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kph = 3.3⇥ 10�11 ⇥G0 < e��dN ⇥ fshield(NH2) > s�1

H2	destruc9on	by	UV	fluorescent	photodissocia9on	

Dust	shielding	 Self-shielding		(Draine	&	Bertoldi	1996)	

Tree-based	method			(Valdivia	&	Hennebelle,	2014)	
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Cooling:		
•  H2	line	emission:	(Le	Bourlot	et	al.		1999)	
	
	
	
	
	
	
	
Hea9ng:		
•  H2	forma9on:	1.5	eV	
•  H2	destruc9on:	0.4	eV	(Black	&	Dalgarno	1977,	Glover	&	Mac	Low	2007)	
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Glover & Mac Low (2007a) and Glover & Mac Low (2007b),
who have simulated the formation of molecular hydrogen in su-
personic clouds, showed that H2 can form relatively quickly in
the dense clumps induced by the shocks, leading to a signifi-
cantly shorter timescale (typically of about 3 Myr). Recently,
Micic et al. (2012) explored the influence of the turbulent forc-
ing and showed that it has a significant influence on the timescale
of H2 formation. This is because compressible forcing leads to
denser clumps than solenoidal forcing, for which the motions are
less compressible. This clearly shows that dynamics is playing
an important role in the process of HI-to-H2 transition, at least
at the scale of a molecular cloud.

In the Milky Way most of the molecular hydrogen is in the
form of low-temperature gas, but di↵erent observations have
brought to light the existence of large amounts of fairly warm
H2 in the ISM (Valentijn & van der Werf 1999; Verstraete et al.
1999). Gry et al. (2002) and Lacour et al. (2005) have shown
that the H2 excitation resulting from UV pumping and from H2
formation cannot account for the observed population of H2 ex-
cited levels (J > 2). Excited H2 is likely explained by the pres-
ence of a warm and turbulent layer associated with the molec-
ular cloud. But in such warm gas, which is characterised by
very low densities (nH ⇡ 1�10 cm�3) and very high tempera-
tures (T ⇡ 103�104 K), H2 formation on grain surfaces becomes
negligible, which accordingly leads to an apparent contradiction.
Recently, Godard et al. (2009) have investigated the possibility
that warm H2 could form during intermittent high-energy dissi-
pation events such as vortices and shocks. They showed in par-
ticular that under plausible assumptions for the distributions of
these events, the observed abundance of excited H2 molecules
could be reproduced. Another possibility to explain the abun-
dance of these excited H2 molecules is that they could be formed
in dense gas and then be transported in more di↵use and warmer
medium. This possibility has been investigated by Lesa↵re et al.
(2007) using a 1D model and a prescription to take into ac-
count the turbulent di↵usion between the phases. In particular,
they found that the abundance of H2 molecules at low den-
sity and high temperature increases with the turbulent di↵usion
e�ciency.

While di↵erent in nature, previous works (Glover & Mac
Low 2007a,b; Lesa↵re et al. 2007; Godard et al. 2009) therefore
consistently found that the formation of H2 is significantly influ-
enced by the dynamics of the flow in which it forms. Although
the exact mechanism that leads to the formation of molecu-
lar clouds is still under investigation, it seems unavoidable to
consider converging streams of di↵use gas (e.g. Hennebelle &
Falgarone 2012; Dobbs et al. 2014). What exactly triggers these
flows is not fully elucidated yet but is most likely due to a
combination of gravity, large-scale turbulence, and large-scale
shell expansion. Another important issue is the thermodynam-
ical state of the gas. The di↵use gas out of which molecular
clouds form is most likely a mixture of phases made of warm
and cold atomic hydrogen (HI) and even possibly somewhat dif-
fuse molecular gas. Such a multiphase medium presents strong
temperature variations (typically from 8000 K to lower than
50 K). This causes the dynamics of the flow to be significantly
di↵erent from isothermal or nearly isothermal flow (see Audit
& Hennebelle 2010, for a comparison between barotropic and
two-phase flows). Moreover, the two-phase nature of the dif-
fuse atomic medium has been found to persist in molecular
clouds (Hennebelle et al. 2008; Heitsch et al. 2008a; Banerjee
et al. 2009; Vázquez-Semadeni et al. 2010; Inoue & Inutsuka
2012). This in particular produces a medium in which super-
sonic clumps of cold gas are embedded in a di↵use phase of

subsonic warm gas. Consequently, the question about the conse-
quences of the multiphase nature of a molecular cloud are for the
formation of H2. Clearly, various processes may occur. First of
all, the dense clumps are continuously forming and accreting out
of the di↵use gas because molecular clouds continue to accrete.
Second, some of the H2 formed at high density is likely to be
spread in low-density high-temperature gas because of the phase
exchanges.

We here present numerical simulations using a simple model
for H2 formation within a dynamically evolving turbulent molec-
ular cloud that is formed through colliding streams of atomic
gas. Such flows, sometimes called colliding flows, have been
widely used to study the formation of molecular clouds because
they represent a good compromise between the need to assem-
ble the di↵use material from the large scales and the need to ac-
curately describe the small scales within the molecular clouds
(Hennebelle & Pérault 1999; Ballesteros-Paredes et al. 1999;
Heitsch et al. 2006; Vázquez-Semadeni et al. 2006; Clark et al.
2012). The content of this paper is as follows: in Sect. 2 we
present the governing equations and the physical processes, such
as H2 formation. In Sect. 3 we describe the numerical setup that
we use to perform the simulations. In Sect. 4 we present the re-
sults of our simulations, first describing the general structure of
the cloud and then focussing on the H2 distribution. We perform
a few complementary calculations that aim at better understand-
ing the physical mechanisms at play in the simulations. Then in
Sect. 5 we compare our results with various observations that
have quantified the abundance of H2 and find very reasonable
agreements. Finally, we summarise and discuss the implications
of our work in Sect. 6.

2. Physical processes

2.1. Governing fluid equations

We consider the usual compressive magnetohydrodynamical
equations that govern the behaviour of the gas. These equations
written in their conservative form are

@⇢

@t
+ r · (⇢u) = 0, (1)

@⇢u

@t
+ r · (⇢uu � BB) + rP = �⇢r�, (2)

@E

@t
+ r · [(E + P)u � B(Bu)] = �⇢L, (3)

@B
@t
+ r · (uB � Bu) = 0, (4)

r2� = 4⇡G⇢, (5)

where ⇢, u, B, P, E, and � are the mass density, velocity field,
magnetic field, total energy, and the gravitational potential of the
gas, respectively, andL is the net loss function that describes gas
cooling and heating.

2.2. Chemistry of H2

The fluid equations (Eqs. (1)�(5)) are complemented by an
equation that describes the formation of the H2 molecules,

@nH2

@t
+ r · (nH2u) = kformn(n � 2nH2 ) � kphnH2 , (6)

A76, page 2 of 17

A&A 587, A76 (2016)

Glover & Mac Low (2007a) and Glover & Mac Low (2007b),
who have simulated the formation of molecular hydrogen in su-
personic clouds, showed that H2 can form relatively quickly in
the dense clumps induced by the shocks, leading to a signifi-
cantly shorter timescale (typically of about 3 Myr). Recently,
Micic et al. (2012) explored the influence of the turbulent forc-
ing and showed that it has a significant influence on the timescale
of H2 formation. This is because compressible forcing leads to
denser clumps than solenoidal forcing, for which the motions are
less compressible. This clearly shows that dynamics is playing
an important role in the process of HI-to-H2 transition, at least
at the scale of a molecular cloud.

In the Milky Way most of the molecular hydrogen is in the
form of low-temperature gas, but di↵erent observations have
brought to light the existence of large amounts of fairly warm
H2 in the ISM (Valentijn & van der Werf 1999; Verstraete et al.
1999). Gry et al. (2002) and Lacour et al. (2005) have shown
that the H2 excitation resulting from UV pumping and from H2
formation cannot account for the observed population of H2 ex-
cited levels (J > 2). Excited H2 is likely explained by the pres-
ence of a warm and turbulent layer associated with the molec-
ular cloud. But in such warm gas, which is characterised by
very low densities (nH ⇡ 1�10 cm�3) and very high tempera-
tures (T ⇡ 103�104 K), H2 formation on grain surfaces becomes
negligible, which accordingly leads to an apparent contradiction.
Recently, Godard et al. (2009) have investigated the possibility
that warm H2 could form during intermittent high-energy dissi-
pation events such as vortices and shocks. They showed in par-
ticular that under plausible assumptions for the distributions of
these events, the observed abundance of excited H2 molecules
could be reproduced. Another possibility to explain the abun-
dance of these excited H2 molecules is that they could be formed
in dense gas and then be transported in more di↵use and warmer
medium. This possibility has been investigated by Lesa↵re et al.
(2007) using a 1D model and a prescription to take into ac-
count the turbulent di↵usion between the phases. In particular,
they found that the abundance of H2 molecules at low den-
sity and high temperature increases with the turbulent di↵usion
e�ciency.

While di↵erent in nature, previous works (Glover & Mac
Low 2007a,b; Lesa↵re et al. 2007; Godard et al. 2009) therefore
consistently found that the formation of H2 is significantly influ-
enced by the dynamics of the flow in which it forms. Although
the exact mechanism that leads to the formation of molecu-
lar clouds is still under investigation, it seems unavoidable to
consider converging streams of di↵use gas (e.g. Hennebelle &
Falgarone 2012; Dobbs et al. 2014). What exactly triggers these
flows is not fully elucidated yet but is most likely due to a
combination of gravity, large-scale turbulence, and large-scale
shell expansion. Another important issue is the thermodynam-
ical state of the gas. The di↵use gas out of which molecular
clouds form is most likely a mixture of phases made of warm
and cold atomic hydrogen (HI) and even possibly somewhat dif-
fuse molecular gas. Such a multiphase medium presents strong
temperature variations (typically from 8000 K to lower than
50 K). This causes the dynamics of the flow to be significantly
di↵erent from isothermal or nearly isothermal flow (see Audit
& Hennebelle 2010, for a comparison between barotropic and
two-phase flows). Moreover, the two-phase nature of the dif-
fuse atomic medium has been found to persist in molecular
clouds (Hennebelle et al. 2008; Heitsch et al. 2008a; Banerjee
et al. 2009; Vázquez-Semadeni et al. 2010; Inoue & Inutsuka
2012). This in particular produces a medium in which super-
sonic clumps of cold gas are embedded in a di↵use phase of

subsonic warm gas. Consequently, the question about the conse-
quences of the multiphase nature of a molecular cloud are for the
formation of H2. Clearly, various processes may occur. First of
all, the dense clumps are continuously forming and accreting out
of the di↵use gas because molecular clouds continue to accrete.
Second, some of the H2 formed at high density is likely to be
spread in low-density high-temperature gas because of the phase
exchanges.

We here present numerical simulations using a simple model
for H2 formation within a dynamically evolving turbulent molec-
ular cloud that is formed through colliding streams of atomic
gas. Such flows, sometimes called colliding flows, have been
widely used to study the formation of molecular clouds because
they represent a good compromise between the need to assem-
ble the di↵use material from the large scales and the need to ac-
curately describe the small scales within the molecular clouds
(Hennebelle & Pérault 1999; Ballesteros-Paredes et al. 1999;
Heitsch et al. 2006; Vázquez-Semadeni et al. 2006; Clark et al.
2012). The content of this paper is as follows: in Sect. 2 we
present the governing equations and the physical processes, such
as H2 formation. In Sect. 3 we describe the numerical setup that
we use to perform the simulations. In Sect. 4 we present the re-
sults of our simulations, first describing the general structure of
the cloud and then focussing on the H2 distribution. We perform
a few complementary calculations that aim at better understand-
ing the physical mechanisms at play in the simulations. Then in
Sect. 5 we compare our results with various observations that
have quantified the abundance of H2 and find very reasonable
agreements. Finally, we summarise and discuss the implications
of our work in Sect. 6.

2. Physical processes

2.1. Governing fluid equations

We consider the usual compressive magnetohydrodynamical
equations that govern the behaviour of the gas. These equations
written in their conservative form are

@⇢

@t
+ r · (⇢u) = 0, (1)

@⇢u

@t
+ r · (⇢uu � BB) + rP = �⇢r�, (2)

@E

@t
+ r · [(E + P)u � B(Bu)] = �⇢L, (3)

@B
@t
+ r · (uB � Bu) = 0, (4)

r2� = 4⇡G⇢, (5)

where ⇢, u, B, P, E, and � are the mass density, velocity field,
magnetic field, total energy, and the gravitational potential of the
gas, respectively, andL is the net loss function that describes gas
cooling and heating.

2.2. Chemistry of H2

The fluid equations (Eqs. (1)�(5)) are complemented by an
equation that describes the formation of the H2 molecules,

@nH2

@t
+ r · (nH2u) = kformn(n � 2nH2 ) � kphnH2 , (6)

A76, page 2 of 17

RAMSES	AMR	code	
	(Teyssier	2002)	
L  =  50 pc 
N  =  1 cm-3 

Vin  =  15 km s-1 

B  =  2.5 µG 
dxmin  = 0.05 pc					
dxmax  = 0.2 pc					
	

(Valdivia	et	al.	2016)	
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Fig. 8. Evolution of the molecular fraction in the simulation box as a
function of time.

time-dependent distribution. This is clearly due to the long
timescale needed to form H2. The di↵erences between the equi-
librium and time-dependent distributions become eventually less
important. For example, the two distributions are obviously
closer at a time of 20 Myr (right panels) than at a time of 5 Myr.
However, they are not identical. Since all distributions at a time
of 15 Myr and 20 Myr are similar, the persistence of the di↵er-
ences between the equilibrium and time-dependent distributions
indicates that this is most likely the result of a stationary situa-
tion. It most likely reflects the accretion process, that is to say,
HI gas (possibly mixed with a fraction of H2) is continuously
being accreted within denser clumps and therefore the dense gas
does not become fully molecular. This interpretation is also con-
sistent with the fact that the e↵ect is more pronounced for the
fourth density bin (line 4) than for the fifth and highest one (line
5). Considering now the lowest density bin (first line), we find
the reverse e↵ect at a time of 10 and 15 Myr: the time-dependent
distribution dominates the equilibrium distribution. This is most
likely an e↵ect of the turbulent di↵usion. Because of the low
mass contained in this low-density bin, this remains a limited
e↵ect, however.

The second density bin (line 2), which corresponds to n be-
tween 1 and 10 cm�3, is slightly puzzling. No significant di↵er-
ences are seen between the two distributions, which is surprising.
One possibility is that various e↵ects compensate for each other.
That is to say, the time delay to form H2 (clearly visible for the
three denser density bins) may be compensated for by an en-
richment from the denser gas. This might possibly occur for the
second density bin at time 20 Myr (fourth column, second line)
where overall a small excess of time-dependent H2 is found, but
for f (H2) > 0.7 the equilibrium distribution dominates.

4.2.4. Spatial fluctuations

As a complement to the time evolution of f (H2), it is also worth-
while to investigate the spatial fluctuations at a given time. In
this respect, the clumps constitute natural entities for studying
the spatial variations. The bottom panel of Fig. 6 shows f (H2)
within the clumps. For the most massive clumps, the value of
f (H2) is close to 1 and the dispersion remains weak. In contrast,
the dispersion becomes very high for the less massive clumps,
and the value of f (H2) can in some circumstances be rather low.
This shows that clump histories, that is to say, their ages and

Fig. 9. Molecular fraction evolution. In the top panel we show the evolu-
tion per density bin (the density increases from purple to red), in the bot-

tom panel the evolution per temperature bin (the temperature increases
from purple to salmon).

the local UV flux in which they grow, have a major influence on
f (H2).

4.2.5. Further analysis of H2 formation

To better quantify the interdependence of the di↵erent density
bins, we conducted three complementary low-resolution runs for
which the formation of H2 was suppressed (kform was set to zero)
above a given density threshold. Figure 11 displays the result. In
the top panel, no threshold is applied. In the middle and bottom
panels a threshold of 1000 cm�3 and 100 cm�3, respectively, is
applied. For the threshold 1000 cm�3, the values of f (H2) are not
significantly changed except for the highest density range (for
n > 1000 cm�3). On the other hand, with a threshold 100 cm�3,
the values of f (H2) decrease by a factor of about 3 for all den-
sity bins. This clearly shows that most of the H2 molecules in
the low-density gas form at a density of a few 100 cm�3. While
the shielding provided by molecules in gas denser than this value
could contribute to enhance the more di↵use gas, the filling fac-
tor of the dense gas is too small to strongly a↵ect the di↵use gas,
which has a much larger filling factor (see Fig. 4). Therefore
we conclude that the H2 abundance within the low-density gas
(<100 cm�3) is very likely a consequence of turbulent mixing
and gas exchange between di↵use and dense gas.
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H2	forma9on	suppressed	for	nthresh	≥	100	cm-3	

•  Clumps	are	dominated	by	the	turbulent	pressure	=>	Transient	structures	
•  H2	can	be	transported	from	cold	and	dense	regions	towards	warm	and	diluted	

environments,	where	it	survives	due	to	the	shielding	provided	by	the	mulFphase	
structure	
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V. Valdivia et al.: H2 distribution during the formation of molecular clouds

Fig. 11. Evolution of the molecular fraction, where the formation of H2
has been suppressed for gas denser than a fixed threshold. The top panel

corresponds to the standard case, with no suppression of H2 formation.
The middle panel shows the evolution for a density threshold of n =
1000 [cm�3], while the bottom panel corresponds to a density threshold
of n = 100 [cm�3]

about 10 K. Moreover, at higher densities (above ⇠105 cm�3)
other processes that are not included in our simulations can take
over, such as collisions with dust grains and the cooling by other
molecular lines, such as CO.

Finally, as can be seen for densities between 1 to ⇠50 cm�3,
the cooling dominates the heating by a factor of a few. This in-
dicates that there is another source of heating equal to the dif-
ference, which is due to the mechanical energy dissipation. This

Fig. 12. Various cooling and heating contributions as a function of den-
sity. As can be seen, H2 does not have a dominant influence except at
densities of about 4 cm�3 where H2 cooling (green line) becomes com-
parable to the standard ISM cooling (blue line) and at high densities
where the heating by H2 formation (red line) is significant (but without
modifying the temperature substantially).

latter therefore appears to have a contribution similar to the UV
heating. This explains why warm gas is actually able to survive
within molecular clouds. In the same way that density is much
higher than in the rest of the ISM, kinetic energy is also higher
and provides a significant heating (e.g. Hennebelle & Inutsuka
2006).

5. Comparison to observations

We now compare our results with various observations that fall
into two categories. The first observations have attempted to
measure the molecular fraction, that is, the total column den-
sity of H2 with respect to the total column density. The second
observations have measured the excited levels of H2, therefore
presumably tracing high-temperature gas. These two sets of ob-
servations are therefore complementary and very informative.

5.1. Molecular fraction vs. column density

The H2 column density has been estimated along several lines of
sight mainly (though not exclusively) with the Copernicus satel-
lite (Savage et al. 1977) and the FUSE observatory (Gillmon
et al. 2006; Rachford et al. 2002, 2009). These observations
probe lines of sight spanning a wide range of column densities
and therefore constitute a good test for our simulations, although
a di↵erence to keep in mind is that the lines of sight extracted
from our simulations are all taken from a 50 pc region and there-
fore are more homogeneous than the observed lines of sight.

Figure 13 shows the molecular fraction f (H2) as a function
of total column density for all lines of sight of the simulations
(taken along the z-direction) and the available lines of sight re-
ported in Gillmon et al. (2006), and Rachford et al. (2002, 2009).
The simulation results and the observations agree rather well,
many observational data directly fall into the same regions as
simulated data. In particular, the two regimes, that is, the ver-
tical transition branch at column densities of between 1020 and
3 ⇥ 1020 cm�3 as well as the higher column density region, are
clearly seen both in observations and in the simulation.

This said, there are also data points that are not repro-
duced by any of the lines of sight from the simulations. This
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HI-to-H2	transi9on	

LeP:	Excited	popula9ons	
Right:	b	Doppler	parameter	
	
Data:		
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Excited H2 populations

Excited populations (left panel, data from: Wakker (2006) (cross), Rachford et
al. (2002) (circle), Gry et al. (2002) (square), and Lacour et al. (2005)
(diamond)). b Doppler parameter for the same levels (right panel, data from
Lacour et al. (2005)). Colours correspond to the total column density range.
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•  H2	is	a	boRleneck	for	the	chemistry	

•  We	calculate	the	equilibrium	
abundances	for	all	the	species	

						(besides	H2	and	HI)	

LeP:	Timescales	required	to	reach	the	equilibrium	abundance.		
Right:	Mass	distribu9on	in	the	simula9on	
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Highly	endothermic	reac9ons	require	warm	reactants	to	occur	efficiently.	
	
•  CH+	requires	H2	to	be	formed	efficiently	in	the	diffuse	ISM.	
•  The	main	reac9on	path	is	highly	endothermic.	
	
	
•  CH+	is	easily	destroyed.	
•  PDR	models	failed	at	explaining	its	abundance.	
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wavelengths in the local ISM (Crane et al. 1995; Gredel 1997;
Weselak et al. 2008), while the 13CH+ isotopologue has been de-
tected in infrared wavelengths deeper in the Galactic disc (Fal-
garone et al. 2005, 2010; Godard et al. 2012). This molecule has
even been observed in the interstellar medium of external galax-
ies (Rangwala et al. 2011; van der Werf et al. 2010; Ritchey et al.
2015; Spinoglio et al. 2012).

CH+ is easily destroyed by reactions with electrons and hy-
drogen atoms, but also by reactions with H2 molecules. Under
these conditions, the only reaction e�cient enough to counter-
balance the fast destruction is

C+ + H2 ! CH+ + H (�E/k = �4300 K). (1)

As this reaction is highly endothermic (Agúndez et al. 2010), it
has been proposed that the observed abundances might be related
to warm layers of gas resulting, for instance, from turbulent mix-
ing or turbulent dissipation processes (Crane et al. 1995; Gredel
1997; Lambert & Danks 1986).

From the theoretical point of view, the attemps to explain the
large amounts of CH+ in the di↵use ISM include shock heated
gas (Draine & Katz 1986; Pineau des Forêts et al. 1986; Flower
& Pineau des Forêts 1998; Lesa↵re et al. 2013), turbulent dissi-
pation in vortices (Joulain et al. 1998; Godard et al. 2009, 2014;
Falgarone et al. 2010; Myers et al. 2015), and the turbulent mix-
ing between the CNM and the WNM (Lesa↵re et al. 2007). Sev-
eral of these models have proven successful in reproducing not
only the abundances of CH+ but also those of many other species
(e.g. SH+, CO, HCO+) and their correlations observed in the dif-
fuse medium under the constrain the mechanical energy injected
at large scale. However, they did so assuming idealised one di-
mensional steady-state structures and adopting either a single
type of structures along the line of sight or very simplistic ve-
locity, density, or magnetic field distributions with no link to the
large sale dynamics of the gas.

The recent work of Myers et al. (2015) succeded at repro-
ducing the observed CH+ abundances for a turbulent molecular
cloud with typical physical conditions for the ISM. Using ideal
magnetohydrodynamical (MHD) simulations, they showed that
almost all of the CH+ molecules are produced in regions where
the ion-neutral drift velocities are high (vd & 3� 4 km s�1). CH+
production is controlled by drift velocities higher than 3 km s�1

which, in despite of being rare, are present in a su�cient number
to be statistically significant and produce CH+ column densities
comparable to observations. However, the simplifying assump-
tions about the ionisation fraction of the gas, which influences
the drift velocity distribution, and the constant fraction of molec-
ular hydrogen might be leading to an artificially high CH+ abun-
dance.

The goal of our paper is to study the formation of CH+ at
large-scale in di↵use molecular clouds, using a dynamically cal-
culated abundance of molecular hydrogen (out-of-equilibrium
H2), as well as including a more detailed description of the my-
crophysical processes, and to compare with available observa-
tions, as well as the previous theoretical work of Myers et al.
(2015, hereafter MML15). First we explore the role of the turbu-
lent mixing, which transports molecular hydrogen to the warm
gas, in a realistic 3-dimensional structure, by assessing which
is the role played by the warm reactants. Secondly, we address
the question of whether the ambipolar di↵usion can explain the
observed abundances of CH+ under realistic physical conditions.

The paper is structured as follows: in Sect. 2 we describe the
numerical simulation and the chemical solver used to postpro-
cess it. We also describe how we estimate the ion-neutral slip
velocity, and we analyse the validity of our approach. In Sect. 3

we present our results on the importance of warm reactants, as
well as the importance of the ion-neutral drift, on the abundance
of CH+. We conclude the paper in Sect. 4. Additionally, we give
a detailed description of our chemical solver and a detailed study
of the chemical timescales for each individual species in the ap-
pendix.

2. Methodology

2.1. MHD simulation

The numerical simulation used in this work is an ideal magne-
tohydrodynamical (MHD) multiphase simulation of a realistic
molecular cloud using the RAMSES code (Teyssier 2002) and
fully described in the Appendix of Paper I.

The molecular cloud is formed by colliding streams of
atomic gas and the general setup is very similar to Valdivia &
Hennebelle (2014) (see also Audit & Hennebelle 2005; Hen-
nebelle et al. 2008). The simulation box is a cube of side L =
50 pc filled with atomic gas of density n = 1 cm�3 and temper-
ature T = 8000 K, where two converging streams of WNM are
injected from the x boundaries with a slightly turbulent velocity
field of module V0 = 15 km s�1. The corresponding injection of
mechanical energy at the integral scale is Ėin ⇠ 3 ⇥ 1033 erg s�1,
or equivalently "in ⇠ 10�25 erg cm�3s�1, in agreement with the
mean value of the kinetic energy transfer rate deduced from
the observed velocity dispersions of molecular clouds seen in
CO (Hennebelle & Falgarone 2012). The magnetic field is ini-
tially aligned with the x direction and it has an initial strength of
2.5 µG.

The simulation uses an adaptive mesh refinement (AMR)
technique. The minimum and maximum resolution levels are
`

min

= 9 and `
max

= 11, reaching an e↵ective numerical res-
olution of 20483, or equivalently a spacial resolution of some
0.025 pc. The refinement criterion is density, with density thresh-
olds at nthresh = 50 cm�3, and nthresh = 100 cm�3. The timestep
of the simulation is variable and smaller than ⇠ 180 yr, i.e. small
enough to follow the propagation of dynamical perturbations in
the CNM and WNM (⇠ 104 yr).

The simulation follows the formation and destruction of H2
and its thermal feedback. The e↵ects of shielding from ultravio-
let radiation by dust particles and H2 absorption (self-shielding)
have both been included for the computation of the H2 pho-
todissociation rate using our tree-based method, detailed in Val-
divia & Hennebelle (2014) and in Paper I. The simulation pro-
duces turbulent and highly structured molecular clouds that ex-
hibit a wide range of physical conditions (in density, tempera-
ture, and shielding parameters). Important fractions of out-of-
equilibrium H2 are found in the di↵use and warm phase of the
gas as a consequence of the turbulent mixing and the shield-
ing against photodissociation provided by the multiphase struc-
ture. H2 molecules initially formed in transient dense regions are
spread by turbulence into the interclump medium, where they
can survive due to the shielding provided by the cloud structure.
The presence of H2 in a warm environment increases its exci-
tation (Paper I) and leads to column densities of H2 rotational
levels comparable to those observed with the Copernicus and
FUSE Telescopes (e.g. Spitzer et al. 1974; Frisch 1980; Frisch
& Jura 1980; Lambert & Danks 1986; Gry et al. 2002; Lacour
et al. 2005).

The snapshot used in this work corresponds to an evolution
time of 15 Myr in the simulation. Figure 1 shows the local num-
ber density in a cut through the middle plane, as well as a small
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Fig. 4. Observations (top panel) compared to the predictions of PDR
(middle panel) and TDR (bottom panel) models. Data (open circles)
− The CH+ and total hydrogen column densities inferred from vis-
ible absorption lines and extinction measurements are shown in red
and are from Crane et al. (1995), Gredel (1997), and Weselak et al.
(2008). The CH+ and total hydrogen column densities inferred from
the far-infrared absorption lines of CH+, HF, and CH and the 21 cm
emission lines of HI are shown in blue and are from Falgarone et al.
(2010a), Gerin et al. (2010b), Neufeld et al. (2010b), Sonnentrucker
et al. (2010), and Godard et al. (2012). The red and blue lines corre-
spond to the mean ratio N(CH+)/NH computed with the visible and sub-
millimetre data, respectively. PDR and TDR model predictions (filled
symbols) − Computed for several densities: 10 (crosses), 30 (triangles),
50 (squares), and 100 cm−3 (circles). The TDR models are computed
for ε = 10−24 (green) and 10−23 (magenta) erg cm−3 s−1, all the other
parameters are set to their standard values.

absorption towards the continuum of massive star forming re-
gions with the Herschel/HIFI instrument (Falgarone et al. 2010a;
Godard et al. 2012). The total hydrogen column densities associ-
ated with the visible data are inferred from extinction measure-
ments, while those associated with the far-infrared data are taken
from Godard et al. (2012) who estimated the atomic hydrogen
column density from VLA observations of its λ21 cm transition
and the H2 column density from the far-infrared observations of

two surrogate molecular species, CH and HF (Gerin et al. 2010b;
Neufeld et al. 2010b; Sonnentrucker et al. 2010). When both CH
and HF are available, both estimations are used to compute un-
certainties on the total column density, hence the large error bars
on NH for several far-infrared components.

Absorption spectroscopy against stars in the visible range is
limited to the SN because of dust extinction, while that against
star-forming regions in the submillimetre domain does not have
such a limitation (e.g. Laor & Draine 1993). The red data of
Fig. 4 are thus associated with gas in the SN while the blue
data sample components located deeper in the inner Galactic
disk (see Table 3 of Godard et al. 2012). These two datasets
share similar characteristics: a large scatter of about one order
of magnitude and the same linear trend with NH. However, the
column densities of CH+ observed in the inner Galactic disk,
with a mean ratio ⟨N(CH+)/NH⟩ = 2.1 × 10−8, are found to ex-
ceed by a factor of 3 on average those observed in the SN, where
⟨N(CH+)/NH⟩ = 7.6 × 10−9.

5.2. Predictions of UV-dominated chemistry

The middle panel of Fig. 4 displays the column densities of
CH+ predicted by the Meudon PDR code for densities of 30,
50, and 100 cm−3, a total column density NH = 0.18, 1.8,
and 18×1021 cm−2, and an incident radiation field scaling factor
χ = 1. In the diffuse ISM, the destruction of CH+ occurs through
hydrogenation (see Fig. C.1), an exothermic process with a very
short timescale ∼1 yr fH2 (50 cm−3/nH) (McEwan et al. 1999),
where fH2 is the molecular fraction defined as fH2 = 2n(H2)/nH.
Conversely, in the absence of a suprathermal energy source to
activate the endothermic reaction

C+ + H2 → CH+ + H (∆E/k ∼ 4640 K), (10)

the formation of CH+ is initiated by the radiative association

C+ + H2 → CH+2 + γ, (11)

a process with a very long timescale∼2×106 yr f −1
H2

(50 cm−3/nH)
(Herbst 1985). With the lack of an efficient production pathway,
PDR models thus systematically underestimate the observed
column densities of CH+ by two to four orders of magnitude
(Fig. 4).

5.3. Predictions of the TDR model

In the bottom panel of Fig. 4, we compare the observational data
with the predictions of the TDR models. With a homogeneous
reconstruction of the line of sight (see Sect. 3.3), all the column
densities computed by the code are simply proportional to the
total hydrogen column density NH. For a given NH, the depen-
dence of N(CH+) on the other parameters is then the result of
several effects. First, CH+ is predominantly produced in the ac-
tive stages (see Fig. 3); its column density is thus proportional
to the number of active vortices, which is proportional to the av-
erage dissipation rate ε, inversely proportional to the square of
the density nH and independent of EτV (see Paper I). Second, the
rate-of-strain a and the maximum orthoradial velocity uθ,M con-
trol the heating by viscous friction and ion-neutral friction, re-
spectively, hence set the effective temperature (Eq. (2)) at which
ion-neutral chemical reactions proceed. If a or uθ,M increase, the
effective temperature in an active vortex increases and so does
the rate of reaction 10, hence the production of CH+. When in-
tegrated over the line of sight, however, this effect is balanced
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Summary	
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•  Long	lived	molecules,	such	as	H2,	can	be	transported	by	turbulent	mo9ons	towards	warm	
environments.	

•  Once	H2	is	present,	the	chemistry	can	proceed	much	faster.	
•  Out-of-equilibrium	H2	plays	a	significant	role	in	the	abundance	of	CH+,	nevertheless	other	

physical	processes,	such	as	the	dissipaFon	of	turbulence,	are	needed	to	explain	the	observed	
abundances.	

•  The	JWST	will	provide	crucial	informa9on	about	the	warm	H2	through	rota9onal	and	
rovibra9onal	lines.	
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Figure 3. Observing H2 lines at high-redshift with JWST/MIRI. The observed wavelengths of some H2 lines are shown

as a function of the redshift. The colored bars indicate the channels and bands of the Medium Resolution Spectrometer

(MRS) of the MIRI instrument. One observation corresponds to four sub-bands, like 1A, 2A, 3A, 4A for instance (see

Guillard, P. 2010, for technical details about the MRS operations). The vertical lines indicate the redshifts of some

high-z radio-galaxies that might be interesting to look at with MIRI.

Covering a wavelength range of 4.9 � 28.6µm, the MIRI Medium Resolution Spectrometer (MRS, Wells
et al. 2015) will be the first Integral Field Unit (IFU) instrument to provide the sensitivity and resolving
power to spatially and spectrally resolve H2 and forbidden ionized gas lines at rest-frame near-IR and mid-IR
wavelengths, out to z = 1.5� 3.5 (Figure 3). Covering 0.6� 5µm in the near-infrared, NIRSPEC (Posselt et al.
2004) will allow the detection of ro-vibrational lines at very high sensitivity (0.6 ⇥ 10�21 W m�2 for 1h) and
spectral resolution (R ⇡ 3000 for the IFU mode). Both the MRS and NIRSPEC IFUs will have comparable
spectral resolutions to the SINFONI near-infrared IFU on the VLT (see Figure 1, right panel). The JWST
instruments will allow us to directly investigate the physical state and the kinematics of the ionized gas and the
warm (> 150 K) molecular gas that is dynamically heated by the dissipation of mechanical energy associated
with galaxy merging and AGN feedback. To establish the energy budget of the warm molecular gas and shock
diagnostics, we shall use the near-IR ro-vibrational lines, e.g. the H2 1-0 S(1) 2.12µm line, and the mid-IR pure
rotational H2 0-0 S(3) 9.7µm and S(5) 6.9µm lines. The forbidden ionized gas lines (e.g. [Ne II], [Ne III]) will
be used to compare the kinematics of the molecular gas with that of the ionized gas and complement the shock
diagnostics (Gusdorf 2015). The synergy with NIRSPEC will be helpful to observe the CO bandheads and Ca II
triplet to estimate the stellar kinematics. This will allow to estimate the ratio between the bulk galaxy rotation
and the gas velocity dispersion in these high-z objects, and provide an absolute rest-frame in which to interpret
the gas motions as blueshift or redshift.

4 Conclusions and perspectives

Rotation-vibration H2 transitions observed in the mid- and near-infrared appear as key tracers of the energetics
of galaxy formation and evolution. They complement the CO transitions which usually trace the bulk of the
molecular gas that is too cold to emit in H2. The powerful infrared H2 line emission observed in a large sample
of extragalactic sources is believed to be powered by the dissipation of turbulent energy, provided by large-
scale shocks from galaxy collisions, radio jet feedback, star formation and gas accretion. In some cases, the
line emission represents a significant fraction of the total molecular gas mass and bolometric luminosity of the
galaxies. By observing routinely those lines, the JWST should allow us to relate the star formation activity and
the gas accretion rates to the turbulence of the gas. This has potentially far-reaching implications, from the
physics of the multiphase ISM, regulation of star formation in the most massive galaxies, and the formation of
the first galaxies.

V. Valdivia et al.: H2 distribution during the formation of molecular clouds

Fig. 11. Evolution of the molecular fraction, where the formation of H2
has been suppressed for gas denser than a fixed threshold. The top panel

corresponds to the standard case, with no suppression of H2 formation.
The middle panel shows the evolution for a density threshold of n =
1000 [cm�3], while the bottom panel corresponds to a density threshold
of n = 100 [cm�3]

about 10 K. Moreover, at higher densities (above ⇠105 cm�3)
other processes that are not included in our simulations can take
over, such as collisions with dust grains and the cooling by other
molecular lines, such as CO.

Finally, as can be seen for densities between 1 to ⇠50 cm�3,
the cooling dominates the heating by a factor of a few. This in-
dicates that there is another source of heating equal to the dif-
ference, which is due to the mechanical energy dissipation. This

Fig. 12. Various cooling and heating contributions as a function of den-
sity. As can be seen, H2 does not have a dominant influence except at
densities of about 4 cm�3 where H2 cooling (green line) becomes com-
parable to the standard ISM cooling (blue line) and at high densities
where the heating by H2 formation (red line) is significant (but without
modifying the temperature substantially).

latter therefore appears to have a contribution similar to the UV
heating. This explains why warm gas is actually able to survive
within molecular clouds. In the same way that density is much
higher than in the rest of the ISM, kinetic energy is also higher
and provides a significant heating (e.g. Hennebelle & Inutsuka
2006).

5. Comparison to observations

We now compare our results with various observations that fall
into two categories. The first observations have attempted to
measure the molecular fraction, that is, the total column den-
sity of H2 with respect to the total column density. The second
observations have measured the excited levels of H2, therefore
presumably tracing high-temperature gas. These two sets of ob-
servations are therefore complementary and very informative.

5.1. Molecular fraction vs. column density

The H2 column density has been estimated along several lines of
sight mainly (though not exclusively) with the Copernicus satel-
lite (Savage et al. 1977) and the FUSE observatory (Gillmon
et al. 2006; Rachford et al. 2002, 2009). These observations
probe lines of sight spanning a wide range of column densities
and therefore constitute a good test for our simulations, although
a di↵erence to keep in mind is that the lines of sight extracted
from our simulations are all taken from a 50 pc region and there-
fore are more homogeneous than the observed lines of sight.

Figure 13 shows the molecular fraction f (H2) as a function
of total column density for all lines of sight of the simulations
(taken along the z-direction) and the available lines of sight re-
ported in Gillmon et al. (2006), and Rachford et al. (2002, 2009).
The simulation results and the observations agree rather well,
many observational data directly fall into the same regions as
simulated data. In particular, the two regimes, that is, the ver-
tical transition branch at column densities of between 1020 and
3 ⇥ 1020 cm�3 as well as the higher column density region, are
clearly seen both in observations and in the simulation.

This said, there are also data points that are not repro-
duced by any of the lines of sight from the simulations. This
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lines	
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