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Abstract.
The work presented here is focused on the evolution of the atomic and diffuse interstellar
medium that provides the initial conditions to the formation of molecular clouds. We quantify the roles
of thermal instability, turbulence and magnetic field in the formation of CNM gas out of the WNM with
numerical simulations performed with the code HERACLES.
First, we present the results of a study of the WNM-CNM transition in the non-magnetized case. With
WNM initial conditions and stirring in of turbulent motions at large scales, the hydrodynamical simulations
reproduce basic observational statistics of the diffuse ISM as the mass in the cold phase. A process of
compression is needed to create CNM through the thermal instability, either with a majority of compressible
modes of the injected turbulent velocity field or with an initial density of the WNM higher than the fiducial
value for the thermal equilibrium.
Lastly, we present a set of MHD simulations based on the parameter study performed in the hydrodynamical
case and compare their ability to create CNM and their properties regarding the dust polarization, as the
maps of the stokes parameters and the dispersion of the polarization angle. We obtain a good agreement
with the recent results of the Planck satellite.
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Introduction

One of the main current questions in Astrophysics is the understanding of the star formation process, directly
related to the processes involved in the cooling and the condensation of the gas yielding to intricate filamentary
structures of molecular clouds. Magnetic field, thermal instability and turbulence are playing dominant roles
in this complex dynamics.
Observations of the atomic interstellar medium (HI, dust) show that discrete structures of cold and optically
thick gas (CNM, T∼100K, n∼ 100 cm−3 ) are surrounded by a much more diffuse, warm and optically thin
medium (WNM, T∼ 8000K, n∼ 0.5cm−3 ), detected on each line of sight (Dickey et al. 2003). Heiles & Troland
(2003) studied the fraction of cold atomic gas and found that around 40% of the HI is in the CNM phase, and
that its volume filling factor is equal to 1%. Moreover, the width and the relative smoothness of the 21 cm
emission spectra (Miville-Deschênes & Martin 2007; Dickey et al. 2003) indicate that their turbulent broadening
is less or equal to the thermal broadening, leading to a subsonic or sonic Mach number.
We want to adress here two questions : Can the WNM gas at the thermal equilibrium values of temperature
and density transit to CNM with turbulent motions alone or is some extra form of compression needed ? What
is the impact of the magnetic field on the formation of the cold structures in the ISM ?
2

Numerical methods

All the following simulations are performed with the code HERACLES (González et al. 2007) on a fixed grid.
The gas cooling drives the thermal instability. It comprises the main heating and cooling processes of the atomic
medium for our range of temperature [10 K, 104 K] and is based on the results of Wolfire et al. (2003) : the
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Fig. 1. Behavior of fCNM depending, on the left, on the initial density with ζ fixed to 0.5 and depending, on the
right, on the projection weight ζ with the initial density n0 fixed to 1 cm−3 . The different colors of the plain lines
represent the different values of the turbulent velocity field amplitude, the two dashed lines frame the range of fCNM we
want to reproduce.

heating is induced by the photoelectric effect on the grains, and the cooling by CII and OI lines, hydrogen
Lyman-α line and electrons recombination on the grains.
A force field f generates the large scales motions and is applied in Fourier space. We define the amplitude given
to the field as vS . The modes of the turbulent forcing are computed with the stochastic process of OrnsteinUhlenbeck (Eswaran & Pope 1988; Schmidt et al. 2006). The method is similar to Schmidt et al. (2009) and
Federrath et al. (2010). A Helmholtz decomposition is applied to the random field and projects it on its
compressive and solenoidal components. The projection weight ζ represents the ratio of solenoidal (divergencefree) to compressive (rotation-free) modes of the turbulent velocity field. Choosing a spectral weight ζ = 1
creates a physical force divergence free, i.e. purely solenoidal. Taking ζ < 1 generates dilatational components
which compress or rarify the gas. Finally, ζ = 0 creates a rotation-free field, i.e. purely compressive. In a
natural state, meaning that the energy is naturally distributed between the compressive and solenoidal modes
as the 2:1 mixing, ζ takes the value of 0.5. In this case, the Helmholtz operator is proportional to the identity
operator and the projection does not alter the energy repartition between the different modes.
3

Parameter constraints on hydrodynamical simulations

We computed a set of 90 hydrodynamical simulations at small resolution (1283 cells, B0 = 0 µG) in order to
determine which initial conditions reproduce the observed properties of the cold H i out of WNM: a biphasic
medium with a CNM mass fraction of 40%, a volume filling factor for the CNM around 1% and a sub or
transonic turbulence (M ∼ 1). To do so, we use a box size of 40 pc and an initial temperature of 8000 K for all
simulations. We vary the initial density n0 from 0.2 to 10 cm−3 , the large scale amplitude vS at 20 pc from 5
to 20 km s−1 (leading to Mach numbers from 0.2 to 2.5) and the projection weight from purely solenoidal modes
(ζ = 1) to purely compressive modes (ζ = 0) (see Saury et al. 2013, for a detailed study of these simulations).
The main constraint we are considering here is the mass fraction of CNM created in the simulation, fCNM ,
computed as the ratio of the mass in the pixels where T < 200 K and the total mass in the simulation. The
obtained values are presented on Figure 1. For the case on the left, the projection weight ζ is fixed to 0.5 and
we vary the initial density and the large scale velocity vS . The transition from WNM to CNM never occurs
when the initial density is smaller than 1.5 cm−3 . On the other hand, all the simulations with n0 > 3 cm−3
create more than 30% of cold gas in mass. On the right part of Fig. 1, we represent the evolution of fCNM
with the projection weight while n0 is fixed to 1 cm−3 . We observe that the solenoidal modes (ζ close to 1)
are not efficient to create the cold gas and that a majority of compressive modes is necessary (ζ < 0.3). We
also emphasize that the highest amplitudes of the turbulence are not efficient to trigger the transition, on the
contrary. This is due to the fact that, for the highest values of vS , the cooling time of the WNM becomes larger
than the turbulent time: the compressed WNM gas does not have time to cool down before being re-expanded
by the turbulent motions.
For the second part of the work presented here, we will consider simulations with the following initial conditions:
n0 = 2 cm−3 , ζ = 0.5 and vS =7 km s−1 . To validate this choice, we computed the volume filling factor of the
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Fig. 2. Time evolution of the cold gas mass fraction fCNM for three MHD simulations (1283 cells) with different initial
values of the magnetic field: 1, 5 and 10 µG.

CNM, close to 4%, and the mean Mach number, equal to 1.2. The fundamental statistical properties of the
CNM are all well reproduced in this simulation.

4

MHD simulations and dust polarization

In order to study the magnetized turbulence properties of the diffuse interstellar medium, we computed MHD
simulations at small (1283 cells) and high (5123 cells) resolution with the initial conditions obtained previously
and the three following values of the magnetic field B0 : 1, 5 and 10 µG. B0 is initially uniform and parallel to
the x−axis. We investigated the effect of the magnetic field on the formation of cold gas by computing fCNM .
Its evolution with time is shown on Figure 2 for the three simulations at small resolution. We averaged fCNM on
the time range [10 My,20 My] and obtained 41 ± 3, 38 ± 2 and 37 ± 2 for B0 equal to 1, 5 and 10 µG respectively.
This suggests that the magnetic field has no real impact on the mass fraction of CNM formed in the simulations
and validates the parametric study on hydrodynamical simulations.
As fCNM cannot be used as a constraint on the magnetic field amplitude, we created synthetic polarization
maps using the high resolution simulations (5123 ). Observationally, the study of the polarization of dust thermal emission at infrared and submillimeter wavelengths is a method to measure the component of the magnetic
field perpendicular to the line of sight (Hildebrand et al. 2000). The Stokes parameters I, Q and U are built by
an integration along the line of sight through the simulations (following the method used in Fiege & Pudritz
(2000) and Falceta-Gonçalves et al. (2008)) and can be compared statistically to the Planck results. Figure 3
presents these maps for the simulation with B0 = 5 µG (because of their similarities with the 5 µG case, we
don’t present here the maps for the two other simulations). We note that most of the structures in the intensity
map (I) have a counterpart in Q and U, which may be used to determine the structure of the magnetic field in
the filaments. A comparison with observations is therefore promising, the satellite Planck having the sensitivity
to detect the brightest filaments, even in the diffuse H i.
The analysis of the Planck data showed a correlation between the polarization fraction p = P/I and the dispersion function of the polarization angle ∆ψ (Bernard 2013). The polarization fraction p = P/I = αdust cos2 γ
combines the intrinsic polarization fraction of the dust αdust and the structure of the magnetic field, γ being
the angle between B and the plane of the sky. On the other hand, the dispersion function of the polarization
angle provides only information on the magnetic field. Their comparison is a mean to distinguish the properties
of the matter and the structure of the magnetic field. In order to compare the simulations to observations, we
computed the P/I map (left part of Fig. 4) and ∆ψ(0) (right part of Fig. 4) for the simulation with an initial
PN
B0 equal to 5 µG. As explained in Hildebrand et al. (2009), ∆ψ 2 (l) = 1/N i=1 [ψ(r) − ψ(r + li )]2 is a measure
of the difference in angle for each pair of points separated by the distance |l|. As observed on the data and on
simulations of molecular clouds (Levrier 2013), we note an anti-correlation between the polarization fraction
P/I and ∆ψ(0).
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Fig. 3. Stokes parameters: I map (top left), P map (top right), Q map (bottom left) and U map (bottom right).
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Fig. 4. Left: map of the polarization fraction P/I, right: dispersion of the polarization angle ∆ψ(0)
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Conclusions

We performed a parametric study on hydrodynamical simulations to determine the initial conditions that lead
to the formation of 40% of CNM with a Mach number close to 1. We conclude that the ISM turbulence cascade
on its own cannot induce a transition from WNM into CNM at the fiducial density of the WNM set by thermal
equilibrium (Fig. 1). The production of CNM is likely to be due to turbulent motions of moderate amplitude
associated with compression by e.g. the expansion of H II regions, a supernova explosion or spiral density waves.
We computed MHD simulations of the diffuse H i and studied the properties of the polarization fraction and
the dispersion of the polarization angle. These results are being compared with Planck observations and with
simulations of molecular clouds. Our goal is to qualify statistical methods relating maps of Stokes parameters
to physical parameters characterizing interstellar turbulence, as e.g. the ratio between kinetic and magnetic
energy.
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