
Lecture 8:  
"Diffuse and dense interstellar medium”



Scheme of Milky Way

NASA



Galactic-scale picture: M51 (visible)

• Spiral arms:        density waves, differential rotation, star formation  

• Bright regions:    excited diffuse gas, scattering of light by dust 

• Dark regions:     dense gas, absorption and reddening of light by dust

Hubble, NASA

1 kpc



Galactic-scale picture: M51 (24μm)

Querejeta et al. 
(2019), A&A 

• Warm dust in spiral arms:   tracer of star formation



http://www.digitalskyllc.com

• Giant Molecular Clouds:   ~104 – 107 Msun, ~10–200 pc  

• Gravitationally bound, turbulent, filamentary  

• Large-scale diffuse gas 

• Small-scale dense clumps and cores

Taurus-Auriga

Milky Way: CO (1-0) emission 

Perseus

Rho Ophiuchus

Orion

Galactic center

http://www.digitalskyllc.com


Types of molecular clouds

• Diffuse clouds:  T ~ 100 K,  nH < 100 cm-3,  AV < 1 mag 

• H/H2 transition, n(e-) ~ n(C+), a few radicals

Diffuse clouds

• Snow (2006)





H3+ observations in diffuse ISM

• n(H2)/n(e-) ~ 104 

• Dissociative recombination rate:   ke ~ 10-7 cm3 s-1 

• Cosmic ray ionization rate:   ζCRP ~ 10-17 s-1  

• Result:    n(H3+) ~ 10-6 cm-3 ⇒ must be non-observable!  

• What is wrong, ke or ζCRP?

H2   +   CRP ⇒  H2
+  +  e- 

H2
+  +  H2    ⇒  H3

+  +  H 

H3
+  +  e-        ⇒  H2 +  H or H + H + H



H3+ DR measurements

• A large scatter ⇒ temperature of H3+ in the experiment matters?



Accurate H3+ DR measurements

• CRYRING at Stockholm (Larsson ++ 2008) 

• Test/Cold Storage Ring at MPIK (Kreckel ++ >2005) 

• A good agreement for ke  ⇒  higher CRP ionization:  ζ ~ 10-15 s-1 



“Big 5 elements”: Mg, Si, Fe, O, C are depleted

Partition of elements between gas and 
dust phases

• Growth of dust grains in the ISM (silicates, C, S, P, etc.)



Diffuse Interstellar Bands (DIBs)

• Discovered by Heger (1922) and Merill (1934) 

• ~ 500 DIBs in UV–near IR 

•  Very narrow lines, < 0.1 – 1Å 

• Large PAHs and C-bearing species 

• First laboratory identification of C60+ as a DIB carrier at 

9,632.7 and 9,577.5Å (Campbell ++ 2015, Nature)

Diffuse Interstellar Bands

 About 250 DIBs are known
 The carriers of the DIBs are unidentified
 DIBs are likely due to large carbon-bearing molecules
 C60

+ is one of the candidates for two DIBs



Types of molecular clouds

• Translucent:  T = 50–100 K,  nH = 102 –103 cm-3,  AV ~ 1 – 4 mag 

• Fully H2, conversion of C+ into C, more molecules  

Translucent clouds

• Snow (2006)



Types of molecular clouds

• Dense clouds:  T = 10 K,  nH = 104 –106 cm-3,  AV > 5–10 mag 

• Complex molecules and ices

Dense clouds

• Snow (2006)



N2H+(1-0)

0.1 pc

TMC 2

Dense cores (clouds)Taurus molecular cloud
Perseus

Auriga

Taurus

TMC-1

L1449

NGC1333
B5

IC348

T Tau

Ungerechts & Thaddeus 1987

CO 1-0

• Asymmetric structure, size ~ 0.1 – 1 pc 

• Smooth gradients of density/temperature 

• Central condensation(s) ⇒ protostar(s) in the future?



Observations of dense clouds

Barnard 
68

• "Classical" sources:   TMC-1, L1544, B68 

• Visual – IR:   absorption and scattering by dust and PAHs 

• (Sub-)millimeter:   emission of dust and molecules 

• Radio-telescopes:   low spatial resolution, many clouds 

• Radio-interferometers:   high spatial resolution, only a few clouds 

Atacama Large Millimeter Array (ALMA), Chile



Deriving cloud physics by observations

Barnard 
68

• CB244: dense core and protostar 

• Total mass:  M ~ 15 +/- 5 MSun 

• Dense core:  M ~ 5 MSun, T~ 10 K 	

• Protostar: M ~ 1.5 MSun, T~ 18 K 

• Density:  nH ~ 104 – 105 cm-3

Spitzer NIR

Herschel FIRSpitzer MIR Herschel FIR

Herschel FIR Herschel FIR Herschel FIR

Stutz et al. 2013



Typical physical structure (B68)

• Flat density profiles around the center ⇒	hydrostatic equilibrium 

• Heating:   cosmic rays and UV 

• Cooling:   dust and molecular lines (C, C+, O, CO, OH) 

• Tdust ≠ Tgas, outward temperature gradient

• Alves et al. 2001, Bergin & Tafalla 2007

Projected 3D

Physical structure pre-stellar cores

- Left: M=1 M~, IUV=1×ISRF
- Right: M=1.6 M~, IUV=10×ISRF

Galli et al. 2002

center edge

From Starless to Prestellar Cores 

IRAM Summerschool 2013 - Chemistry  

Starless cores  close to hydrostatic equilibrium displays a flat density profile, 
isothermal 

n0 <  10 5 cm -3  

 (D= 3.5) 

n0 ≤  105 cm -3  : molecular line radiation is the major cooling process 
When n0 ≥  105 cm -3   dust – gas collisions become an efficient gas coolant     

 Vd is  the collisional cross section 
 nd (volume) grain density 
 D geometrical factor ( = 0.3 for H2) 

Two regimes of dynamical stability 
n0 ≤  105 cm -3 : gas cools down everywhere by molecular line radiation : Isothermal gas cores, which can disperse back in the 
ISM. Æ Starless 
 
n0 ≥  105 cm -3  : gas and dust are cooler at the center  and gravitation takes over Æ Prestellar (Ward-Thompson 1994) 
Note  :  low  temperatures  (7K)  can  be  reproduced  only  if  dust  grains  are  “fluffly”…   
 
  

Goldsmith (2001)  

Physical structure pre-stellar cores

- Left: M=1 M~, IUV=1×ISRF
- Right: M=1.6 M~, IUV=10×ISRF

Galli et al. 2002

center edge



Typical chemical structure (B68)

Alves et al. 2002

• CO is depleted in the 

center (+): freeze-out 

• N2H+ peaks in the 

center:                

N2H+ + CO → N2 + 

HCO+ 

• CS peaks in a smaller 

(younger?) core 

+

+

+

+



Molecules in dense clouds

Barnard 
68

• Major molecules: H2, CO, N2, H2O  

• Many hydrocarbons and C-chains: CnHm, HC3N, CCS, … 

• Several negative ions: C6H-,… 

• Deuterated species: DCO+,N2D+, o-H2D+… 

• Organic molecules (ices): H2CO, CH3OH, CH3OCH3,…

important to account for a dip structure in the intensity profile
toward the protostar (Figure 10).

5.3. Recent Chemical Model of Star-Forming Cores

Aikawa et al.158 recently extended their model mentioned above
to explore the temporal evolution of the molecular distribution
around a protostar. They compared the molecular distributions
for t = −560, 420, and 9.3 × 104 yr, where t = 0 is defined as the
moment of the protostar birth (i.e., completion of the second
collapse174) (Figure 22). Even at t = −560 yr (the “first core”
phase), CH4 is sublimated from dust grains in the central 10
AU region. However, the density is so high that the C+

abundance is very low there. This is because the ionization
degree is approximately proportional to the inverse square root
of the H2 density. Under such a condition, carbon-chain
molecules such as CCH and C4H are not produced efficiently
and WCCC does not appear. This situation is also the same at t
= 420 yr, just after the protostar birth, although the CH4
sublimation region is extended to a radius of 100 AU. At this
stage, nonradical species such as C3H2 and C4H2 adsorbed on
dust grains are liberated into the gas phase inward of a radius of
10 AU. Here, geometrical isomers of C3H2 and C4H2 are not
distinguished in the model. WCCC appears in the outer region
(1000 AU) at the later stages, when the CH4 sublimation
region is extended to a less dense region (r = 1000 AU) where
a substantial amount of C+ exists. Hence, the distributions of
CCH and C4H are expected to have a central hole around the
protostar. This seems to be consistent with the small central dip
observed in the distributions of CCH and C4H. On the other
hand, the distributions of nonradical species such as C3H2 and
C4H2 are expected to be centrally peaked, which contradicts the
observation. This trend can also be seen in a complex
dynamical model by Furuya et al.177 The formation processes

of C3H2 and C4H2 on dust grains and their rates are still
uncertain, and further considerations are needed. Apart from
this, Sakai et al.120 suggested that the observed dip of c-C3H2
may be related to disk formation in the closest vicinity of the
protostar. In the midplane of the disk, the temperature can be
lower than the sublimation temperature of c-C3H2, which
makes a dip structure in the intensity profile toward the
protostar position. Aikawa et al.158 also calculated the
deuterium fractionation ratios of carbon-chain molecules and
saturated complex organic molecules, which are mentioned in
section 6.3.1.

5.4. Model without the WCCC Mechanism

Cordiner and Charnley161 recently reported that their chemical
model calculation including gas−grain interactions can explain
the rich abundances of carbon-chain molecules in L1527
without introducing WCCC. According to their result, the
oxygen atom, which is an important destructor of carbon-chain
molecules, is depleted more onto dust grains in higher H2
density, and hence, the abundances of carbon-chain molecules
in the dense region with a H2 density of 106 cm−3 are kept
higher than in the case without depletion of atoms and
molecules. Although their model calculation at the age of 104 yr
explains the abundances of carbon-chain molecules observed in
L1527, it cannot explain the distributions of carbon-chain
molecules and physical conditions in L1527. In their model,
higher abundances of carbon-chain molecules are predicted for
a lower H2 density condition, where the abundances gradually
decrease with increasing H2 density. This cannot explain the
sharp abundance enhancement in the vicinity of the protostar
observed in L1527. Moreover, the gas kinetic temperature
derived from the CH3CCH lines averaged over the 20″ beam of
the Nobeyama 45 m telescope is 13.9 K. This is higher than the

Figure 23. Spectral line surveys toward (a) IRAS16293-2422178 and (b) L1527. Note that the lines appear to be weaker by a factor of about 2 due to
insufficient spectral resolution of the spectrometer in the L1527 survey. The spectrum patterns for the two sources are significantly different. See the
captions of Figure 13 and Figure 18 for the definition of the intensity unit.

Chemical Reviews Review

dx.doi.org/10.1021/cr4001308 | Chem. Rev. 2013, 113, 8981−90159001



Negative ions in TMC-1

Barnard 
68

Negative ions and saturated chains
Negative ions

McCarthy et al. 2006

Propene in TMC-1

Marcelino et al. 2007

Electron attachment rate increases with 
size of chains => search for large species

C6H  + e- ⇒ C6H- +  hν <10% of anion/neutral 

(predicted by Herbst in 1981) 

Discovered when laboratory 

spectra became available 

(McCarthy et al. 2006, Bruencken 

et al. 2007)



Barnard 
68

Long carbon chains and cyanopolyynes
6.3.2. Relation to TMC-1 and Lupus-1A. The time scale

of the starless-core phase is related to supporting mechanisms
of the core such as turbulence and a magnetic field.196 It is also
related to the presence of external compression of a parent
cloud such as cloud−cloud collisions and impact of molecular
outflows from different protostars. Since these mechanisms
except for impact of molecular outflows generally have a large
spatial scale, they may work not only on a particular core, but
also on nearby cores. Hence, one can expect that the time scale
of the starless-core phase is generally short even for other cores
near the WCCC sources. If this is the case, we will have a
chance to find young starless cores near the WCCC sources.
The prototypical WCCC source, L1527, is located in Heiles

Cloud 2 (HCL2) in the Taurus region.105,197,198 As is well-
known, HCL2 involves a young starless core, TMC-1, where
carbon-chain molecules are extraordinarily abundant. TMC-1 is
an outstanding source from the viewpoint of carbon-chain
chemistry.144 Other sources which harbor a comparable
amount of carbon-chain molecules have not been recognized
for a long time in spite of extensive studies by many
researchers. Association of the WCCC source L1527 with
such a carbon-chain-rich starless core is very interesting.
Motivated by this fact, Shiino et al. conducted a mapping

observation of carbon-chain molecules around the second
WCCC source, IRAS15398-3359, and found a carbon-chain-
rich starless core at 3′ west of IRAS15398-3359, as shown in
Figure 26. Toward this source, emissions of various carbon-

chain molecules are found to be very bright.155 In particular, the
peak intensities of long-carbon-chain molecules such as C6H
and HC9N are even higher than in TMC-1. Furthermore,
carbon-chain anions C4H

−, C6H
−, and C8H

− were detected.
This is the only molecular cloud source where all three anions
are detected. Hence, this source is an outstanding starless core
with extraordinary rich carbon-chain molecules and is named
Lupus-1A. Figure 27 shows a comparison of the column
densities of various carbon-chain molecules between TMC-1
and Lupus-1A. They are very similar between the two sources,
and Lupus-1A can be regarded as the “second” TMC-1.

So far, we know of only two definitive WCCC sources and
only two carbon-chain-rich starless cores like TMC-1. Hence,
spatial association of the WCCC sources with the young
starless cores with rich carbon-chain molecules shown above
may not be just fortuitous, but may be related to the common
physical property of the parent clouds. Such association can
happen if the duration time of the starless-core phase is
generally short in these clouds. It should be noted that the
WCCC candidate source, L483, exists near a carbon-chain-rich
core, L492, which shows a very bright emission of the CCS
lines, as mentioned before.134 These two sources indeed belong
to the same region, the Aquila Rift.
WCCC sources and carbon-chain-rich starless cores have

been found in the Taurus, Lupus, and Aquila rift, and possibly
Chameleon regions. On the other hand, hot corino sources are
found only in the Ophiuchus, Perseus, and Serpens regions,
where carbon-chain-rich starless cores have not been found in
spite of extensive research.132 WCCC sources and hot corino
sources therefore seem to exist exclusively in molecular clouds.
Although the statistics are too poor to conclude anything,
chemical diversity may reflect large-scale (i.e., molecular cloud
scale) environmental effects, including the cloud-to-cloud
variation of star-formation processes.
The duration time for starless cores has been studied

statistically on the basis of number counting of starless cores
and protostellar cores. Evans et al.66 derived the average
duration time of starless cores as (0.5 ± 0.3) × 106 yr by
detailed analyses of the Spitzer c2d project data. Although they
did not present the result for Taurus, they reported a duration
time of 0.37 × 106 yr for Ophiuchus by using submillimeter
continuum data for identification of starless cores. Tachihara et
al.199 also estimated the duration time for starless cores for
Ophiuchus as well as for Taurus by using the C18O core survey
with the NANTEN telescope. According to their result, the
duration time for Taurus is 0.2 × 106 yr, which is shorter than
that for Ophiuchus (0.8 × 106 yr). Apparently, such a statistical
analysis depends on the method for identification of starless
cores, which would introduce systematic error. For this reason,

Figure 26. Integrated intensity map of the low excitation line of HC5N
(J = 17−16) around the WCCC source IRAS15398-3359 observed
with the Nobeyama 45 m telescope. Contours show every 1.16 × 10−1

K km s−1 (5σ). The peak position is Lupus-1A, which harbors rich
carbon-chain molecules.

Figure 27. Comparison of the column densities between Lupus-1A
and TMC-1. The column densities of Lupus-1A are almost comparable
to those of TMC-1 for various carbon-chain molecules, and hence,
Lupus-1A can be regarded as the second “TMC-1-like source”.
Reprinted with permission from ref 155. Copyright 2010 American
Astronomical Society.

Chemical Reviews Review

dx.doi.org/10.1021/cr4001308 | Chem. Rev. 2013, 113, 8981−90159005

Sakai & Yamamoto 2013



Complex organic  molecules

• Typical abundances in L1689: 
– CH3OCH3:     4 (-11) 
– CH3CHO:       1 (-10) 
– CH3OCHO:    2 (-10) 
– CH2CO:          1 (-10) 

• Mainly exist as ices 

• Bacmann et al. (2012)

CH3OCH3

CH3OCHO

CH2CO



Ices

Barnard 
68

• Observed in absorption against background stars 

• Dominated by H2O, CO2, silicates 

• Complex ices: HCOOH, CH3OH,…  

• ~10–50% of heavy elements are in ices

Hubble and Spitzer IRS



Oxygen chemistry
•I.P. of O > 13.6 eV ⇒ oxygen is mostly neutral 

•Ionization provided by cosmic rays: 

H2 ⇒ H+, H2+, H3+ (rapid)  

H+ + O → H + O+ (+227 K) 

O+ + H2 → OH+ + H  

H3+ + O → OH+ + H2  

Once OH+ formed, rapid ion-molecule and dissociative 

recombination reactions produce OH, H2O, and CO



Formation of water

H2   +   CRP ⇒  H2
+  +  e- 

H2
+  +  H2 ⇒ H3

+  +  H 

H3
+  + O ⇒ OH+  +  H2 

OH+   +  H2 ⇒ H2O+  +  H 

H2O+   +  H2 ⇒ H3O+  +  H 

H3O+  +  e- ⇒ H2O + H or OH + 2H



Oxygen chemistry and its coupling with 
carbon

Summary: oxygen chemistry



A problem of observed low O2
Limits on O2

Goldsmith et al. 2000

- Models produce factor 100 more O2 than observed
- Solution lies in freeze-out of O on grains (Bergin et al. 2000)

Goldsmith et al. 2000

• Factor of 100 discrepancy between observed and modeled O2 

• Solution: freeze-out of O ⇒	O converted to water ice rather 

than O2 ice (Bergin et al. 2000)

SWAS

ODIN



Carbon chemistry

•I.P. of C < 13.6 eV ⇒ carbon is mostly ionized  

•Ion-molecule reactions with H2 and H3+: 

C+ + H2 → CH2+ + hν is possible at low T (initiating reaction)  

C+ + H2 → CH+ + H:   endothermic by 0.4 eV 

C  + H3+ → CH+ + H2 

CH2+ + H2 and carbon insertion ⇒	rapid ion-molecule 

reactions lead to CH, C2, C2H, C2H2, …



Carbon chemistry: hydrocarbons

various chemical reactions. Carbon-chain molecules can
efficiently be produced in the early stage of cloud evolution
before carbon atoms are locked up to CO. An essential part of
carbon-chain formation is shown in Figure 1. Carbon-chain
molecules are lost by ionic destruction by He+ and H+ as well as
depletion onto dust grains. Reactions with the O atom also
contribute to their loss process. The conversion time scale from
C to CO is 3 × 105 yr, whereas the destruction time and the
depletion time scale are on the order of 106 and 105 yr,
respectively (see the Appendix). This means that the lifetime of
carbon-chain molecules is rather short and is comparable to the
dynamical time scale of a molecular cloud core (3 × 105 yr for
104 cm−3). For this reason, carbon-chain molecules are
abundant only in the early phase and are generally deficient
in the later stages, particularly after the onset of star formation.
On the other hand, fundamental nitrogen-bearing species

such as NH3 and N2H
+ behave differently. Since the ionization

potential of the N atom (14.53 eV) is higher than that of the H

atom (13.60 eV), nitrogen mainly exists as N atoms in a diffuse
cloud. As the H2 density increases, the N atoms react with
carbon-bearing species such as CH and/or oxygen-bearing
species such as OH to form CN and NO, which are then
converted to N2 through neutral−neutral reactions with N
atoms. These processes are not straightforward, and hence, the
formation of N2 is generally slow. Since NH3 and N2H

+ are
produced from N2, they also become abundant in the later
stages of cloud evolution. This behavior of NH3 and N2H

+ is in
contrast to that of the carbon-chain molecules.
Figure 2 shows a schematic illustration of the chemical

evolutionary scenario for cloud cores. This scenario has
successfully been applied to studies on evolutionary stages of
starless cores. Although the evolution of protostellar cores can
be traced on the basis of the physical properties (cf. the spectral
energy distribution (SED) in the infrared region) of embedded
protostars, estimation of the “ages” of starless cores from their
physical properties is generally difficult. The above chemical
diagnostics are therefore useful. A good example demonstrating
the above nature of carbon-chain molecules is the result of
L1544 by Ohashi et al.38 and Aikawa et al.39 L1544 is a well-
studied starless core in the Taurus molecular cloud. According
to their results, a distribution of CCS in this core shows a torus
structure with a hole toward the center, whereas that of N2H

+ is
centrally concentrated, just filling up the hole of the CCS
distribution, as shown in Figure 3. Such exclusive distributions
of CCS and N2H

+ can naturally be interpreted as chemical
evolution within the core. We can say that carbon-chain
molecules are already deficient in the evolved starless core. The
different distributions between carbon-chain molecules and
NH3 in the TMC-1 ridge14,41,42 also reflect the formation
process of this filament structure (Figure 4),14,31 although other
possibilities have been proposed.43 The northern part with rich
NH3 is in a more advanced stage than the southern part with
rich carbon-chain molecules. In fact, a Class I protostar,
IRAS04381+2540, is associated with the northern part. Another
example is a statistical study of carbon-chain-rich starless cores.
Hirota et al.44 conducted extensive observations of CCS and
NH3 toward many molecular cloud cores and found that the
number of “CCS-rich” cores is different from region to region.

Figure 1. Schematic formation pathways of carbon-chain molecules
and their related species in cold molecular clouds. This scheme only
includes a representative pathway. It should be noted that other
pathways including neutral−neutral reactions also contribute to
carbon-chain formation.32−37 Cyclic and linear isomers of C3H,
C3H2, and C3H3

+ are not distinguished for simplicity.

Figure 2. Schematic illustration of the chemical evolutionary scenario for a molecular cloud core. During physical evolution of a molecular cloud core
from a diffuse stage to star formation, its chemical composition systematically varies. This can be used as a “chemical clock”. Note that saturated
COMs mainly appear after the onset of star formation due to sublimation of the grain mantle.

Chemical Reviews Review

dx.doi.org/10.1021/cr4001308 | Chem. Rev. 2013, 113, 8981−90158983

Sakai & Yamamoto 2013



Carbon chemistry: formation of CO

•CO is formed after hydrocarbons: 

C2H / CH2 + O ⇒	CO + CH / H2 

CH3+ + O ⇒	HCO+ + H2 

H3O+ + C ⇒	HCO+ + H2 

HCO+ + e- ⇒	CO + H 

•Key destruction reaction: CO + He+ ⇒ C+ + O + He 

•Timescale of CO formation:  <105 years 

•Freeze-out timescale:  ~106 years for nH ~ 104 cm-3



Gas-phase formation of organic 
molecules?

C+ + H2          ⇒ CH2
+  

CH2
+ + H2      ⇒ CH3

+ + H 

CH3
+ + H2/O  ⇒ CH5

+/HCO+ + H2 

CH5
+ + e-       ⇒ CH3 + H2 

CH3 + O         ⇒ H2CO  

CH3
+ + H2O    ⇒ CH3OH2

+ 

CH3OH2
+ + e- ⇒ CH3OH + H

X                    (too low rate,   Luca et al. 2002)

  (3 ± 2%, Geppert et al. 2006)



Nitrogen chemistry
•I.P. N > 13.6 eV ⇒	nitrogen is mostly neutral 

•The first steps via ion-molecule chemistry?: 

N + H3+ → NH2+ + H  (does not occur) 

•N + H+ → N+ + H       (barrier of ~260 K) 

N+ + H2 → NH+ + H   (barrier of ~100 K) ⇒	works for ortho-H2



Nitrogen chemistry

• However, in dense clouds H2 is in the para state 

• Initiating chemistry is hence neutral-neutral: 

CH + N → CN + H 

•CH2 + N → HCN/HNC + H 

•CN + N → N2 + C 

•OH + N → NO + H 

•NO + N → N2 + O 

•Timescale of N2 formation: ~ 106 years ⇒	N-species are „late“



Nitrogen chemistry

•After N2 is formed, ion-molecule chemistry begins: 

N2 + H3+ → N2H+ + H2 

N2 + He+ → N+ + N + He 

N+ + ortho-H2 → NH+ + H 

NH+ + H2 → NH2+ + H 

NH2+ + H2 → NH3+ + H 

NH3+ + H2 → NH4+ + H 

NH4+ + e- → NH3 + H



Summary: nitrogen chemistry

Hily-Blant et al. (2010)



Early chemical models

• Gas-phase ion-molecule chemistry (Herbst & Klemperer 

1973, Watson 1976, Dalgarno & Black 1977) 

• Initially only H2 formation on grains 

• Later grain-surface chemistry included (Allen & Robinson 

1978, Tielens & Hagen 1982, d’Hendecourt et al. 1985)

First quantitative 
 cloud models 
 
(Herbst & Klemperer 1973) 



More detailed chemical models
• 1–3D models with (magneto-)hydrodynamics and radiation 

(e.g., Aikawa et al. >1999; Commerson et al. >2012)  

• Chemo-dynamical models:  cycling of gas parcels from inner 

to outer to inner regions (e.g., Boland & de Jong 1982, Xie et 

al. 1995, Willacy et al. 2002, etc.)



Problems of dense cloud models

• Is physics well known?  

• How large is depletion of heavy elements? 

• Initial abundances from an earlier diffuse phase? 

• Are dust grains the same as in diffuse ISM?



separately or together to study combined effects. Figure 1
shows an example of such simulations. The abundance of

HC3N in the gas phase, computed by a pure gas-phase model,
is shown for typical dense cloud conditions (a gas and dust
temperature of 10 K, a density of H nuclei of 2 × 104 cm−3, and
a visual extinction of 30 magnitudes). In this case, only the
cosmic-ray ionization rate has been randomly changed between
10−16 and 10−17 s−1. In the figure, the probability density
function is shown to indicate the spread of the curves. At 105 yr,
95% of the uncertainty in the predicted abundances is less than
1 order of magnitude. The impact of all the parameter
uncertainties (temperature, density, cosmic-ray ionization rate,
etc.) can be studied in this way.113

2.5.2. Grain Surface Processes. Defining the uncertainties
in the surface processes is more complex because of the
intrinsic nature of the processes. In addition to the uncertainties
in the parameters of the surface chemistry, such as the binding
energies of the molecules and the number density of grains,
uncertainties in the processes themselves exist. It is usually
assumed, for example, that gas cations cannot stick to the
surface of the grains because the grains are mainly negatively
charged. The negative charge of the grains may however not be
completely delocalized, and cations could be at least partly
present on the surfaces. The possible identification of NH4

+

and OCN− in interstellar ices could be an indication of such
presence.114 Gas-phase species could also produce real chemical
liaisons with the species of the bare grains (chemisorption),115

considerably reducing the mobility of these species on the
surface. Reactions on the surfaces could also be produced by
hot atoms coming from the gas phase that directly heat a
species on the surface (Eley−Rideal mechanism116). Another
strong source of uncertainty is the nature of the chemical
composition of the grains, their roughness, size, and shape. The
nature of the surfaces, their roughness and their shape, defines
the strength of the bonds between adsorbed species and the
surface and the mobility of the species on the surfaces.117 The
size of the grains defines the surface available for the depletion
of the gas-phase species. The last tricky aspect of the surface
chemistry is the fact that gas-phase molecules are absorbed on
grains in layers. In addition to the fact that the binding energies
may not be the same for all the layers (the binding energy of

CO on top of silicates is not the same as that of CO on top of
water ice), it is not obvious if the molecules can diffuse (and
react) between different layers.
Finally, the presence of small PAHs (polycyclic aromatic

hydrocarbons) can also influence the chemistry at several levels.
In the diffuse regions, the atomic hydrogen from the gas phase
can be adsorbed onto PAHs by chemisorption and form
molecular hydrogen in these hot and irradiated regions.118 In
denser regions, PAHs are mostly negatively charged so that if
their abundance is larger than that of electrons (a few 10−8 with
respect to that of H2), electronic recombination with PAH−

may exceed that with free electrons.119,120 The uncertainty in
this matter comes from the fact that the size distribution of
PAHs in dense regions is not known. In addition, there are
almost no experimental or theoretical studies of the products of
the electronic recombination of cations with PAH−.

3. CHEMICAL MODELS OF COLD DENSE CLOUDS
Cold dense clouds have provided since the beginnings of
astrochemistry one of the preferred astronomical laboratories
on which to test chemical models. On one hand, the large
variety of molecular species proven by radioastronomical
observations in some remarkable dark clouds such as TMC-1,
where more than 60 molecules have been observed to date (see
Table 4), poses an important challenge for astrochemical
models. On the other, the quiescent environment of dark
clouds provides a relatively simple scenario, as compared with
other astronomical regions, on which to apply chemical models.
In the central regions of starless cores, the lack of an internal
luminous source and the high extinction of external interstellar
light provided by the dust content of the cloud result in a very
low gas kinetic temperature (around 10 K). Under these
conditions, high-temperature gas-phase chemistry and photo-
chemistry induced by interstellar UV photons are suppressed,
while desorption processes, which replenish the gas phase with
material processed on the surface of dust grains, are minimized.
3.1. Examples of Published Works

If one is forced to choose a starting point in the history of
chemical models of cold dense clouds, that starting point
probably needs to be searched for in the studies published in
the early 1970s by Watson28−30 and Herbst and Klemperer.31

These studies were able to identify the main processes that
control the chemistry of cold dense clouds: (I) It was pointed
out that hydrogen is mainly present as H2 in the gas phase,
although it must be formed on the surface of dust grains. (II)
Cosmic rays were identified as the main ionizing agent in the
interior of dark clouds, leading to the formation of the
molecular ion H3

+, which occupies a cornerstone position in
interstellar chemistry. (III) The importance of gas-phase ion
chemistry for the buildup of molecular complexity was also
recognized. In particular, it was suggested that reactions of
proton transfer from H3

+ as well as H atom abstraction
reactions of the type AHn

+ + H2 → AHn+1
+ + H (where A

stands for a heavy atom such as C, N, and O, and n = 0, 1, 2, ...)
would allow formation of simple hydrides AHn

+ with one heavy
atom, while ion−neutral reactions involving two heavy species
would do the work to synthesize species with more than one
heavy atom (e.g., C+ + CH → C2

+ + H). These studies also
pointed out that positive molecular ions would be largely
depleted by dissociative recombination with electrons, leading
to the formation of neutral fragments. It was also suggested that
some ion−neutral radiative associations could be important in

Figure 1. Density probability function of the predicted abundance
(compared to that of H) of HC3N as a function of time for dense
cloud conditions, computed by a gas-phase model in which the
cosmic-ray ionization rate is varied between 10−16 and 10−17 s−1.
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• Reaction rates are uncertain by factors of 1.25 – 10 ⇒  

Modeled abundances are uncertain by factors of >3

   Vasyunin et al. (2004, 2007), Wakelam et al. (2005, 2006)

Problems in dense cloud models: 
uncertain reaction rates



Feasibility of dense cloud models

• ~70% of 60 observed molecules are reproduced at 3 x 105 years 

• Oxygen-rich initial abundances are preferred

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 estimationsthey have not been
either measured in the laboratory or calculated by ab initio
methodsit 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.
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scheme of UMIST, although it is not included in the KIDA
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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 estimationsthey have not been
either measured in the laboratory or calculated by ab initio
methodsit 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.
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