueff,2014)

— Isotopic reaction set e coico
(Rollig et al. 2013) (H
« Standard database: - -
UDfA 2012 (McElroy et al. 2013)
23.10.2019 703. WE-Heraeus-Semr =" - =10 =i
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Chemistry in KOSMA-T

Standard database: UDfA 2012

— reactions with H,* overcome activation energy
— CH* and SH* formation (Agundez et al. 2010, Nagy et al. 2012)
— cyclic and linear-isomers included (new branching ratios from Chabot et al. 2013) with all

iIsotopologues
e |-CyH,*, I-CH,*, I-C5H,, I-C5H
— additions
* Fluorine chemistry (Neufeld et al. 2005)

« Photodissociation of CS,, N,O
(van Dishoeck et al.)

— H, formation

« Chemi- & physisorption
(Cazaux & Tielens 2002,04,10)

703. WE-Heraeus-Seminar -

Ry, [s7']

10710

10-v

10-18

T,=50 K

WDO01-07

Chemical Evolution of Cosmic Matter
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Full Surface Chemistry Upgrade

Coupling of gas-phase and surface chemistry

Steady-state chemistry
Rate equation approach

Processes included:
— Adsorption
— desorption only from 2 top layers

» thermal desorption

» photo-desorption
photo-dissociative desorption

« photo-dissociation on grains

* CR induced photo-desorption/diss.

» H,-formation induced desorption
« chemistry induced desorption

— surface-surface processes

(Hasegawa et al. 1992,1993)

(only neutrals, no sticking of H,)

(Alkawa et al. 1996)
(binding energies from UDfA + updates)

(photo cross-section like gas-phase)
(eg.JH,O +hv > OH + H Andersson+ 08)

(equivalent to gas-phase)

(Hasegawa & Herbst 1993)

(Willacy et al. 1994, 2007)

(Minissale et al. 2015, Cazaux et al. 2015)

(Langmuir-Hinshelwood)

703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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The carbon roadmap -

co
» Like any roadmap, this e/\
network describes how ‘
to get from A to B. ®\ o |

] H
+ Like on any roadmap, \‘@v

some paths are quick
some are slow.

« Unlike any normal
roadmap some slow
paths may become
very quick under
certain conditions
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Example: Diffuse Cloud - | -
starting point: C* L

co,
collision with H,: ... ©
CrrH e :
. _ Hz
Instead: o
G.I. + HE—]’ GHEII.'I' A%

i

EHE"' " HE . GHE"' " Ii_t|1-|:|-g g

then: O e~
CH,*+e—CH.,+H = FANUN
a“d k= 1070 cns? .:H :
CH,+ 0O — CO +nH

o~ ey
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Example: PDR

W SO e -
high FUV intensity heats VIO h
the gas at the surface | e H
—» some slow routess . e,
become quick @D -
C*+H, - CH*+H AN
C* +H, — CH* +H
Hy H . E__ S
endothermic reactions o ﬁ
become possible ¥, Ves FAROUN T
activation energy barriers Joerd ey
become surmountable NV

703. WE-Heraeus-Seminar - Chemical Evolutionrei Flosmic Matter — -
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Example: Dark Cloud
cold and dense:

T=10 K, n=104-10° cm-3
carbon locked in CO
He+cr— He"+e
He*+ CO —- C*+ O + He
FUV fully absorbed ﬂ
some roads vanish H, H
some roads become slow
e.g. reactions with e-

but:

CH:* +CO — CH, + HCO*

703. WE-Heraeus-Seminar - Chemical Evoluti
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Formalion reactions. CO

— CO++H—CO+H+
LEN — 0+C0+ - CO+0+

E — HCO+ + ELECTR — CO + H
Zoel — C++02—5CO+0+
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107"
107"
1074
1077
10716
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Full Surface Chemistry Upgrade

— surface-surface processes (Langmuir-Hinshelwood)

— exoenergetic reactions may lead to desorption
(Minissale et al. 2015, Cazaux et al. 2016)

@ -o

R
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Full Surface Chemistry Upgrade

— surface-surface processes (Langmuir-Hinshelwood)
— exoenergetic reactions may lead to desorption of the product

(Minissale et al. 2015, Cazaux et al. 2016) %
A Epind “
o e €AH /N
N
R —
g — \— Pdes :
Ep conservation
(M —m)?
e ST —my?
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Full Surface Chemistry Upgrade

— surface-surface processes (Langmuir-Hinshelwood)
— exoenergetic reactions may lead to desorption of both products

(Minissale et al. 2015, Cazaux et al. 2016) 1
AH, Epind ‘
Pdes = e_m
H
R —
T R — \— Pdes .
Ep conservation
(M —m)?
® e CT M- m)?
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Full Surface Chemistry Upgrade

— So far assumed that all products desorb with full reaction enthalpy
— Now, we assume that formation energy is distributed across products

: E m
» analogue to free particle decay: B T N,y = L
E; my Etot mqt+m,

__ Ebinai
\ Pdesize €N AR /N, Pdesizl_Pdesi
* H, always desorbs

(1_Pdes’ 1) X (1_ Pdes’ 2) (1_Pdes’ 1) X Pdes‘Z Pdes’ 1 X (1' Pdes’ 2) Pdes,l % Pdes,Z
- ' ® @
e —_———— R — e

Rollig et al., in prep

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter

61



Some

« JOH+]O
JOH +]0 — "

JO,

=
N
+ + + +

H,0 +
JH,0 +
H,0 +
JH,0 +

* JH;0; +]JH —

Co
JCO
Cco
JCO

. JHCO +JH —

+ + + +

23.10.2019

example branching rates

H 7x1075¢( )
H 57x107%()
JH 0.11 (-)

JH 0.89( )

OH 0.002( )

OH 0.16(—) BRs depend on the

JOH 0.01(—) energy redistribution.

JOH 0.83( )
Other distribution

H, 0.65( ) schemes?

H, 035()
JH; 0(—)
JH;  0(0.53)
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Questions & Concerns

« Binding energies — Yes, but which one? (see Wakelam et al. 2017)

« How about surfaces of very small grains? PAHS?
— Very important for H, formation
— excitation of small hydrocarbons, H,, high-J CO

» Cross sections of surface photo-processes
— Important for PDRs because of FUV attenuation/shielding
— Photodesorption yields?

« Numerical stability? Convergence/steady-state ?

— Including/excluding of
» desorption processes
« grain + gas phase species
* initial abundances! PDRs are different from dark cloud models

— Any technical/numerical comments in your papers are much appreciated.
(Column) density is no observable.
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gas phase




gas+dust phase gas phase




L Ine intensities are observed

gas+dust phase

Line J Trpdv [K km/s]
CO J=1-0 5.8
CO J=2-1 7.3
CO J=3-2 4.3
CO J=4-3 1.4
[CII] 158um 2.3
[CI] 609 um 8.7
[CI] 370um 2.3

lower column densities
higher intensities !

23.10.2019

gas phase
Line [ T,pdv [K km/s]
CO J=1-0 0.66
CO J=2-1 0.55
CO J=3-2 0.14
CO J=4-3 0.016
[CII] 158um 2.1
[CI] 609 um 9.5
[CI] 370um 2.6

703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter

66






PyPDR

Bruderer 2014: http://www.mpe.mpg.de/~simonbr/research_pypdr/index.html

 tiny/minimal PDR code written in
Python

* Plane-parallel slab (semi-infinite)

« basic chemistry with about 30

molecules, time dependent

* NLTE excitation of [Ol], [CII], [CI], 1o J Ui
CO, and 13CO using an escape ) e R

probability approach

« Major heating & cooling processes
Implemented
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Benchmark Calculations

F1 completed by all 12 groups
F2-F4 complete by 10 groups

F5-F8 completed by 8 groups (some
with numerical ‘noise’)

CLOUDY used different chemical
network

KOSMA/Bensch used spherical
geometry

results for Lee96mod are for t=108 yrs

F1 F2
T=const T=const
n=103cm3, =10 | n=103cm=3, y=10°
F3 F4
T=const T=const
n=10%>cm=3,x=10 | n=10°%cm3, y=10°
F5 F6
T=variable T=variable
n=103cm3,y=10 | n=103cm=3, y=10°
F7 F8
T=variable T=variable

n=10°>cm3, y=10

n=10°°cm3, y=10°
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Benchmark Calculations

F1 completed by all 12 groups
F2-FA4 complete by 10 groups

F5-F8 completed by 8 groups (some
with numerical ‘'noise’)

CLOL
nei

KOSI
ge!

result 8yrs

F1 F2
T=const T=const
n=103cm=3, y=10 | n=103cm3, y=10°
F3 F4
T=const T=const

n=10%>%cm=3,y=10
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Benchmark Calculations

F1 completed by all 12 groups
F2-FA4 complete by 10 groups

F5-F8 completed by 8 groups (some
with numerical ‘'noise’)

CLOL
J 8yrs

nef
23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter
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ge!
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Benchmark Data Archive

» All the results (data files, plots,
documents) have been published
on a website.

H2 dissociation rate - n=10" cm 34 -,'_21[!‘. variable T

Introduction

rate [s']

s T T T T T T
— Codes
1E-6 r
1E-7
8 Benchmark == == ==
photo
1E9 r Model F6
o f e he, TB, T
1E-11 r —COS
1E12 | Cloud
— A ] /
TE13 e = Meijorink =ougy
1E-14 r Meudon
1E_.‘b[--UCLPlH —
B8 AFT E R Documents
1E-17
r
1E-18 -
1E-19 4 32 5 Links
e 3 . H H, dissociation rate - n=10" cm™, y=10", variable T N.
1E'A{r-s 1E-4 1E3 001 0.1 1 10 : : : i : by iy
i SV f ] ittt 1 photo
1E6 | —E& F
By 1
BEFORE o !
| Model F6 L KOSMA-tau
1E-10 ensch —_——
r cLoupy 1
— 1B f —cosTAR 1 ===
S 1E-12 HTBKW
‘% 1E13 E —— KOSMA-r : N.n,
T = = Leiden
S 414 |- - wegernk ) E photo
1E-15 B|= = Meudon
°r Sternberg Y 1 D s——_ L. =L LI L LS.~ L L
1E-16 |1 - yUcL_PDR y 1 N. n.
1E-17 [ 5 1, 5 1, , N,
{E-18 : | : Lee96mod ! photo photo photo
119 | . . . | Lo 1 TB, We, TB, T |We, TB, T |b/e, TB, T
1E-20 A
-5 : X 0 , o, , 0, n n n n n n
= 1E4 163 001 A, 01 1 10 N, n, N, n, N, n, N, n, N.n, N, n, N, n, N, n,

http://www.astro.uni-koeln.de/pdr-comparison/
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n=10% -

n=10°> @

23.10.2019

PDR Model Chemistry

v=103

* H, photodissociation is a line
absorption process. Once the
absorption lines become optically
thick, photodissociation becomes

| Inefficient

« Density and UV field strength

1 determine the depth of the H-H,

transition zone
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rel. density

n=10*, y=10°

2 10710
102 10! ° e = e

1073 1072 101
AV

AV

rel. density




CO Dissociation

A « CO dissociation occurs via line
absorption!

* Absorbed photons excite
predissociated electronic states that
can decay into unbound continuum
of the ground elect. state
radiationless.

* More than 30 absorption bands in
the range 913 A< A <1077 A

« Line absorption leads to optical
thickness effects (self-shielding)

Warin et al. 1996
23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 79



“.
n=10° (:111_3,1\4:102 Mg, R=2.5x10"%cm

C+

y=10!

y=10°

&
‘|
[
L]
=
o
el

y=10°

y=10°




iy
o —
[<a]
o
]
=
—_—
1
i




“.
n=10° (:111_3,1\4:102 Mg, R=53x10"cm

C+

y=10!

y=10°

&
‘|
[
L]
=
o
el

y=10°

y=10°




£
5
E

rel. density

1072 107t 107 1073 1072 107!
AV AV

rel. density
rel. density

107 107 1072
AV




rel, density

rel. density

n=10°, y=10%

rel. density

rel. density

(N(CH) ) [em™]

1=10°, y=10°

1077 107

|

Qin et al 2010

[ J
symbols

1 621 1622
(N(Hy) ) [em™]

1 0'23
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PDR Diagnostics

Model calculations

il R
10!

| IR
102

| ol
10%

[£ 1] 188 pm Intensity [0 1] 63 pm + [C 1] 158 pm) o,

Classic PDRs

Gy/n = const

n (em™)

Kaufman et al. 1999

Credit: Slide by A. Fuente, M. Wolfire
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PDR Diagnostics

Model calculations

[0 1] 83 wm/[C 1] 158 pm [0 1] 63 pm + [C 1] 158 pm) o,

\ \ Orion PDR

— Classic PDRs

o
th
T
) at
/GQ
0ol

Gy/n = const

Kaufman et al. 1999

Credit: Slide by A. Fuente, M. Wolfire
23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter



PDR diagnostic model diagrams

PDR diagmostic diagrams are useful to derive global properties. If
the main heating mechanism is the photoelectric effect, heating
efficiency depends on the grain charge which is itself governed by

the paramter G, T2 /n...

[Clyron

1
6 5 4 3 2 1
Iogyg [[CIT]+ [OI]/FIR]

Figure 9.9 A diagnostic diagram for PDRs based on the observed intensity ratio
of the [CII] 158 pm and [OI] 63 pm lines and the overall cooling efficiency.
The lines present the results of detailed model calculations for different densities
and incident FUV fields. Figure Kindly provided by M.J. Kaufman; derived
from the models described in M. J. Kaufman, M. G. Wolfire, D. Hollenbach, and
M.L. Luhman, 1999, Ap. J., 527, p. 795.

Credit: Slide by A. Fuente, M. Wolfire

For + Fen Gas heating efficiency

2Fp

Since the [CIl] 158 uym and
[Ol 63 um lines have different
critical densities, their
Intensity ratio is a good
measure of the density.
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This page provides an interface to view the model calculations of the KOSMA-&tau Spherical Photon Dominated Region(PDR) Model developed at the University of Cologne.
This interface can be used to extract the intensity ratios of the spectral lines of many important molecular and atomic species. Although effort has been given to make sure the

tools extract the correct data from the database, we encourage the user to contact J. Stutzki or M. Réllig for scientific use of the results.

Update 24. June 2005: We added the possibility to download the output from the web-interface in a number of additional formats, including FITS.

A

Report problems to: M.Réllig; Email: roellig@phl.uni-koeln.de

- \*




smoCoffee Arxiv Ney thematica - Stack Ex

Spherical Photon Dominated Region Model

o Enable Javascript in your browser to use this form.
» Two of the four possible model parameters should be fixed before submitting the form.

Model Parameters

Metallicity [1.0 Vlog(Density)

Line Info
|[158micron V|

Report problems to: M Rollig; Email: roellig@phl uni-koeln.de

v [ o v Seitev Sicherheitv Extras~
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PDR Online Extraction Tool

http://hera.phl.uni-koeln.de/~pdr/

o@ 90| http://hera,phl.uni-koeln.de/~pc O ~ & | M) por on The wee

i £ 3 Ways to Take a Screenshot in...

= ‘ CosmoCoffee ArxivNew €| Mathematica - Stack Exch.. |@¥ Chain Rxn by Zwigglers T dictleo.org - Deutsch-Eng... Q Conditions and Impact of .. & | Import to Mendeley - yi\ v ,\E\ D v

Spherical Photon Dominated Region Model

“ Home © Model “ Help 7 Extract
NEW ALTERNATIVE DOWNLOAD FORMATS: PS, ASCII, FITS, GIF

Z=1.0 M=10%°
[ f %105

810"

CI{158um)/CO(1-0)

10°
ff/
Model Parameters
Metallicity [1.0 V[log(Density) [All V]log(Mass) [0 V]log(UV) [All V]
Line Info
[Line 1:[cii v[[158micron V|Line 2:[CO  V[[1-0 v|
Submit |

e 5 e

| g v Seitev Sicherheitv Extrasv (@~ ’

Report problems to: M.Réllig; Email: roellig@phl.uni-koeln.de
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[CII] contribution from HII regions

Teff= 42000 K

20F \

25F <oy

Log|[U]

30F

@ 7 Ny
()
e 5y ° 2
K3 ;
-35F

‘55} o\ .. 2%,
% %.
4.0 —

23.10.2019

25 3.0 3.5 4.0

Log[n,] (ecm?)

Abel et al 2005

« C*Is also present in the ionized
gas

 When observing a PDR you
always observe the neighbouring
HIl region

« [CIl] emission is partly produced
In the HII region. (~10-30%)
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[CIl] contribution from HIl regions

Teff= 42000 K

-1.0 T T T T
@
1.5 [oe, -
20 F 700/ .
s))
759 +,
2. \20 7. 100
()} '25 o % \fo %
(o) >
- 250/0
%
°
% 2
[3)]
L
R i
[5)) T 2
s \ k- %
A 1 1 o, 1
25 3.0 3.5

23.10.2019

Log[n,] (cm™)

Abel et al 2005

L T T T T T x T L% B2
—5.40 _ ssom I 0.59
6.98 F 0.48
—5.41F T
T 5.46 1 0.37
o L B,
o-5.42 :
©
—
6\ N 3.93 0.26
8_5 43 - N +
& [cu] 158um = 504 [NI] 122um G
3 1 1 1 1 1 oL 1 1
T T T T T T T T
O I
W_540F 652m I 59.04
() ! I
5.10 r 46.54
-5.41F =
3.68 34.04
—5.42F E3
. 227 s 21.53
—5.43F E3
Ol] 145 ol] 63
ol um 0.85 [a1] Baum 9.03
L 1 1 1 1 W o 1 1

83.86 83.85 83.84 83.83 83.82 83.86 83.85 83.84 83.83 83.82

RA (J2000) [deg]

Bernard-Salas et al. 2012
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CO In PDRs, Shocks, XDRs ???

T T T T T T [ 4 | Eu ! kB [k]
i’ i i - E- - *ﬁ - i \g 0 100 500 1000 2000 5000 10_1571}3 100 500 1000 2000 3000 4000
.15 12C0O - — — Y~ i E 3
S /_%f f'.,;;é ~—— ~ ?%“‘\ i E 107" FCO
. e SR I HH 46
* 107 F % gt ""E' .
) 2 107k ) <
107" a) E : 'v"
o7 h ol = r ", C-shocks N
10} 10-185_ ’?' 1'\‘Passi\.'e “
£ 107 i ‘
E r - 3
z 10" Lo : I
= M82 5 107 0 10 20 30 41
S, = J
=10 — log{n)=3.5, log(G, )} =2.00 ] o b) :
/ — log(n) =5.0, log(Go) =275 Visser at al. 2012, van Kempen et al. 2010
/ — log(n)=6.0, log(G,)=3.25 10-'%
? == total (ratio 70:20:1) ’
Loenen o a | 2010 e, © 2 v WEw High-J CO lines reveal
P new insights into the
2 local physics!
0 10 20 30 40 50

Hailey-Dunsheath at al. 2012

NGC 1068

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 95



References

* “The Physics and Chemistry of the Interstellar Medium”, A.G.G.M. Tielens,
de. Cambridge University Press

* “The Physics of the Interstellar and Intergalactic Medium®, Bruce T. Draine,
Princeton University Press

* Tielens, A.G.G.M. & Hollenbach, D. J., 1985, ApJ 291, 722

« Hollenbach, D. J., Takahashi, T., Tielens, A.G.G.M. 1985, ApJ 291, 722
« Sternberg & Dalgarno, 1995, ApJSS, 99, 565

* Rollig et al., 2007, A&A, 467, 187

« Kaufmann et al., 1999, ApJ, 527, 795

* Le Petit et al. 2006, ApJSS, 164,506

« van Dishoeck & Black, 1988, 334, 771

23.10.2019 703. WE-Heraeus-Seminar - Chemical Evolution of Cosmic Matter 96



-

DR Or F
sijerink 2007, A
P ' -
TABLE 1
CoLUMN DENSITIES AND COLUMN DENSITY RaTIOS
NCO™) NHOC) NHCO") NCN) NHCN) COHCO® HCOTHOC®™ CNHCN
XDR:n=100cm *and Fy = 51 ergs s ' em™

3.0E12 33E12 43E13 1.1E15 60E12 007 132 131
48E12 5.0E12 16E14  27E15  28E13 003 315 954
5.7E12 59E12 27E14  47E15 59E13 002 464 189

XDR:n =10 em “and Fy = 16 ergs s ' em™

1.2E12 57Ell 15E12 52E13  32EI10 08 26 16E3
8.3EI12 69E12 3.7E13 51E14 94Ell 02 54 543
1.8E13 15E13 13E14 15E15 38E12 014 85 400

PDR:n = 10 em >, G, = 10°%, and { = 5 x 10¥ 57!

1.6E10 10E10 28E14  23E15 353El4 56E-5 2.8E4 6.6
1.7E10 15E10 T8E14  45El15 95El4 22E-5 52E4 47
1.9E10 20E10 13E15 6.7E15  1.6El15 14E-5 6.5E4 43

el

....

log(T) [K]

L
o

log(Fractional obundances)
log(Fractional obundances)

---------

I ]
— —
L 58]

20.5 21.0 21.5 200 205 21.0 215 22.0 225 230 235
log(Ny) [em 7] log(Ny) [om 7]
FiG. 2.—Chemical and thermal structure of a PDR with an enhanced cosmic ionization rate (¢ = 5 x 107" s7") and an XDR model. Density n = 10° em >,
and G, = 10°°/F = 1.6 ergs s ' em ?). The CO" abundance 1s at least an order of magnitude larger in the XDR._
A ?
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* The levels are arranged as follows: 0 = ground state, 1 = first excited state, and 2 = second excited state.

® For three-level systems, the energies listed are £, E;,,. and E_ |, respectively.

# The wavelength in microns; note that the 2 =0 transition is generally forbidden.

# The critical densities {see rext) are listed to achieve LTE in levels 1 and 2, respectively, T, = T/100 K. The power law fits for the three level systems are

ageurate to 30% in the temperature range 30 K - T - 3000 K.

* The spontaneous transition rates listed in order A,,, A, and 4, These are taken from Aller (1984). Garstang 1958, 1962, 1964, 1968, Grevesse,
Musshaumer, and Swings 1971; and Wicse er al. 1966, 1969,

¥ The rate coefficients for collisional deexcitation are listed in the same order. They are calculated from formulae given by Bahcall and Woll 1968 with the
exceptions C 1 and O 1 (Launay and Rouweff 1977a), C u (Launay and Roweff 19778), Fen {Aannestad 1973), Ne u (Osterbrock 1974). Proton rates are
subatituted for electron rates for newtral target atoms.

= 5 _is the column density of hydrogen nueclei which provide unit optical depth at line center, assuming solar abundances of the species in the lower state of

the transition. Hollenbach & Mckee, 1989, ApJ 342, 306
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PDR Diagnostics

s I « Absolute intensities always involve

MWC 1080 Sa5 an (unknown) filling factor
L OMN-OFF { 4
~ 15 * Lorenzetti et al (1999) used the
EE [O|]63um/[C”]157um.and _ !
S [OI]_63Hm/[0I]145w_n Intensity ratios to
= derive the physical conditions of the
Ei LkHo234 | ras 12406 | PDRs associated with Herbig Ae/Be
wmsTos stars based on ISO data.
— — Log 44,
0.5 11 Log n
[ I [ | L | Lo
0 0.5 1 1.5 2
Log([01]ganm/ [CIT], 55 0m)

Fig.4. Observed line ratios superimposed to PDR model (see text).

Credit: Slide by A. Fuente, M. Wolfire
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Physical structure

* Temperature

— heating II]

— cooling . .
* Density
 Geometry

« Dynamics
@ [Cii) on HCO® in NGC3603 'E’)r‘};

.=

d ["f(;vom 11 15 03.0 —5_1 15 54.1 B
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Gas heating

1. FUV photons

Photoelectric heating

vibrational deexcitation of electronically pumped H,
H, formation heating

gas-grain collisions

photodissociation of H,

lonization of atomic carbon

2. Cosmic rays/X-rays
3. Shocks
4. Turbulence

2% -
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H, pumping

UV Pumping of H,

\ 10-15%

»= Dissociation
IR \% Collisional
Fluorescence Deexcitation, Heating

45 . -3
"<"cr"10 cm n>ng

Tielens & Hollenbach 1999

line absorption of FUV photons pumps
electronically excited state (Lyman,
Werner bands)

— 10-15 % fluoresce back to vib. continuum of
the ground el. state — photo-dissociation

— 85-90 % fall back to bound vib. states of the
el. ground state
— E,,~ 2 eV available for heating

efficient at high densities

'uw) 44 % 102Gy

_— 11 :
nly, = 2.9 % 107 nayk, [| + {— t T exp[ —1000/T]

|
ergcm - 8
n

L
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H, formation heating

hydrogen

H, forms on dust surfaces
binding energy of H, ~ 4.5 eV

newly formed H, molecules are released
Into the gas-phase and carry away part
of the binding energy as kinetic and
Internal energy

— heating via collisions

& K.

R seoEsseRDR — / __12 - .,—_:I‘ —1
T Ceoescsece r]_]1 form — 2.4 x 10 RH; form "TH €IrZ CIMN ~ S

@ g
o D LEBEOE
BLOETSDOOLEOSGEBSDED

R0 H, fOrmation rate

Langmuir-Hinshelwood Elay-Rideal
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H, formation heating

« H-binding to the grain surface

formation efficiency : : A,
| determines its mobility and

2 . | ] resistance against thermal

] s ] deso rptl on

. \ o — weak binding (physisorption), T<50-
F 0.¢ , | \\ f 80K

B | | N ] — strong binding (chemisorption),

0.4 — | ';\ silicates ™~ \I _ T<~500-800 K

02 b [I | ‘\- \"l‘ :

i . g "1"
oL ‘ ‘ “JJHH;‘II ‘ L~ L ] ‘:"L\
007 5 10 50 100 500 1000

Ty [K]

Cazaux & Tielens (2002, 2010)
Chemisorption leads to efficient H, formation at high temperatures
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carbonaceous

silicates




H, formation heating [erg/s/cm’ |

WDO01-7 model
— SDS89

- - - C&T(2002)
- C&T(2002) no PAH's

WDO1-7 model
_ SDR&9
—__ C&T(2002)
. C&T(2002) no PAH's




WDO01-7 model
— SD%9
__ C&T(2002)
® SDS9 T e C&T(2002) no PAH'S

m CT
¢ CTnoPAH's

WDOI -7 model

| Ty [K knys|




Radiative line cooling

 When a transition of a species is excited
collisionally and decays radiatively, the
transition energy Is carried away by
photons and the gas is cooled.
« Coolant conditions:
— abundant

— collisionally excitable energy levels given
ISM conditions

— rapid decay times (large A;)
 (Good coolants:
C+’ O’ C’ CO, HZO
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B(rot):
600

57.63597 GHz

500

400 -

300

Energy in Kelvins

200 -

100

14

09

08

07

06

05

04

03
02

83
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Levels

CO

De = 1.8357E-04 GHz

Dipole Mom = 0.112 Debye
Quantum Level Energy Above
Numbers Degeneracy Ground
JKKL (Kelvins)
00 1. 0.00
01 3. 5.53
02 5. 16.60
03 7. 33.19
04 9. 55.32
05 11. 82.97
08 13. 116.186
o7 15. 154.87
08 17. 199.11
09 19. 248.87
10 21. 304.16
11 23. 364.97
12 25. 431.29
13 27. 503.13
14 29. 580.49
QN(low) Freq A(U-L) B(L-U) Log(Tau)
J K K1 (GHz) relative
00 115271 7.45E-08 9.90E+06  0.08
o1 230.538 7.16E-07 6.60E+06  0.62
02 345.796 2.59E-06 5.94E+06 0.87
03 461.041 6.36E-06 5.66E+06 0.98
04 576.268 1.27E—-05 5.50E+06  1.00
05 691.473 2.23E-05 5.40E+06  0.94
06 806.652 3.58E-05 5.33E+06 0.82
07 921.800 5.38E-05 5.28E+06 0.63
08 1036.912 7.71E-05 5.24E+06 0.40
09 1151.985 1.06E—04 5.21E+06  0.11
10 1267.014 1.42E-04 5.19E+06 —0.22
11 1381.994 1.85E-04 5.17E+06 —0.60
12 1496.923 2.36E—-04 5.15E+06 —1.03
13 1611.791 2.95E-04 5.13E+06 —1.50

Radiative line cooling

When a transition of a species Is excited
collisionally and decays radiatively, the
transition energy Is carried away by
photons and the gas is cooled.
Coolant conditions:

— abundant

— collisionally excitable energy levels given
ISM conditions

— rapid decay times (large A;)
Good coolants:
C+’ O’ C’ CO, HZO
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rel. density

rel. density

n=10°, y=10%

rel, density

rel. density

n=10%, y=10°

107 107*

n=10°, y=10°

— PE

--- H vib—deesc.
-+ H form

— [CT coling
==+ [0 cocling
.+ COcooling
— [CT; cosling

10727

h-‘---'.h'_...-‘--h--q
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n=10%, y=10¢

FE

H; vib—deexnc.
H; form

[C11] cooling
[OI]z cooling
CO cooling
[CI]z cooling
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rel. density

rel. density

1078 10735
10718 10!
w7 107!
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£
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Z
S 00
10721 L
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107 n=10° y=10" 1072 n=10°, y=10°
~
103 . . 1025 . "
10°¢ 0% 104 1073 107 107 100 10! 107¢ 107? 107*

— PE

--- Hy vib—deexc.
-+ H form

— (€Il cooling
==+ [0l}; cooling
«++ COcooling
— (€T cooting

—_
q
o
T

5
[
oo

Ty

grains become neutral

n=103,g=105 L

FE

H; vib—deexnc.
H; form

[CII] cooling
[OT]z cooling
CO cooling
[CI]z cooling

10727
1078

w2 1wt 1073



rel. density

rel. density

n=10° y=10"

rel, density

rel. density

n=10%, y=10°

n=10°, y=10°

— FE

--- Hy vib—deexc.

- Hy form
— [CT]] cooling,
-+ [O1}; cocling
-+ COcooling

10727

n=105, ¥= 104

FE

H; wvib—deexc.
H; form

[CTI] cooling
[Ol]z cooling
CO cooling
[CI]z cooling

107¢




rel. density

rel. density

n=10°, y=10*

10

n=10° y=10"

rel, density

n=10%, y=10°

— FE

--- Hy vib—deexc.

- Hy form
— [CT]] cooling,
- [Ol]; cooling

-+ COcooling

rel. density

n=10°, y=10°

FE

H; vib—deexnc.

H; form
[CIT] cooling
[Ol]z cooling
CO cooling
[CI]z cooling




