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Physical and chemical evolution 
are intimately linked

• Atoms and molecules provide the 
cooling
‣ Ly-α HI 
‣ Fine structure lines: [C II], [O I],…
‣ Rotational lines: H2, CO, OH, 

H2O…

• Molecular observations give insight 
on the physics
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Both  large scale and small scale MHD simulations 
reach approximately same conclusion:

• Atomic and molecular clouds form by 
converging flows of the WNM
‣ Produce a turbulent shocked thermal 

unstable layer which fragments
‣ Turbulence maintained by interaction with 

the WNM
• Gravity takes over when enough gas has 

accumulated

6 E. Audit and P. Hennebelle: Thermal condensation in atomic hydrogen

Fig. 4. Density and velocity fields for a very turbulent forcing (ϵ = 4). The longest arrow represents a velocity of about 17 km s−1.

Fig. 5. Spatial zoom of Fig. 4. The longest arrow represents a velocity of about 13 km s−1.

Sharp transitions can be seen between the warm phase and
the filaments of thermally unstable gas as well (see for example
the front at x ≃ 11.2 , y ≃ 11.3 pc).

There are more cold structures than in the previous case
(ϵ = 0 .5) but they are relatively less dense. This suggests that
turbulence promotes the fragmentation of thermally unstable

medium and that due to the more random motions (i.e. less or-
ganised than for the case ϵ = 0 .5) the average thermal pressure
(due to the high ram pressure) of the medium is reduced.

The cold structures are clearly associated with the unstable
gas since they are often linked to other cold structures by a

Audit & Hennebelle 2005

Bonnell et al. 2013
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Interstellar clouds are continuously evolving 
objects and strongly coupled to their 

environment

6 E. Audit and P. Hennebelle: Thermal condensation in atomic hydrogen

Fig. 4. Density and velocity fields for a very turbulent forcing (ϵ = 4). The longest arrow represents a velocity of about 17 km s−1.

Fig. 5. Spatial zoom of Fig. 4. The longest arrow represents a velocity of about 13 km s−1.

Sharp transitions can be seen between the warm phase and
the filaments of thermally unstable gas as well (see for example
the front at x ≃ 11.2 , y ≃ 11.3 pc).

There are more cold structures than in the previous case
(ϵ = 0 .5) but they are relatively less dense. This suggests that
turbulence promotes the fragmentation of thermally unstable

medium and that due to the more random motions (i.e. less or-
ganised than for the case ϵ = 0 .5) the average thermal pressure
(due to the high ram pressure) of the medium is reduced.

The cold structures are clearly associated with the unstable
gas since they are often linked to other cold structures by a

Audit & Hennebelle 2005

Bonnell et al. 2013
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Both  large scale and small scale MHD simulations 
reach approximately same conclusion:

• Atomic and molecular clouds form by 
converging flows of the WNM
‣ Produce a turbulent shocked thermal 

unstable layer which fragments
‣ Turbulence maintained by interaction with 

the WNM
• Gravity takes over when enough gas has 

accumulated

Dynamical evolution



ANRV284-AA44-09 ARI 28 July 2006 14:14

100

10-1

10-2

n(
X

)/
n H

N H  (cm-2)

10-3

10-4

10-5

10-6

2 x 1019

H

e

C+ C CO

Diffuse
atomic

Diffuse
molecular

Dense
molecular

Translucent

H 2

8 x 10211 2 4 6

Figure 1
Results from photodissociation region model [with nH = 100 cm−3 and χUV = 1] from
Neufeld et al. (2005), illustrating the revised definitions of cloud types.

Our proposed classification of cloud types may be easily reconciled with the work-
ing definition that infrared astronomers sometimes use to designate “diffuse” versus
“dense” sightlines. For an infrared astronomer, a line of sight showing no evidence of
ice coatings on grains is considered “diffuse” even though the total visual extinction
may be ten or more magnitudes. For instance, several lines of sight in Cygnus, such
as the very well-studied clouds toward Cygnus OB2 12, have large total extinctions
but are considered diffuse because they show no ices. In our view these sightlines
may be interpreted simply as extended aggregations of diffuse atomic and/or diffuse
molecular clouds as defined below.

2.2. Definitions of Key Quantities
There are a number of important quantities that are useful in describing lines of sight,
and for classifying the nature of parcels of gas. To make our notation clear, we collect
the definitions of these quantities here.

We define the local number density (in cm−3) of a certain species X to be n(X).
The directly observable quantity is not the number density, but the column density
(essentially the integral of the number density along the line of sight), which we denote
N(X). For a given atom Y, we define the total number density of its nuclei to be nY; for
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2. THE CLASSIFICATION OF DIFFUSE CLOUDS

2.1. General Comments

Early models (e.g., McKee & Ostriker 1977) classified the ISM into three phases:
the Cold Neutral Medium (CNM), often referred to as clouds; the Warm Ionized
Medium or Warm Neutral Medium (WIM or WNM), which is sometimes considered
the boundary layers of the CNM; and the Hot Ionized Medium (HIM), which is
sometimes referred to as the intercloud medium or the coronal gas. These phases are
thought to be in approximate pressure equilibrium with one another (see Savage &
Sembach 1996 or Cox 2005 for a general description of the physical conditions and
phases in the galactic ISM).

The CNM itself appears to contain a variety of cloud types, spanning a wide
range of physical and chemical conditions. The densest clouds that are most pro-
tected from UV radiation from stars are variously referred to as dense clouds, dark
clouds, or molecular clouds. The most tenuous clouds, fully exposed to starlight, are
usually called diffuse clouds. Clouds that fall in between these two extremes are often
referred to as translucent clouds. Unfortunately, the application of these categories
has not been uniformly consistent in the literature; here we propose a new system-
atic classification for cloud types. Our proposed classifications are summarized in
Table 1, and illustrated using a chemical model in Figure 1.

We wish to emphasize that the ISM is inherently complex in its structure, and
though theorists and observers prefer to think of isolated, homogenous clouds, most
real sightlines probably consist of a mixture of different types of clouds. In some
cases, a sightline may consist of a concatenation of discrete clouds, whereas in other
cases the gas may have an “onion-like” structure, with dense cloud material in the
center, surrounded by translucent gas, which is in turn surrounded by more diffuse
gas.

Because of this complexity, our classification of “cloud types” is intended to reflect
the local conditions in a parcel of gas, rather than the overall properties of a larger
structure. In particular, one must keep in mind that the definitions do not refer to line-
of-sight properties. Although line-of-sight properties are the most easily observed
ones, observational technology (especially the development of ultra-high resolution
spectrographs) is now making it possible for astronomers to better estimate local
properties (or, at least, the average properties of individual parcels of gas).

Table 1 Classification of Interstellar Cloud Types

Diffuse Atomic Diffuse Molecular Translucent Dense Molecular
Defining Characteristic f n

H2 < 0.1 f n
H2 > 0.1 f n

C+ > 0.5 f n
C+ < 0.5 f n

CO < 0.9 f n
CO > 0.9

AV (min.) 0 ∼0.2 ∼1–2 ∼5–10
Typ. nH (cm−3) 10–100 100–500 500–5000? >104

Typ. T (K) 30–100 30–100 15–50? 10–50
Observational
Techniques

UV/Vis
H I 21-cm

UV/Vis IR abs
mm abs

Vis (UV?) IR abs
mm abs/em

IR abs
mm em
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AV

f(H2) =
2N(H2)

N(H) + 2N(H2)

Molecular fraction

Visual extinction

Snow and Mc Call 2006

AV ⇠ 5.8⇥ 10�22

 
NH

1 cm�2

!
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2. THE CLASSIFICATION OF DIFFUSE CLOUDS

2.1. General Comments

Early models (e.g., McKee & Ostriker 1977) classified the ISM into three phases:
the Cold Neutral Medium (CNM), often referred to as clouds; the Warm Ionized
Medium or Warm Neutral Medium (WIM or WNM), which is sometimes considered
the boundary layers of the CNM; and the Hot Ionized Medium (HIM), which is
sometimes referred to as the intercloud medium or the coronal gas. These phases are
thought to be in approximate pressure equilibrium with one another (see Savage &
Sembach 1996 or Cox 2005 for a general description of the physical conditions and
phases in the galactic ISM).

The CNM itself appears to contain a variety of cloud types, spanning a wide
range of physical and chemical conditions. The densest clouds that are most pro-
tected from UV radiation from stars are variously referred to as dense clouds, dark
clouds, or molecular clouds. The most tenuous clouds, fully exposed to starlight, are
usually called diffuse clouds. Clouds that fall in between these two extremes are often
referred to as translucent clouds. Unfortunately, the application of these categories
has not been uniformly consistent in the literature; here we propose a new system-
atic classification for cloud types. Our proposed classifications are summarized in
Table 1, and illustrated using a chemical model in Figure 1.

We wish to emphasize that the ISM is inherently complex in its structure, and
though theorists and observers prefer to think of isolated, homogenous clouds, most
real sightlines probably consist of a mixture of different types of clouds. In some
cases, a sightline may consist of a concatenation of discrete clouds, whereas in other
cases the gas may have an “onion-like” structure, with dense cloud material in the
center, surrounded by translucent gas, which is in turn surrounded by more diffuse
gas.

Because of this complexity, our classification of “cloud types” is intended to reflect
the local conditions in a parcel of gas, rather than the overall properties of a larger
structure. In particular, one must keep in mind that the definitions do not refer to line-
of-sight properties. Although line-of-sight properties are the most easily observed
ones, observational technology (especially the development of ultra-high resolution
spectrographs) is now making it possible for astronomers to better estimate local
properties (or, at least, the average properties of individual parcels of gas).

Table 1 Classification of Interstellar Cloud Types

Diffuse Atomic Diffuse Molecular Translucent Dense Molecular
Defining Characteristic f n

H2 < 0.1 f n
H2 > 0.1 f n

C+ > 0.5 f n
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CO < 0.9 f n
CO > 0.9

AV (min.) 0 ∼0.2 ∼1–2 ∼5–10
Typ. nH (cm−3) 10–100 100–500 500–5000? >104

Typ. T (K) 30–100 30–100 15–50? 10–50
Observational
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Figure 7
Relationship between H2O (black), CO ( green), CO2 (red ), and CH3OH (blue) ice column densities and
extinction AV for quiescent lines of sight in nearby clouds and cores. Upper limits are indicated by open
symbols. The lines represent linear fits to the detections. For H2O, data points are shown for the Taurus
(circles and solid line) and Lupus IV (asterisks and dash-dotted line) clouds, as well as the L183 (triangles and
dashed line) and IC 5146 (squares and dotted line) cores. For CO and CO2, the data points are for Taurus only,
and for CH3OH they are for a variety of dense cores. The data were taken from Chiar et al. (1995, 2011),
Boogert et al. (2011, 2013), and Whittet et al. (2007, 2013).

Boogert et al. 2011). The absence of the 4.62-µm “XCN” feature (Whittet et al. 1985, Noble et al.
2013) is sometimes interpreted as a lack of processing, but, more likely, it is related to insufficient
CO freeze-out (Sections 6.1 and 8).

5.2. Envelopes of Massive Young Stellar Objects in the Galactic Disk
A sample of ∼20 MYSOs (luminosities above 104 L⊙, masses above 10 M⊙) in the Galactic Disk
has been studied extensively in the ice features, using mostly data from ISO. We refer to reviews
by Gibb et al. (2004), Boogert & Ehrenfreund (2004b), and Dartois (2005) for historical work.
Few new observations of these objects have been published since the launch of Spitzer in 2003, but
the earlier data have been reanalyzed with new methods or included as comparison objects with
LYSOs in later work (Boogert et al. 2008, Pontoppidan et al. 2008). MYSOs in the GC region
are discussed in Section 5.5.
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Boogert  et al. 2015 Interstellar ices

Traced by their molecular vibrational 
transitions in the NIR and FIR: λ ~ 1 - 100 μm 

Mainly consist of H2O, CO, CO2, CH4, NH3, 

H2CO and CH3OH

Evidence for the presence of more complex 
molecules (e.g. HCOOH, CH3CH2OH, 
CH3CHO, SO2, N2, O2, HCN, OCS, …) 

Snow and Mc Call 2006
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Wide variety of simple molecules in the 
diffuse/translucent medium

Herschel and SOFIA have provided a 
comprehensive view of FIR and sub-mm 
universe 

• Velocity resolved observations
• New molecules: OH+, H2O+, H2Cl+, 

ArH+, …

Figure 5

Absorption spectra observed toward W31C. Left panel from top to bottom: spectra of H2S 110 � 101 at 168.8 GHz
(based on data published by Neufeld et al. (2015a)); CH 2⇧3/2 J = 3/2 �2 ⇧1/2 J = 1/2 at 532.7/536.8 GHz
(Gerin et al. 2010a); SH 2⇧3/2 J = 5/2� 3/2 at 1381 GHz Neufeld et al. (2015a); HF J = 1� 0 at 1232 GHz; H2O
111 � 000 at 1113 GHz (Neufeld et al. 2010); NH JN = 21 � 10 at 974.5 GHz; NH3 JK = 21 � 11 at 1215.2 GHz
(Persson et al. 2010). Right panel from top to bottom: Hi 21 cm (Winkel et al. in preparation); 12CH+ J = 1 � 0 at
835.1 GHz; 13CH+ J = 1 � 0 at 830.2 GHz (Godard et al. 2012); ArH+ J = 1 � 0 at 617.5 GHz (Schilke et al.
2014); OH+ 2⇧3/2 J = 5/2 � 3/2 at 971.8 GHz; H2O+ 111 � 000 at 1115 GHz (Gerin et al. 2010b); H2Cl+

111 � 000 at 485.4 GHz (Neufeld et al. 2012). For species with a partially-resolved hyperfine splitting (CH, SH,
NH, OH+, H2O+), black histograms show the observations and color histograms show the hyperfine-deconvolved
spectra. For clarity, the spectra are separated by vertical o↵sets. The ArH+ spectrum is expanded by a factor 4 (in
addition to being translated) so that the relatively weak absorption is clearer.

OH+; SOFIA observations have enabled the first detection of interstellar SH, and the first heterodyne
observations of the 2.5 THz ground state rotational line of OH.SOFIA: The

Stratospheric
Observatory For
Infrared Astronomy is
an airborne 2.7 m
telescope, covering the
wavelength range 1 -
655 µm, operated by
NASA and the German
Aerospace Center
(DLR).

Submillimeter absorption-line studies with Herschel and SOFIA have typically made use of strong
continuum sources in the Galactic plane, at distances up to ⇠ 11 kpc from the Sun and with sightlines
that can intersect multiple di↵use clouds in foreground spiral arms. Thanks to the di↵erential rotation
of the Galaxy, di↵erent di↵use clouds along a single sightline give rise to separate velocity components
in the observed absorption spectra. Herschel observations have been performed towards ⇠ 20 such
continuum sources, revealing ⇠ 100 distinct components in which molecular column densities can be
determined.

Figure 5 shows the spectra of a dozen hydride molecules observed along the sightline to W31C, a
region of high-mass star formation located 4.95 kpc from the Sun, along with the Hi 21 cm absorption
line. All the spectra shown in Figure 5 show clear evidence for absorption by foreground material in

14 Maryvonne Gerin, David A. Neufeld and Javier R. Goicoechea
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NH, OH+, H2O+), black histograms show the observations and color histograms show the hyperfine-deconvolved
spectra. For clarity, the spectra are separated by vertical o↵sets. The ArH+ spectrum is expanded by a factor 4 (in
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region of high-mass star formation located 4.95 kpc from the Sun, along with the Hi 21 cm absorption
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14 Maryvonne Gerin, David A. Neufeld and Javier R. Goicoechea

More complex molecules are also present:
• Ubiquitous presence l-C3H and 

CH3CN (Liszt et al. 2018) 
• Complex organic molecules (COMs) 

(Thiel et al 2017)

Gerin et al.  2016

Diffuse/translucent clouds
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Diffuse/translucent clouds

The Astrophysical Journal, 800:40 (26pp), 2015 February 10 Indriolo et al.

Figure 11. Same as Figure 2 but for W49N.

Figure 12. Same as Figure 2 but for W51e.

instance of hydrogen ionization results in the formation of OH+

due to the backward version of reaction (2) and the neutralization
of protons on dust grains and PAHs (Wolfire et al. 2003; Liszt
2003; Hollenbach et al. 2012). To accommodate this fact, we
follow Neufeld et al. (2010) in introducing the efficiency factor,
ϵ, on the left-hand side of Equation (13). Given the same

Figure 13. Same as Figure 2 but for AFGL 2591.

Figure 14. Same as Figure 2 but for DR21C.

assumptions as above, substitution and rearrangement leads to

ϵζH = N (OH+)
N (H)

nH

[
fH2

2
k4 + xek5

]
, (14)

and the substitution of Equation (12) for fH2 to

ϵζH = N (OH+)
N (H)

nHxe

[
k7

N (OH+)/N (H2O+) − k6/k4
+ k5

]
.

(15)
In addition to the column densities of OH+ and H2O+, this
analysis also requires the column density of atomic hydrogen,
N (H), and values are reported in Table 5. In several of our
target sight lines N (H) is determined from 21 cm absorption

13
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From Mc Call 2001

Most of these molecules have simple chemistry:
• Chemical model in relatively good 

agreement with most of the abundant 
molecules

• Robust tracers of the physical conditions

ζH ~ 10-16 s-1 in diffuse clouds
➔ confirm estimation based on H3+

Balance between formation/destruction:
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Physics and chemistry in PDRs

J. Pety et al.: Are PAHs precursors of small hydrocarbons in photo-dissociation regions? 887

Table 1. Observation parameters.

Phase center Number of fields

Mosaic 1 α2000 = 05h40m54.27s δ2000 = −02◦28′00′′ 7

Mosaic 2 α2000 = 05h40m53.00s δ2000 = −02◦28′00′′ 4

Molecule and Line Frequency Beam PA Noisea Obs. date

GHz arcsec ◦ K km s−1

Mosaic 1

c-C3H2 21,2−10,1 85.339 6.13 × 4.75 36 3.1×10−2 Mar. 2002 and Apr. 2002

C4H-1 N = 9−8, J = 19/2−17/2 85.634 6.11 × 4.74 36 2.6 × 10−2 Mar. 2002 and Apr. 2002

C4H-2 N = 9−8, J = 17/2−15/2 85.672 6.11 × 4.74 36 3.4 × 10−2 Mar. 2002 and Apr. 2002

CCH-1 N = 1−0, J = 3/2−1/2 F = 2−1 87.316 7.24 × 4.99 54 3.4 × 10−2 Dec. 2002 and Mar. 2003

CCH-2 N = 1−0, J = 3/2−1/2 F = 1−0 87.328 7.24 × 4.99 54 2.5 × 10−2 Dec. 2002 and Mar. 2003

CCH-3 N = 1−0, J = 1/2−1/2 F = 1−1 87.402 7.24 × 4.99 54 3.4 × 10−2 Dec. 2002 and Mar. 2003

CCH-4 N = 1−0, J = 1/2−1/2 F = 0−1 87.407 7.24 × 4.99 54 2.3 × 10−2 Dec. 2002 and Mar. 2003

C18O J = 2−1 219.560 6.54 × 4.31 65 9.8 × 10−2 Mar. 2003

Mosaic 2
12CO J = 1−0 115.271 5.95 × 5.00 65 1.2 × 10−1 Nov. 1999
12CO J = 2−1 230.538 2.97 × 2.47 66 1.7 × 10−1 Nov. 1999

a The noise values quoted here are the noises at the mosaic center (Mosaic noise is inhomogeneous due to primary beam correction; it steeply
increases at the mosaic edges). Those noise values have been computed in 1 km s−1 velocity bin.

Fig. 1. The field of view covered when mapping small hydrocarbons
at 3.4 mm with the Plateau de Bure Interferometer (PdBI) is shown as
a square over this ESO–VLT composite image (B, V and R bands) of
the Horsehead nebula. Each circle indicates the 3.4 mm primary beam
of the PdBI at one of the 7 observed positions. Those positions are
largely oversampled at the hydrocarbon wavelength (3.4 mm) to en-
sure simultaneous Nyquist-sampling at 1.4 mm used to observe C18O.
A linear combination of the 7 pointed observation is done to obtain
the final dirty image.

large oversampling at 3.4 mm. This mosaic, centered on the
IR peak, was observed for about 6h of on-source observing

time per configuration. The rms phase noises were between 15
and 40◦ at 3.4 mm, which introduced position errors <0.5′′.
Typical 3.4 mm resolution was 6′′.

2.2.2. CCH and C18O

As a follow-up, we carried out observations of CCH at PdBI
with 6 antennae in CD configuration during December 2002
and March 2003. We used a similar correlator setup: three
20 MHz-wide windows were centered so as to get the four
3.4 mm hyperfine components of CCH; one 20 MHz-wide win-
dow was centered on the C18O (J = 2−1) frequency; the re-
maining windows were used to observe continuum at 3.4
and 1.4 mm.

Exactly the same mosaic (center and field-pattern) and ap-
proximately the same on-source observing time per configu-
ration (∼6 h) as before were used. The rms phase noises were
between 10 and 40◦ except during 4 h in D configuration where
they were between 8 and 20◦ at 3.4 mm. The data of those 4 h
have been used to build the C18O map as the 1 mm phase noises
were then low enough (between 20 to 45◦). We thus ended up
with a 6′′ typical resolution both at 3.4 mm and 1.4 mm. Both
CCH and C18O were easily mapped while no continuum was
detected at a level of 2 mJy/beam in a 6′′-beam.

2.2.3. 12CO

As part of another project (A. Abergel, private communica-
tion), the 12CO (J = 1−0) and 12CO (J = 2−1) lines were
simultaneously observed during 6h on-source at PdBI in
November 1999 (only 5 antennae were then available) in
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PDRs are good target to test our understanding of the 
physics and the chemistry:

• Many of the physical and chemical processes that 
regulate diffuse clouds are identical to those in dense 
PDRs

• High surface brightness
• Spatially resolved
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Figure 2. Display of the images obtained with the IRAM PdBI and NRAO
VLA (for NH3) towards the Horsehead nebula. The H2 2.1 µm image is from
Habart et al. (2005) and the ISOCAM 7.7 µm image from Abergel et al.
(2003). Short spacings from the IRAM-30m (or Effelsberg 100m for NH3)
have been combined with the interferometer data to restore images with all
spatial scales. The levels and color scale are shown on the right side of each
map. The telescope beam is shown as a grey circle in the lower left corner.
All maps have been rotated by 14◦ counter-clock wise in order to display the
PDR edge vertically. This edge is shown as the red vertical line. The white
lines are drawn to help localize the main structures.

3. Chemical gradients

3.1. Determination of chemical abundances

Molecular line emission does not directly probe the abundances of a given
species, even when several lines of the same species are detected. A minimum
treatment of the molecular excitation and line radiative transfer is often needed
to distinguish “excitation gradients” from true “chemical variations”. Our strat-
egy is always to observe several rotational lines of the same species (sometimes
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Physics and chemistry in PDRs
C. Joblin et al.: Structure of photodissociation fronts revealed by high-J CO emission lines

Fig. 1. Composite images of the Orion Bar (top) and NGC 7023 (bot-
tom). Red indicates the 8 µm emission observed with Spitzer. Green
shows the vibrationally excited emission of H2 from Lemaire et al.
(1996) and van der Werf et al. (1996) for NGC 7023 and Orion Bar,
respectively. Blue shows the 12CO emission, J = 6-5 for the Orion Bar
(Lis & Schilke 2003) and J = 1 � 0 for NGC 7023 (Gerin et al. 1998).
The circles represent the HPBW of Herschel at 550 GHz and 1900 GHz.
The square indicates the position of the central spaxel of the PACS ob-
servations.

bright thin filaments were revealed by high angular resolution
images in the Extended Red Emission (ERE), vibrationally ex-
cited H2 emission lines (Sellgren et al. 1992; Lemaire et al. 1996;
Witt et al. 2006) and in HCO+ millimeter lines (Fuente et al.
1996a). These structures also correspond to enhanced emission
in polycyclic aromatic hydrocarbon (PAH) emission (An & Sell-
gren 2003; Berné et al. 2007), in [O I] (63 and 145 µm) and
[CII] (158 µm) lines (Bernard-Salas et al. 2015), and in warm
CO and dust emission (Rogers et al. 1995; Gerin et al. 1998;
Köhler et al. 2014; Bernard-Salas et al. 2015). From these ob-
servations emerges a picture of the NGC 7023 NW morphol-
ogy in which the PDR interface is made of filamentary struc-
tures at high-density, nH ⇠ 105 � 106 cm�3 (Martini et al. 1997;
Lemaire et al. 1996; Fuente et al. 1996a), which are embedded
in a more di↵use gas with nH ⇠ 103 � 104 cm�3 (Chokshi et al.
1988; Rogers et al. 1995). This filamentary structure is observed
at small spatial scales of 0.004 pc or less. Whereas it is composed
of detached filaments or the result of compressed sheets is still
unclear (Lemaire et al. 1996; Fuente et al. 1996a). Because of its
geometry, brightness and proximity, the NW PDR of NGC 7023
turned out to be one of the best sites to study the physical and
chemical processes taking place in a PDR.

Fig. 2. 12CO and 13CO lines observed with HIFI toward NGC 7023 (left)
and the Orion Bar (right). The vertical red line indicates the systemic
velocity of the source.

2.2. The Orion Bar

The Orion Bar PDR lies ⇠ 20 SE of the Trapezium stars clus-
ter: ✓1 Orionis C, A and E (Simón-Díaz et al. 2006; Allers et al.
2005), a cluster of O and B stars that creates a H ii region that
penetrates into the parent molecular cloud. The UV intensity im-
pinging on the PDR has been estimated to be G0 = 1�4⇥104 in
Habing units (Tielens & Hollenbach 1985; Marconi et al. 1998).
The distance of the Orion nebula has been measured with great
precision by Menten et al. (2007) from trigonometric parallax,
yielding a value of 414±7 pc. An angular distance of 1 arsecond
corresponds therefore to 2 ⇥ 10�3 pc. Because of its proximity
and edge-on geometry, the Bar is one of the most studied PDRs.
It is the prototype PDR associated with massive-star formation,
which can be used as a template for more distant regions in-
cluding extragalactic studies. Hogerheijde et al. (1995) reported
spatial observations of the Bar in rotational transitions from a
variety of molecules and concluded that the morphology of the
molecular emission is mainly due to the geometry of the Bar
that changes from face-on to almost edge-on and then face-on.
The bright PDR corresponds to the edge-on part. The overall ob-
served spatial stratification of the Bar was found to require an
average density of at least 5 ⇥ 104 cm�3 in order to account for
the observed o↵sets of ionization front and molecular lines (see
also Wyrowski et al. 1997). Most models of the molecular emis-
sion in the Orion Bar used high-density clumps (nH ⇠ 106 � 107

cm�3) embedded in a lower density gas (nH = 5⇥104�105 cm�3).
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Fig. 9. Orion Bar PDR model (Pth = 2.8 ⇥ 108

K cm�3, global scaling factor = 1.3). Top: Evo-
lution of the H nuclei number density and gas
temperature with AV or distance (in 10�3 pc).
Middle: Spatial profile of the local emissivities
of the main tracers. The emissivities have been
scaled so that their maximum in the cloud is 1.
Bottom: Spatial profiles of the abundances of
the species of interest in the model.

single pressure is not su�cient to describe the evolution of gas
density and temperature across the hot/warm irradiated interface
(see also the grey curves in Fig. 7).

5.3.3. Spatial structure

In Figs. 8 and 9, we show the spatial structure of the calcu-
lated PDRs in terms of the gas temperature and H nuclei num-
ber density (upper pannels), of the abundances of the di↵erent
species (lower panels), and of the emission regions of the dif-
ferent lines (middle panels). Our calculations were performed
on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-

dance is seen at 0.6⇥10�3 pc whereas the H/H2 transition occurs
around 1.5 ⇥ 10�3 pc, in NGC 7023. For the Orion Bar, these
values are 5.7 ⇥ 10�3 pc and 6.5 ⇥ 10�3 pc, respectively. Note
that this increase in H2 abundance impacts the penetration of
UV photons, which leads to a significant decrease of the heat-
ing rate and therefore of the temperature in the PDR. The size of
the hot/warm molecular region is ⇠ 1.5 ⇥ 10�3 pc in Orion Bar,
which is a factor of 2 lower than in NGC 7023. Taking into ac-
count the distances to the studied objects this would correspond
to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
files of the highest lines (e. g. J =19-18 or 21-20) exhibit a wide
left tail extending towards the H/H2 transition and accounting
for roughly half of the total emission. This fraction of the emis-
sion comes from a low fraction (fractional abundance ⇠ 10�6)
of CO existing before the C+/C/CO transition. In this region,
we find CO formation to be initiated by CH+ formation as ex-
plained in Sec. 6.1. Emission in the H2 rotational lines spans the
whole warm molecular region, with S(5) peaking close to the
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5.3.3. Spatial structure

In Figs. 8 and 9, we show the spatial structure of the calcu-
lated PDRs in terms of the gas temperature and H nuclei num-
ber density (upper pannels), of the abundances of the di↵erent
species (lower panels), and of the emission regions of the dif-
ferent lines (middle panels). Our calculations were performed
on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-

dance is seen at 0.6⇥10�3 pc whereas the H/H2 transition occurs
around 1.5 ⇥ 10�3 pc, in NGC 7023. For the Orion Bar, these
values are 5.7 ⇥ 10�3 pc and 6.5 ⇥ 10�3 pc, respectively. Note
that this increase in H2 abundance impacts the penetration of
UV photons, which leads to a significant decrease of the heat-
ing rate and therefore of the temperature in the PDR. The size of
the hot/warm molecular region is ⇠ 1.5 ⇥ 10�3 pc in Orion Bar,
which is a factor of 2 lower than in NGC 7023. Taking into ac-
count the distances to the studied objects this would correspond
to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
files of the highest lines (e. g. J =19-18 or 21-20) exhibit a wide
left tail extending towards the H/H2 transition and accounting
for roughly half of the total emission. This fraction of the emis-
sion comes from a low fraction (fractional abundance ⇠ 10�6)
of CO existing before the C+/C/CO transition. In this region,
we find CO formation to be initiated by CH+ formation as ex-
plained in Sec. 6.1. Emission in the H2 rotational lines spans the
whole warm molecular region, with S(5) peaking close to the
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on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-
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ing rate and therefore of the temperature in the PDR. The size of
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to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
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• Thermal balance, chemistry and radiative 
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Fig. 1. Composite images of the Orion Bar (top) and NGC 7023 (bot-
tom). Red indicates the 8 µm emission observed with Spitzer. Green
shows the vibrationally excited emission of H2 from Lemaire et al.
(1996) and van der Werf et al. (1996) for NGC 7023 and Orion Bar,
respectively. Blue shows the 12CO emission, J = 6-5 for the Orion Bar
(Lis & Schilke 2003) and J = 1 � 0 for NGC 7023 (Gerin et al. 1998).
The circles represent the HPBW of Herschel at 550 GHz and 1900 GHz.
The square indicates the position of the central spaxel of the PACS ob-
servations.

bright thin filaments were revealed by high angular resolution
images in the Extended Red Emission (ERE), vibrationally ex-
cited H2 emission lines (Sellgren et al. 1992; Lemaire et al. 1996;
Witt et al. 2006) and in HCO+ millimeter lines (Fuente et al.
1996a). These structures also correspond to enhanced emission
in polycyclic aromatic hydrocarbon (PAH) emission (An & Sell-
gren 2003; Berné et al. 2007), in [O I] (63 and 145 µm) and
[CII] (158 µm) lines (Bernard-Salas et al. 2015), and in warm
CO and dust emission (Rogers et al. 1995; Gerin et al. 1998;
Köhler et al. 2014; Bernard-Salas et al. 2015). From these ob-
servations emerges a picture of the NGC 7023 NW morphol-
ogy in which the PDR interface is made of filamentary struc-
tures at high-density, nH ⇠ 105 � 106 cm�3 (Martini et al. 1997;
Lemaire et al. 1996; Fuente et al. 1996a), which are embedded
in a more di↵use gas with nH ⇠ 103 � 104 cm�3 (Chokshi et al.
1988; Rogers et al. 1995). This filamentary structure is observed
at small spatial scales of 0.004 pc or less. Whereas it is composed
of detached filaments or the result of compressed sheets is still
unclear (Lemaire et al. 1996; Fuente et al. 1996a). Because of its
geometry, brightness and proximity, the NW PDR of NGC 7023
turned out to be one of the best sites to study the physical and
chemical processes taking place in a PDR.

Fig. 2. 12CO and 13CO lines observed with HIFI toward NGC 7023 (left)
and the Orion Bar (right). The vertical red line indicates the systemic
velocity of the source.

2.2. The Orion Bar

The Orion Bar PDR lies ⇠ 20 SE of the Trapezium stars clus-
ter: ✓1 Orionis C, A and E (Simón-Díaz et al. 2006; Allers et al.
2005), a cluster of O and B stars that creates a H ii region that
penetrates into the parent molecular cloud. The UV intensity im-
pinging on the PDR has been estimated to be G0 = 1�4⇥104 in
Habing units (Tielens & Hollenbach 1985; Marconi et al. 1998).
The distance of the Orion nebula has been measured with great
precision by Menten et al. (2007) from trigonometric parallax,
yielding a value of 414±7 pc. An angular distance of 1 arsecond
corresponds therefore to 2 ⇥ 10�3 pc. Because of its proximity
and edge-on geometry, the Bar is one of the most studied PDRs.
It is the prototype PDR associated with massive-star formation,
which can be used as a template for more distant regions in-
cluding extragalactic studies. Hogerheijde et al. (1995) reported
spatial observations of the Bar in rotational transitions from a
variety of molecules and concluded that the morphology of the
molecular emission is mainly due to the geometry of the Bar
that changes from face-on to almost edge-on and then face-on.
The bright PDR corresponds to the edge-on part. The overall ob-
served spatial stratification of the Bar was found to require an
average density of at least 5 ⇥ 104 cm�3 in order to account for
the observed o↵sets of ionization front and molecular lines (see
also Wyrowski et al. 1997). Most models of the molecular emis-
sion in the Orion Bar used high-density clumps (nH ⇠ 106 � 107

cm�3) embedded in a lower density gas (nH = 5⇥104�105 cm�3).
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Fig. 9. Orion Bar PDR model (Pth = 2.8 ⇥ 108

K cm�3, global scaling factor = 1.3). Top: Evo-
lution of the H nuclei number density and gas
temperature with AV or distance (in 10�3 pc).
Middle: Spatial profile of the local emissivities
of the main tracers. The emissivities have been
scaled so that their maximum in the cloud is 1.
Bottom: Spatial profiles of the abundances of
the species of interest in the model.

single pressure is not su�cient to describe the evolution of gas
density and temperature across the hot/warm irradiated interface
(see also the grey curves in Fig. 7).

5.3.3. Spatial structure

In Figs. 8 and 9, we show the spatial structure of the calcu-
lated PDRs in terms of the gas temperature and H nuclei num-
ber density (upper pannels), of the abundances of the di↵erent
species (lower panels), and of the emission regions of the dif-
ferent lines (middle panels). Our calculations were performed
on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-

dance is seen at 0.6⇥10�3 pc whereas the H/H2 transition occurs
around 1.5 ⇥ 10�3 pc, in NGC 7023. For the Orion Bar, these
values are 5.7 ⇥ 10�3 pc and 6.5 ⇥ 10�3 pc, respectively. Note
that this increase in H2 abundance impacts the penetration of
UV photons, which leads to a significant decrease of the heat-
ing rate and therefore of the temperature in the PDR. The size of
the hot/warm molecular region is ⇠ 1.5 ⇥ 10�3 pc in Orion Bar,
which is a factor of 2 lower than in NGC 7023. Taking into ac-
count the distances to the studied objects this would correspond
to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
files of the highest lines (e. g. J =19-18 or 21-20) exhibit a wide
left tail extending towards the H/H2 transition and accounting
for roughly half of the total emission. This fraction of the emis-
sion comes from a low fraction (fractional abundance ⇠ 10�6)
of CO existing before the C+/C/CO transition. In this region,
we find CO formation to be initiated by CH+ formation as ex-
plained in Sec. 6.1. Emission in the H2 rotational lines spans the
whole warm molecular region, with S(5) peaking close to the
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Fig. 9. Orion Bar PDR model (Pth = 2.8 ⇥ 108

K cm�3, global scaling factor = 1.3). Top: Evo-
lution of the H nuclei number density and gas
temperature with AV or distance (in 10�3 pc).
Middle: Spatial profile of the local emissivities
of the main tracers. The emissivities have been
scaled so that their maximum in the cloud is 1.
Bottom: Spatial profiles of the abundances of
the species of interest in the model.

single pressure is not su�cient to describe the evolution of gas
density and temperature across the hot/warm irradiated interface
(see also the grey curves in Fig. 7).

5.3.3. Spatial structure

In Figs. 8 and 9, we show the spatial structure of the calcu-
lated PDRs in terms of the gas temperature and H nuclei num-
ber density (upper pannels), of the abundances of the di↵erent
species (lower panels), and of the emission regions of the dif-
ferent lines (middle panels). Our calculations were performed
on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-

dance is seen at 0.6⇥10�3 pc whereas the H/H2 transition occurs
around 1.5 ⇥ 10�3 pc, in NGC 7023. For the Orion Bar, these
values are 5.7 ⇥ 10�3 pc and 6.5 ⇥ 10�3 pc, respectively. Note
that this increase in H2 abundance impacts the penetration of
UV photons, which leads to a significant decrease of the heat-
ing rate and therefore of the temperature in the PDR. The size of
the hot/warm molecular region is ⇠ 1.5 ⇥ 10�3 pc in Orion Bar,
which is a factor of 2 lower than in NGC 7023. Taking into ac-
count the distances to the studied objects this would correspond
to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
files of the highest lines (e. g. J =19-18 or 21-20) exhibit a wide
left tail extending towards the H/H2 transition and accounting
for roughly half of the total emission. This fraction of the emis-
sion comes from a low fraction (fractional abundance ⇠ 10�6)
of CO existing before the C+/C/CO transition. In this region,
we find CO formation to be initiated by CH+ formation as ex-
plained in Sec. 6.1. Emission in the H2 rotational lines spans the
whole warm molecular region, with S(5) peaking close to the
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K cm�3, global scaling factor = 1.3). Top: Evo-
lution of the H nuclei number density and gas
temperature with AV or distance (in 10�3 pc).
Middle: Spatial profile of the local emissivities
of the main tracers. The emissivities have been
scaled so that their maximum in the cloud is 1.
Bottom: Spatial profiles of the abundances of
the species of interest in the model.

single pressure is not su�cient to describe the evolution of gas
density and temperature across the hot/warm irradiated interface
(see also the grey curves in Fig. 7).

5.3.3. Spatial structure

In Figs. 8 and 9, we show the spatial structure of the calcu-
lated PDRs in terms of the gas temperature and H nuclei num-
ber density (upper pannels), of the abundances of the di↵erent
species (lower panels), and of the emission regions of the dif-
ferent lines (middle panels). Our calculations were performed
on a slab of gas of AV=10. However, we provide here informa-
tion for the region up to AV ⇠5 in which the tracers we selected
emit. Although the thickness and absolute position of the tran-
sitions depend on the characteristics of each PDR, the general
trends can be summarized as follows: the atomic part has a den-
sity of a few 104 cm�3 (close to 105 cm�3 in Orion Bar) followed
by a hot/warm (T = 1000 � 100 K) and relatively dense (few
105 to few 106 cm�3) molecular part. In the Orion Bar model,
the atomic region is found to be significantly more extended
(⇠ 6 ⇥ 10�3 pc) than in NGC 7023 (⇠ 0.5 ⇥ 10�3 pc). It has
been truncated on Fig. 9 for better readability. In both PDRs,
the hot/warm molecular region is found to start significantly be-
fore the H/H2 transition. Indeed a sharp increase of the H2 abun-

dance is seen at 0.6⇥10�3 pc whereas the H/H2 transition occurs
around 1.5 ⇥ 10�3 pc, in NGC 7023. For the Orion Bar, these
values are 5.7 ⇥ 10�3 pc and 6.5 ⇥ 10�3 pc, respectively. Note
that this increase in H2 abundance impacts the penetration of
UV photons, which leads to a significant decrease of the heat-
ing rate and therefore of the temperature in the PDR. The size of
the hot/warm molecular region is ⇠ 1.5 ⇥ 10�3 pc in Orion Bar,
which is a factor of 2 lower than in NGC 7023. Taking into ac-
count the distances to the studied objects this would correspond
to a thickness of ⇠ 2” for NGC 7023 and ⇠ 0.8” for the Orion
Bar, which agrees well with the observations of the filaments in
NGC 7023 and the dilution procedure we adopted to correct the
observed intensities.

Emission in the excited CO lines peaks at the back end of the
warm molecular region, close to the C+/C/CO transition, with
higher-J lines peaking closer to the surface. The emission pro-
files of the highest lines (e. g. J =19-18 or 21-20) exhibit a wide
left tail extending towards the H/H2 transition and accounting
for roughly half of the total emission. This fraction of the emis-
sion comes from a low fraction (fractional abundance ⇠ 10�6)
of CO existing before the C+/C/CO transition. In this region,
we find CO formation to be initiated by CH+ formation as ex-
plained in Sec. 6.1. Emission in the H2 rotational lines spans the
whole warm molecular region, with S(5) peaking close to the
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Difficult to have a complete view on the 
evolution based only on these models: 

• Dynamical effects are generally neglected
• Chemistry assumed to be at equilibrium in 

most of the case. Good approximation 
when tchem < tdyn  ➔ Do not hold in dense 
and shielded regions where tchem ~ tdyn.

UV

Joblin et al. 2018

Models of PDRs:
• Micro-physics treated in great details
• Thermal balance, chemistry and radiative 

transfer equation are coupled and solved 
iteratively 

We get:
• Physical structure
• Molecular abundance
• Line and continuum intensities that can be 

directly compared to observations
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Chemistry of cold dark clouds
Pseudo-time dependent chemical models

chain molecules. For example, the reaction between atomic
oxygen and C2H5 is a main route to CH3CHO in the chemical
scheme of UMIST, although it is not included in the KIDA
network. Also, when using the UMIST network, there are
various neutral−neutral reactions involving C2H and C4H,
which assist in the formation of CH3C4H and CH3C6H,
respectively, while others involving CN contribute to the
formation of CH2CHCN, CH3C3N, and CH3C5N, and these
reactions are not considered in the KIDA network. Taking into
account that the rate constants of many of these neutral−
neutral reactions are mere estimationsthey have not been
either measured in the laboratory or calculated by ab initio
methodsit is not clear which approach, either including or
excluding them, is more correct. In any case the route toward a
better convergence between different chemical networks
involves necessarily the improvement of current chemical
kinetics data.

3.4. Time Scales

Gas-phase pseudo-time-dependent chemical models of cold
dense clouds can explain the observed abundances of a good
number of molecules. Whether the capability of such a model
to reproduce many of the observed abundances is somewhat
fortuitous or a consequence of processes related to dust grains
or cloud dynamics having little influence on the gas-phase
chemical composition is a matter of much debate. Indeed, on
one hand, a good agreement is only achieved at a given time,
and it depends to a large extent on the elemental composition
adopted, and on the other, we know that grain mantles are
formed in these environments. Moreover, gas-phase pseudo-
time-dependent chemical models also have some remarkable
failures, as in the case of methanol. In spite of the above
drawbacks, a useful exercise that permits an overall view of the
goodness of this type of model is to evaluate the fraction of
molecules which are correctly reproduced by the model at
various times. Ideally, the comparison between observed and
calculated abundances should take into account the un-
certainties in both values. On one side, observed abundances
are affected by telescope instrumental errors and by
uncertainties arising from different assumptions during the
process in which spectral line intensities are converted to
fractional abundances. If these sources of uncertainty can be
adequately constrained, then an error can be associated with an
observed abundance, although the scatter of values found by
different observational studies indicates that the uncertainties
given are in many cases too optimistic. Typically, uncertainties
in observed abundances may vary between a factor of 2 and 1
order of magnitude. On the other side, an error in the
calculated abundances due to uncertainties in the reaction rate
constants can also be estimated. Studies which have undertaken
such a task112,170 have found that the uncertainties in the
calculated abundances increase with time (because of the
accumulative effect of the propagation of uncertainties) and
with the degree of complexity of the molecule (because more
reactions are involved in the synthesis) and take values from
somewhat less than a factor of 2, for simple molecules at early
times, to slightly above 1 order of magnitude, for complex
species at late times. For the sake of simplicity, here we merely
consider that there is agreement between observed and
calculated abundances if both values differ by less than 1
order of magnitude.
The fraction of molecules reproduced by the model using the

above order of magnitude criterion is plotted in Figure 6 as a

function of time. We have compared the abundances calculated
using the KIDA and UMIST chemical networks and adopting
oxygen-rich and carbon-rich conditions with the observed
abundances in the chemically rich dark clouds TMC-1 and
L134N (given in Table 4). In the case of TMC-1, under
oxygen-rich conditions the best agreement between observed
and calculated abundances (about 70% of reproduced
molecules) occurs at an early time of (2−3) × 105 yr. At late
times (after 106 yr) the agreement gets considerably worse
mainly because the abundances calculated for complex species,
such as large carbon chain molecules, fall well below the
observed values. On the other side, the carbon-rich models
show the opposite behavior, with a decline in the agreement at
times between 105 and 106 yr (when large carbon chains are
severely overpredicted by the model) and the best agreement
reached outside this range of times (at 104−105 yr and after 106
yr). The better agreement found with the O-rich elemental
abundances compared to C-rich conditions is in contradiction
with previous chemical models.140,170 The difference is related
to the improvement of gas-phase rate coefficients included in
the model, which demonstrates again the importance of such
developments. As concerns L134N, the best agreement (above
70%) is reached under oxygen-rich conditions at a time of (3−
7) × 105 yr, somewhat later than in the case of TMC-1, while
carbon-rich abundances result in a poorer agreement. We note
that if large carbon chain molecules were considered in the
analysis of L134N (abundance upper limits are however not
available; see Table 4), the results would be qualitatively

Figure 6. Fraction of reproduced molecules (for which the observed
and calculated abundances differ by less than a factor of 10) as a
function of time in TMC-1 (upper panel) and L134N (lower panel).
Solid and dashed lines refer to the KIDA and UMIST chemical
networks, respectively. Black lines correspond to the oxygen-rich case,
while red lines correspond to the carbon-rich case.

Chemical Reviews Review

dx.doi.org/10.1021/cr4001176 | Chem. Rev. 2013, 113, 8710−87378730

Agúndez & Wakelam 2013
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• Solve the chemistry as a function of time
• Chemistry in cold dark clouds is pretty well understood



Physical conditions:
• nH = 2x104 cm-3

• T = 10K
• Av = 10 mag
• …

Chemistry of cold dark clouds

• Dark clouds often considered as simple 
objects: physical conditions assumed to be 
constant

• “low-metal abundances” (Graedel et al. 
1982)

• No inherited molecules from the diffuse 
medium ➔ Could have lead to the 
controversial idea of an early time 
chemistry in some of dense clouds (e.g. 
TMC-1)
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But strong assumptions on the transition 
between diffuse and dense medium…



Reflect the lack of information on 
their dynamical history

Chemistry of cold dark clouds

Physical conditions:
• nH = 2x104 cm-3

• T = 10K
• Av = 10 mag
• …

• Dark clouds often considered as simple 
objects: physical conditions assumed to be 
constant

• “low-metal abundances” (Graedel et al. 
1982)

• No inherited molecules from the diffuse 
medium ➔ Could have lead to the 
controversial idea of an early time 
chemistry in some of dense clouds (e.g. 
TMC-1)
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But strong assumptions on the transition 
between diffuse and dense medium…



Follow the evolution of the chemical composition of dense clouds from the 
diffuse ISM (Ruaud et al. 2018)

•Chemistry as a post treatment of the dynamics
•No assumptions on the initial abundances: typical from the diffuse ISM
•Possibility to use a complex time-dependent chemical model (gas + grains)
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From diffuse to dense clouds



SPH simulations from Ian Bonnell 
(Bonnell et al. 2013) 

•3D SPH simulations

•Top down approach used to probe 
successive smaller scales

•Dense clouds formed by converging 
flows induced by shocks when the matter 
enters the spiral arm potential

•High resolution re-simulation: evolution 
of a parcel of gas 250x250pc2

‣ 107 particles de 0.15M⦿ each
‣ Period de 50 Myr (~1/4 of a galactic 

orbit)

Large scale hydrodynamic simulation

Quy Nhon - July 2018Maxime Ruaud

From diffuse to dense clouds
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Bonnel et al. 2013

Method

• Selection of some dense 
clouds and extraction of the 
physical history of each SPH 
particle that form them
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From diffuse to dense clouds
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Dense cloudMethod

Extraction of nH(t), Tgas(t) and Av(t) 
for each SPH particles

Input of a full gas-grain chemical 
model (Nautilus, Ruaud et al. 2016):

• ~700 chemical species (500 for the 
gas and 200 for the grains)

• ~10000 reactions
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From diffuse to dense clouds
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M. Ruaud et al.: Influence of galactic arm scale dynamics on the molecular composition of the cold and dense ISM. I.

Fig. 1. Evolution of the total column density map of the cloud (denoted as cloud A in the following) at t = 35.35 Myr, t = 35.58 Myr, and
t = 38.82 Myr, respectively. This cloud is formed by ⇡250 SPH particles and dissipates after t ⇡ 36 Myr.

(e.g., temperature and density) of all the SPH particles that com-
pose each cloud was then extracted and used as input of our full
gas-grain chemical model.

The visual extinction AV has been estimated using the
standard conversion from the total hydrogen column density,
NH = N(H) + 2N(H2) (Bohlin et al. 1978; Rachford et al. 2009),
written as

AV =
RV

CD

 
NH

1 cm�2

!
, (1)

where RV = 3.1 and CD = 5.8 ⇥ 1021 cm�2 mag�1. In a stan-
dard estimation of AV, the knowledge of NH requires a selected
line of sight on which the integration over nH is made. In our
case, AV is estimated for each SPH particle by assuming NH =
hnH, where h is the smoothing length of the considered SPH
particle.

The dust temperature is computed by the chemical model
following the approach presented in Hollenbach et al. (1991).
Dust absorption Qabs was taken from Draine & Lee (1984) for
0.1 µm silicate grains. The considered interstellar radiation field
is composed by (1) the UV background (taken from Mathis et al.
1983), (2) the infrared emission from dust, and (3) the cosmic
microwave background. The infrared emission spectrum from
dust was taken from Draine & Li (2007) and corresponds to
the model with RV = 3.1, qPAH = 4.6% and � = 1. Using this
approach the dust temperature ranges between Tdust ⇡ 16 K in
unshielded environment and Tdust ⇡ 10 K when AV ⇡ 10.

Figures 1 and 2 illustrate this selection for one cloud (denoted
as cloud A in the following) composed of ⇠250 SPH particles.
Figure 1 presents the evolution of the total column density map
integrated along the z-axis (i.e., its morphology) of the cloud
at t = 35.35 Myr, t = 35.58 Myr, and t = 35.82 Myr, respec-
tively. The last map (i.e., at t = 38.82 Myr) corresponds to the
peak density of the cloud on which the selection was made.
Figure 2 presents the statistics associated with the evolution of
the physical parameters extracted for all the SPH particles that
compose this cloud and their evolution as a function of time.
It also presents the computed evolution of H, H2, and C+, C,
CO, which are discussed in more detail in Sect. 3. As shown in
Fig. 2, the cloud dissipates after the peak density is reached. As
previously discussed, this comes from the fact that self-gravity
is not taken into account in these simulations. In the following,
we only focus on all the phases upstream of the cloud dissipation
and ignore the downstream phases.

Fig. 2. Statistics associated with the evolution of the physical parame-
ters of all SPH particles that compose cloud A. For the three first plots,
the black line shows the evolution of the median of the physical param-
eters. The dark gray filled area shows the 16th and 84th percentiles and
the light gray filled area indicates the 2nd and 98th percentiles of the
distribution. For the last two plots, the lines show the evolution of the
median of the abundances while the filled area shows the 16th and 84th
percentiles of the distribution.

2.3. Post-processed chemistry

Each physical history was then used as an input for our gas-grain
chemical model Nautilus (Ruaud et al. 2016). In this model,
we computed the abundance of each species by solving a set
of rate equations for gas-phase and grain-surface chemistries.
The chemical network used is based on kida.uva.2014 (Wakelam
et al. 2015a) and includes the chemical schemes for carbon

A96, page 3 of 14

Extraction of nH(t), Tgas(t) and Av(t) 
for each SPH particles

We follow the evolution of the 
chemical composition from the diffuse 
ISM up to the formation of the dense 

cloud

Quy Nhon - July 2018Maxime Ruaud

Ruaud et al. 2018

Input of a full gas-grain chemical 
model (Nautilus, Ruaud et al. 2016):

• ~700 chemical species (500 for the 
gas and 200 for the grains)

• ~10000 reactions

From diffuse to dense clouds
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Cloud B

Results for two clouds

Selection motivated by:

•Similarity of the physical parameters in 
the dense cloud regime

•Different physical history
A&A 611, A96 (2018)

Table 1. Initial abundances.

Species Value Species Value
H 1.0 Fe+ 2.0 ⇥ 10�7

He 0.09 Na+ 2.3 ⇥ 10�7

N 6.2 ⇥ 10�5 Mg+ 2.3 ⇥ 10�6

O 3.3 ⇥ 10�4 P+ 7.8 ⇥ 10�8

C+ 1.8 ⇥ 10�4 Cl+ 3.4 ⇥ 10�8

S+ 1.5 ⇥ 10�5 F 1.8 ⇥ 10�8

Si+ 1.8 ⇥ 10�6

chains proposed by Wakelam et al. (2015b); Loison et al. (2016);
Hickson et al. (2016) and the update of the sulfur chemistry
network presented in Vidal et al. (2017). This model computes
the abundance of ⇠900 chemical species (⇠600 for the gas phase
and ⇠300 for the grain surface) that are coupled through more
than 12 000 reactions. Gas-phase and grain-surface chemistries
are connected via accretion and desorption. For grain chemistry
the model was used in its three-phase configuration, which
means that a distinction is made between the surface layers
(with at most two monolayers of adsorbed molecules) and the
bulk. In this model, the surface and bulk are considered as
chemically active and we assume that the bulk diffusion is
driven by the diffusion of water molecules (see Ruaud et al.
2016, for a complete presentation of the model). Finally, grains
are considered to be spherical with a 0.1 µm radius and a
dust-to-gas mass ratio of 0.01. For all the chemical models
presented throughout this paper, we used initial abundances
relevant for diffuse cloud conditions. Initial abundances are
listed in Table 1 and correspond to abundances observed toward
⇣ Oph (v� = �15 km s�1) listed in Jenkins (2009). These initial
conditions differ from the low-metal abundances typically used
in pseudo-time-dependent chemical models in several aspects.
Firstly, no assumptions were made about the depletion of metals
and their abundances are higher by at least 2 dex as compared
to Graedel et al. (1982). Secondly, the initial abundances of
N, O, and C+ are higher by 0.45 dex, 0.27 dex, and 0.4 dex,
respectively, leading to an initial C/O ratio of ⇡0.55. The cosmic
ray ionization rate was taken to be equal ⇣H2 = 1.3 ⇥ 10�17 s�1.

3. Results

In the following, we focus on two dense clouds (i.e., clouds
A and B) among our selection. The selection of these two
clouds has been motivated by (1) the similarity of the phys-
ical parameters in the dense cloud regime, (2) the observed
difference in the physical parameters in the phases that pre-
cede their formation, and (3) the fact that they illustrate the
two most extreme case of all the selected clouds. Table 2 sum-
marizes the physical parameters of each cloud at their peak
density.

3.1. General results illustrated in the example of the typical

cloud A

This section gives an overview of the results obtained for cloud A
presented in Figs. 1 and 2. As shown in Fig. 2, in the phases that
precede the formation of the dense cloud, most of the SPH parti-
cles have typical diffuse and translucent gas physical conditions
(following the classification of Snow & McCall 2006). Between

Table 2. Physical parameters of the two clouds considered in this study.

Cloud A Cloud B

Number of SPH particles 237 287
Total mass (M�)a 37 45
Mean radius (pc) 0.33 0.29
Velocity dispersion (km s�1) 1.4 0.7
Virial parameterb 20.0 4.0
Median Tgas (K) 12.0 11.0
Median nH (cm�3) 4 ⇥ 104 7 ⇥ 104

Notes. These parameters are those obtained at the peak density of each
clouds. (a) The total mass is obtained by multiplying the number of
SPH particles that compose each cloud by the individual particle mass
0.156 M�. (b) The virial parameter of each cloud has been estimated by
↵ = 5�2

vR/GM (Bertoldi & McKee 1992).

t = 0 and t = 33 Myr, the median density is nH ⇡ 100 cm�3, the
median gas temperature is Tgas ⇡ 40 K, and the median visual
extinction is AV ⇡ 0.2 mag (as shown in Fig. 2, it is important
to note the large dispersion around these values). In this sim-
ulation, the H–H2 transition occurs around t ⇡ 15 Myr. After
this time, the molecular fraction, fH2 = 2n(H2)/[n(H) + 2n(H2)],
slowly increases from fH2 ⇡ 0.5 to a plateau of fH2 ⇡ 0.9 at
t ⇡ 25 Myr, where nH ⇡ 300 cm�3 until it reaches fH2 ⇡ 1
when nH & 104 cm�3, such that H is mostly in the form of
H2 when the dense cloud begins to form around t = 33 Myr.
The transition between C+, C, and CO occurs at t ⇡ 34.7 Myr,
where nH ⇡ 103 cm�3. After this time, the carbon is mostly
in the form of CO. As shown in Fig. 2, after t ⇡ 35.4 Myr
the gas-phase CO significantly decreases and starts to deplete
severely at the surface of the grains, where AV & 7 mag and
nH & 104 cm�3.

3.1.1. Spatial distribution of commonly observed gas-phase
molecules

Figure 3 presents the computed column density maps of CO,
CS, NH3, HCO+, and CH3OH at t = 35.35 Myr, t = 35.58 Myr,
and t = 35.82 Myr for cloud A. Contour lines were added
for clarity and indicate log(NH) ranging from 21 to 23. These
computed column densities are in general in good agreement
with what is observed in dense clouds presenting similar total
column density. At t = 35.35 Myr most of the molecules
shown in this figure follow the distribution of NH. As discussed
before, the gas-phase CO, as well as CS here, starts to severely
deplete onto grains (this mechanism is also called the freez-
ing out) around t = 35.40 Myr, leading to a decrease of their
gas-phase abundance. This freeze-out leads to an abundance
gradient of these molecules along the north-south direction
when the cloud has reached its peak density. On the contrary,
NH3 and CH3OH are well distributed in the entire cloud and
roughly follow the distribution of NH. Such selective depletion
is commonly observed in pre-stellar cores (e.g., Willacy et al.
1998; Caselli et al. 1999; Bergin et al. 2002; Bacmann et al.
2002; Tafalla et al. 2004; Lippok et al. 2013). Authors such
as Willacy et al. (1998), Tafalla et al. (2004), or Pagani et al.
(2005) have shown that in several sources, molecules such as
CO, CS, CCS, or SO are strongly depleted in core interiors,
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Similar results for most of the commonly observed 
molecules:

• Depletion of some molecules in the densest part of 
each clouds (e.g.: CO and CS) 

Abundance gradient on small spatial scales

• Molecule like CH3OH does not show any sign of 
depletion and is well distributed

Formation on grains allow the continuous 
replenishment of the gas-phase

Results for two clouds Cloud BCloud A
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Strong differences for some molecules: 
mostly carbon chains
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Cloud BPresence of a density pre-phase in the case of 
cloud B:

• Depletion of the electron donors: reduces the 
electronic fraction ➔ Promotes the ion-
chemistry

• Formation of H2O on grains increases the 
gas-phase C/O ratio: more carbon is 
available

Results for two clouds

Carbon chains are efficiently 
formed
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A. Suutarinen et al.: CH abundance gradient in TMC-1

(a) (b)

Fig. 1. TMC-1 as seen by SCUBA at 850 µm (convolved to 30′′ in a) and 228′′ in b)). The map is reproduced from Nutter et al. (2008), who calls
the filament “the Bull’s Tail”. The red diamonds represent the locations of our CH spectral observations (separated by 2′), and the black triangles
mark the locations of the cyanopolyyne and ammonia maxima. The letters A–E and X mark the regions of the six dense cores as per Hirahara
et al. (1992), with the asterisks marking the locations of the CCS maxima corresponding to the six cores. The two contour line levels correspond
to intensities of 0.19 and 0.32 Jy/beam on the 30′′ resolution map and 3.5 and 9.6 Jy/beam on the 228′′ map. The filled red diamond on the image
is located at αJ2000 = 04h41m12.s7, δJ2000 = 25◦50′04′′, marking the origin of the CH observations performed by us.

Table 1. Column densities of different molecules, visual extinctions and dust temperatures along the TMC-1 filament.

∆x [′] ∆α [′] ∆δ [′] N(CH) [1014 cm−2] N(OH) [1015 cm−2] AV [mag] Td [K] N(H2) [1021 cm−2]
+28.00 +16.26 −22.80 1.11 ± 0.08 2.27 ± 0.12 4.82 ± 0.18 – 4.53 ± 0.17
+26.00 +15.10 −21.17 1.12 ± 0.08 – 4.90 ± 0.19 – 4.61 ± 0.18
+24.00 +13.94 −19.54 1.26 ± 0.07 2.12 ± 0.07 5.12 ± 0.18 – 4.81 ± 0.17
+22.00 +12.78 −17.91 1.28 ± 0.08 – 5.89 ± 0.24 12.61 ± 0.37 5.54 ± 0.23
+20.00 +11.61 −16.28 1.38 ± 0.08 2.50 ± 0.11 7.55 ± 0.37 14.69 ± 0.38 7.10 ± 0.35
+18.00 +10.45 −14.65 1.34 ± 0.07 – 8.46 ± 0.52 15.49 ± 0.37 7.95 ± 0.49
+16.00 +9.29 −13.03 1.61 ± 0.07 2.74 ± 0.08 9.74 ± 0.64 14.12 ± 0.30 9.15 ± 0.60
+14.00 +8.13 −11.40 1.66 ± 0.08 – 12.20 ± 0.89 13.04 ± 0.26 11.47 ± 0.84
+12.00 +6.97 −9.77 1.61 ± 0.07 2.69 ± 0.05 11.00 ± 0.82 12.87 ± 0.26 10.34 ± 0.77
+10.00 +5.81 −8.14 1.48 ± 0.07 – 12.51 ± 0.92 12.77 ± 0.26 11.75 ± 0.87
+8.00 +4.65 −6.51 1.37 ± 0.08 2.68 ± 0.07 14.04 ± 1.05 12.14 ± 0.25 13.20 ± 0.98
+6.00 +3.48 −4.88 1.37 ± 0.08 – 27.01 ± 7.39 11.52 ± 0.25 13.11 ± 0.55
+4.00 +2.32 −3.26 1.37 ± 0.07 2.54 ± 0.08 120.92 ± 73.83 11.24 ± 0.24 13.42 ± 0.58
+2.00 +1.16 −1.63 1.40 ± 0.07 – 10.48 ± 53.10 11.66 ± 0.26 12.05 ± 0.53
0.00 0.00 0.00 1.24 ± 0.08 2.54 ± 0.06 11.58 ± 0.82 10.95 ± 0.28 10.89 ± 0.78
−2.00 −1.16 +1.63 1.18 ± 0.08 – 9.72 ± 0.62 8.73 ± 0.28 9.13 ± 0.58
−4.00 −2.32 +3.26 1.00 ± 0.08 2.18 ± 0.08 9.96 ± 0.50 6.67 ± 0.29 9.36 ± 0.47
−6.00 −3.48 +4.88 0.96 ± 0.07 – 9.94 ± 0.47 5.88 ± 0.28 9.34 ± 0.44
−8.00 −4.65 +6.51 0.85 ± 0.08 2.04 ± 0.08 8.97 ± 0.44 5.86 ± 0.26 8.43 ± 0.42
−10.00 −5.81 +8.14 0.89 ± 0.08 – 8.67 ± 0.38 5.71 ± 0.27 8.15 ± 0.36
−12.00 −6.97 +9.77 0.90 ± 0.07 1.89 ± 0.07 7.99 ± 0.35 6.22 ± 0.27 7.51 ± 0.33
−14.00 −8.13 +11.40 0.90 ± 0.07 – 6.89 ± 0.35 6.93 ± 0.27 6.48 ± 0.33

Notes. The velocity interval of the integrated main beam temperature used for calculating N(CH) and N(OH) is 4.5 km s−1 . . . 7.5 km s−1. ∆α and
∆δ represent right ascension and declination offsets and ∆x represents direct angular distance from the center of the observations.
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•  Uncertain origin: Most popular 
scenario based on the idea of an 
“early-time chemistry”

Enhancement of carbon chains in the TMC-1 (CP) dark cloud

Suutarinen et al. 2011

Carbon chains and cyanopolynes are ~10x more 
abundant as compared to other similar clouds

• Could be the results of the dynamics: 
some of the gas could have 
experienced a past density phase
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From diffuse to dense clouds



A. Suutarinen et al.: CH abundance gradient in TMC-1

(a) (b)

Fig. 1. TMC-1 as seen by SCUBA at 850 µm (convolved to 30′′ in a) and 228′′ in b)). The map is reproduced from Nutter et al. (2008), who calls
the filament “the Bull’s Tail”. The red diamonds represent the locations of our CH spectral observations (separated by 2′), and the black triangles
mark the locations of the cyanopolyyne and ammonia maxima. The letters A–E and X mark the regions of the six dense cores as per Hirahara
et al. (1992), with the asterisks marking the locations of the CCS maxima corresponding to the six cores. The two contour line levels correspond
to intensities of 0.19 and 0.32 Jy/beam on the 30′′ resolution map and 3.5 and 9.6 Jy/beam on the 228′′ map. The filled red diamond on the image
is located at αJ2000 = 04h41m12.s7, δJ2000 = 25◦50′04′′, marking the origin of the CH observations performed by us.

Table 1. Column densities of different molecules, visual extinctions and dust temperatures along the TMC-1 filament.

∆x [′] ∆α [′] ∆δ [′] N(CH) [1014 cm−2] N(OH) [1015 cm−2] AV [mag] Td [K] N(H2) [1021 cm−2]
+28.00 +16.26 −22.80 1.11 ± 0.08 2.27 ± 0.12 4.82 ± 0.18 – 4.53 ± 0.17
+26.00 +15.10 −21.17 1.12 ± 0.08 – 4.90 ± 0.19 – 4.61 ± 0.18
+24.00 +13.94 −19.54 1.26 ± 0.07 2.12 ± 0.07 5.12 ± 0.18 – 4.81 ± 0.17
+22.00 +12.78 −17.91 1.28 ± 0.08 – 5.89 ± 0.24 12.61 ± 0.37 5.54 ± 0.23
+20.00 +11.61 −16.28 1.38 ± 0.08 2.50 ± 0.11 7.55 ± 0.37 14.69 ± 0.38 7.10 ± 0.35
+18.00 +10.45 −14.65 1.34 ± 0.07 – 8.46 ± 0.52 15.49 ± 0.37 7.95 ± 0.49
+16.00 +9.29 −13.03 1.61 ± 0.07 2.74 ± 0.08 9.74 ± 0.64 14.12 ± 0.30 9.15 ± 0.60
+14.00 +8.13 −11.40 1.66 ± 0.08 – 12.20 ± 0.89 13.04 ± 0.26 11.47 ± 0.84
+12.00 +6.97 −9.77 1.61 ± 0.07 2.69 ± 0.05 11.00 ± 0.82 12.87 ± 0.26 10.34 ± 0.77
+10.00 +5.81 −8.14 1.48 ± 0.07 – 12.51 ± 0.92 12.77 ± 0.26 11.75 ± 0.87
+8.00 +4.65 −6.51 1.37 ± 0.08 2.68 ± 0.07 14.04 ± 1.05 12.14 ± 0.25 13.20 ± 0.98
+6.00 +3.48 −4.88 1.37 ± 0.08 – 27.01 ± 7.39 11.52 ± 0.25 13.11 ± 0.55
+4.00 +2.32 −3.26 1.37 ± 0.07 2.54 ± 0.08 120.92 ± 73.83 11.24 ± 0.24 13.42 ± 0.58
+2.00 +1.16 −1.63 1.40 ± 0.07 – 10.48 ± 53.10 11.66 ± 0.26 12.05 ± 0.53
0.00 0.00 0.00 1.24 ± 0.08 2.54 ± 0.06 11.58 ± 0.82 10.95 ± 0.28 10.89 ± 0.78
−2.00 −1.16 +1.63 1.18 ± 0.08 – 9.72 ± 0.62 8.73 ± 0.28 9.13 ± 0.58
−4.00 −2.32 +3.26 1.00 ± 0.08 2.18 ± 0.08 9.96 ± 0.50 6.67 ± 0.29 9.36 ± 0.47
−6.00 −3.48 +4.88 0.96 ± 0.07 – 9.94 ± 0.47 5.88 ± 0.28 9.34 ± 0.44
−8.00 −4.65 +6.51 0.85 ± 0.08 2.04 ± 0.08 8.97 ± 0.44 5.86 ± 0.26 8.43 ± 0.42
−10.00 −5.81 +8.14 0.89 ± 0.08 – 8.67 ± 0.38 5.71 ± 0.27 8.15 ± 0.36
−12.00 −6.97 +9.77 0.90 ± 0.07 1.89 ± 0.07 7.99 ± 0.35 6.22 ± 0.27 7.51 ± 0.33
−14.00 −8.13 +11.40 0.90 ± 0.07 – 6.89 ± 0.35 6.93 ± 0.27 6.48 ± 0.33

Notes. The velocity interval of the integrated main beam temperature used for calculating N(CH) and N(OH) is 4.5 km s−1 . . . 7.5 km s−1. ∆α and
∆δ represent right ascension and declination offsets and ∆x represents direct angular distance from the center of the observations.
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Carbon chains and cyanopolynes are ~10x more 
abundant as compared to other similar clouds
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Changes significantly 
the story…

•  Uncertain origin: Most popular 
scenario based on the idea of an 
“early-time chemistry”

• Could be the results of the dynamics: 
some of the gas could have 
experienced a past density phase

CP peak

Enhancement of carbon chains in the TMC-1 (CP) dark cloud

From diffuse to dense clouds



To summarize
• The ISM is a rich environment where physics and chemistry are strongly coupled

• MHD simulations show that the ISM is constantly evolving and strongly linked to its 
environment

• PDRs give insight on the physical and chemical evolution from diffuse to molecular clouds. 
But:
‣ Dynamics not included in models
‣ Chemical equilibrium is often assumed

• Dynamics is important and can impact the molecular composition

• Difficult to couple dynamics and chemistry properly: Computationally expensive to include 
in MHD simulations

• Post-processing of the chemistry on MHD simulations can help
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Thank you for you attention
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