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ABSTRACT

Aims. A new multi-fluid approach to the dust dynamics in transverse shocks in dense clouds is presented with the aim of modelling
the dust processing in C- and J-type shocks.
Methods. We have augmented an existing steady-state shock code to include the effects of an MRN size distribution of grain cores
with icy mantles. The dust charge distribution and its evolution is considered in detail and included in the ionization balance. The
2-D grain dynamics are determined, including the effects of grain inertia and charge fluctuations, paying particular attention to the
gyration of the charged grains around the magnetic field lines and the feedback of the ionization state on grain dynamics.
Results. We find that the critical velocity for C shocks increases with the gas density but that it is only weakly dependent on a
high abundance of PAHs and on the photodetachment of electrons by secondary photons induced by cosmic-rays. The detailed dust
dynamics in C shocks is shown to comprise two distinct phases: 1) a short gyration phase followed by 2) a long term drift phase.
In J shocks only the first gyration phase is present. In C shocks propagating through molecular clouds (nH = 104 cm−3), large grains
(�100 Å) remain coupled to the magnetic field during the second phase. However, a high abundance of PAHs can lead to a shortage of
electrons in the gas and the decoupling of large grains in the shock tail. Large grains are decoupled from the magnetic field all through
the C shock in high density clouds (nH = 106 cm−3). In all C shocks small grains (�100 Å) remain strongly coupled to the magnetic
field, whereas very small grains (�100 Å) are subject to stochastic dynamics. As long as they are charged very small grains remain
strongly coupled to the magnetic field but tend to couple to the neutral gas everytime they become neutral. We have investigated the
effects of an electric field along the shock direction in C shocks and find that it does not significantly modify the relative velocities
between grains. The derived grain dynamics can be used to study dust processing in C and J shocks in dense clouds through the effects
of gas-grain and grain-grain collisions.

Key words. shock waves – magnetohydrodynamics (MHD) – dust, extinction – ISM: clouds – ISM: jets and outflows –
ISM: kinematics and dynamics

1. Introduction

Interstellar shocks (see, for example, Draine & McKee 1993,
for a review of this subject) are expected to form in the ISM
in cloud-cloud collisions and when very energetic winds such as
supernova explosions or jet emission from young stellar objects
encounter and interact with the ambient ISM. Shocks propagate
as supersonic pressure increases that accelerate, compress and
heat the gas that they interact with. The magnetic fields present
in clouds allow the propagation of magnetosonic waves in the
gas upstream of a shock. The nature of the shock is determined
by comparing the shock speed with the velocity of propagation
of the magnetosonic waves in the medium. The magnetosonic
wave velocity depends on the intensity of the magnetic field
transverse to the direction of propagation of the shock. On the
one hand, if the pressure increase propagates faster than mag-
netosonic waves, as is the case for high shock velocities or
weak transverse magnetic fields, the gas undergoes a J shock
(J for “jump”) where all variables characterizing the flow are
discontinuous at the shock front. On the other hand, for strong
transverse magnetic fields or low shock velocities, magnetosonic

� Appendices A–D are only available in electronic form at
http://www.aanda.org

waves can propagate faster than the shock front forming a mag-
netic precursor to the shock that informs the gas upstream of the
arrival of the shock (Mullan 1971; Draine 1980). As the ioniza-
tion fraction is very low in molecular clouds (Xe � 10−7−10−9)
the ionized and neutral fluids are decoupled by the magnetic pre-
cursor. The ionized fluid is accelerated and heated by the mag-
netic precursor whereas the neutral fluid is essentially unaffected
by it. The resulting drift between the ionized and neutral fluids
progressively heats and accelerates the neutral fluid, while at the
same time radiative emission by H2 and other coolants cools the
gas. If the molecular coolants are not dissociated by the shock,
the temperature of the gas can be low enough for the neutral gas
to remain supersonic everywhere within the shock frame, i.e. the
frame of reference where the shock is stationary. In this case
there is no longer a shock front and a C-type shock results (C for
“continuous”). If a sonic point is encountered where the super-
sonic gas becomes subsonic in the shock frame the transition
should be discontinuous (J shock) but some authors also discuss
the possibility of a continuous transition (C* shock, Chernoff
1987; Roberge & Draine 1990). Recently, the validity of this
concept, where the magnetosonic velocity plays the role of a crit-
ical velocity for C shocks, has been put into question when dust
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grains are decoupled from the magnetic field (Ciolek et al. 2004,
hereafter CRM04). This hypothesis awaits confirmation with the
inclusion of radiative cooling and a full size distribution for the
dust grains.

In interstellar shocks the grains are subject to processes that
can affect both the dust-to-gas mass ratio and the dust size dis-
tribution. Grain surfaces can be eroded by high velocity colli-
sions with ions and atoms (Barlow 1978; Cowie 1978). Grains
can be partially or completely vaporized by collision with an-
other grain at velocities greater than �20 km s−1 (Tielens et al.
1994). The sputtering and vaporization of grains release the con-
stituent atoms into the gas. Collisions between grains at veloc-
ities greater than a critical velocity of a few km s−1 can also
shatter grains into fragments or craterize them (Borkowski &
Dwek 1995; Jones et al. 1996, hereafter JTH96). Below some
relative grain-grain velocity, which is dependent on the grain
composition and size, and which is of the order 1 km s−1, the
grains can stick together (Chokshi et al. 1993; Poppe & Blum
1997). The coagulation (shattering) process conserves the total
dust mass but generally redistributes the dust size distribution
towards larger (smaller) grains. The degree of shattering, coagu-
lation, vaporization and sputtering in shocks is dependent on the
relative velocities between the grains and a study of dust pro-
cessing in shocks therefore necessitates a multi-fluid approach
to the dust dynamics that takes account of the entire dust size
spectrum.

Previous studies of dust dynamics in C shocks in dense
clouds focused on the impact of dust dynamics on the structure
of C shocks. Earlier works modelled the dust size distribution
by single-sized grains, whether for shocks with magnetic fields
transverse to the direction of propagation of the shock (Draine
1980; Draine et al. 1983; Pilipp et al. 1990) or for oblique shocks
with a rotating magnetic field (Pilipp & Hartquist 1994; Wardle
1998). Recently, Chapman & Wardle (2006) introduced a multi-
fluid approach to the dust dynamics in their oblique shock code.
Their conclusions, after Pilipp & Hartquist (1994), suggest that
single-sized grain models tend to overestimate the impact of dust
dynamics on the shock structure, compared to two-fluid or multi-
fluid models including small grains. In all these studies grain
inertia and the impact of charge fluctuations on the dust dynam-
ics were ignored. Ciolek & Roberge (2002) developed a time-
dependent code for transverse shocks where the dust grains are
modelled as two fluids, one for large grains and one for small
grains or PAHs, where they included grain inertia and grain
charge fluctuations. This code was applied to the formation of
the magnetic precursor in C shocks (CRM04).

The shock model that we use is that of Flower &
Pineau des Forêts 2003 (hereafter FPdF03) which was designed
to study steady-state transverse C and J shocks. The code has
been augmented to allow for a study of the dust dynamics and
processing while, in parallel, solving for the shock structure. The
dust size distribution is modelled by size bins as per Jones et al.
(1994, 1996). In this paper, we restrict our presentation to the
modelling of dust charging and dynamics in shocks. The im-
pact of dust processing on the dust size distribution and on the
shock structure will be presented in a following paper. Here, we
give particular attention to those aspects of the dust dynamics,
already addressed in different contexts by other authors, that
have or could have an impact on the processing of dust grains
in shocks, i.e., the gyration of dust grains around magnetic field
lines (Jones et al. 1994, 1996; Slavin et al. 2004), dust charging
and the calculation of the ionization balance (Pilipp et al. 1990),
charge fluctuations (Ciolek & Mouschovias 1993), the existence

of electric field and electric forces (Pilipp et al. 1990; Ciolek &
Mouschovias 1993; Wardle 1998).

Our paper is structured as follows. Section 2 presents the
modelling of the dust size distribution as size bins and the charg-
ing processes as applied to the grains and PAHs. In Sect. 3 we
compare our results for the dust charge distribution and ioniza-
tion balance in molecular clouds with the results of previous
modelling (FPdF03). Section 4 presents our new calculation of
the critical velocity for C shocks, based on the work by CRM04,
and developes our modelling of the grain dynamics for a variety
of shock conditions. Within the perspective of modelling the dust
processing in shocks, we show in Sect. 5 that the presence of an
electric field in the direction of propagation of the shock, gener-
ated by non local electrical neutrality, has only a minor impact
on the relative velocities between the different-sized dust grains,
and can therefore be ignored in modelling the dust dynamics of
relevance to dust processing. We also examine the dynamics of
very small grains (�100 Å), absent in the present model, but
that we expect to be produced in great numbers by the shattering
of large grains in grain-grain collisions.

2. The dust model
2.1. The dust size distribution

We represent the dust size distribution in dense clouds by two
independent, power-law size distributions of spherical silicate
(ρSil = 3.3 g cm−3) and carbon (ρC = 2.2 g cm−3) grain cores:
dn(a)/da ∝ aα for a− < a < a+, where a is a grain radius. For
simplicity, we take identical values of α, a− and a+ for both the
carbon and silicate distributions, though the code can be run with
any values. The dust size distributions are numerically modelled
as discretised size bins as per Jones et al. (1994, 1996), in our
work we use 8 size bins. Here we focus on the silicate distribu-
tion (similar expressions exist for the carbon grains). In molecu-
lar clouds the grain cores are probably larger than in the diffuse
ISM because of the coagulation and accretion processes acting
in denser environments (Cardelli et al. 1989). Adopting a dust
size distribution based on Mathis et al. (1977, MRN) and char-
acterized by a slope α = −3.5, we adapt the usual grain size
limits to values more appropriate for dense clouds by choosing
a− = 100 Å and a+ = 3000 Å as per FPdF03. See Appendix A for
a description of our modelling of the grain core size distribution.

The low gas and dust temperatures in molecular clouds lead
to the formation of icy mantles on the grain cores by the ad-
sorption of gas phase species onto grain surfaces. The accreted
species include H2O, CO and CO2 (see Table 2 of FPdF03 for
a full list of the chemical species in the mantles in our model).
The process of adsorption is counterbalanced by the desorption
processes of sputtering, photodesorption, cosmic ray induced
desorption and photoevaporation. At high gas temperatures, the
sputtering of icy mantles by collisions with gas particles is the
dominant erosion process. Mantle erosion can be accelerated by
the presence of a high relative velocity between the grains and
the gas. If this velocity is independent of grain radius, as it is
when the dust grains are strongly coupled to the magnetic field,
then the thickness of the icy mantles is independent of the grain
core radius because the rates of accretion and erosion are propor-
tional to the grain surface. We therefore consider that mantles of
identical thickness cover all grains, independent of the grain size,
in the pre-shock gas and elsewhere in the shock. Appendix B
presents the method used to calculate the mantle thickness for a
given size distribution of grain cores. Figure 1 presents the im-
pact of the presence of icy mantles on the dust size distribution
and we note that this is no longer a power-law when icy mantles
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Fig. 1. a) Fraction of the silicate dust mass in each bin as a function
of the average radius for that bin, with and without mantles. b) Same
as a) for the fraction of the silicate grain number density in each bin.
The mantle thickness is 147 Å for a pre-shock gas with no PAHs. The
number density of the grains per unit volume is not modified by the
accretion of mantles onto the grain cores.

cover the grain cores. When mantles are present, the smallest
grains carry a significant fraction of the total dust mass, unlike
an MRN size distribution. As expected, mantle accretion shifts
the small grains to larger sizes proportionately more than it shifts
the sizes of the larger grains. With a mantle 147 Å thick cov-
ering the grain cores (see Appendix B for a description of the
numerical method for the calculation of mantle thickness in the
pre-shock environment and in the shock), the total grain cross-
section 〈nσ〉 is 2.7 times larger than without mantles. This factor
is increased to 3.1 for a 50−2500 Å core distribution.

The presence of PAHs in molecular clouds is still a mat-
ter of debate because they could be accreted onto the grains
or could be created by previous shocks. Their influence on the
dust charge distribution being so important (FPdF03, Chapman
& Wardle 2006) we include their presence in our modelling.
We treat PAHs as per FPdF03, modelling them as a single type
of molecule (circum-coronene, C54H18) with a corresponding
radius of 6.6 Å.

2.2. Dust charging

In molecular clouds the grains are primarly charged by the col-
lisional attachment of free electrons and ions. The competition
between the attachment of electrons and ions makes the grain
charge fluctuate around an average value, resulting in a charge
distribution.

Grain charging is critical for the study of dust processing
in C shocks because it affects the coupling of the grains to the

magnetic field and, thus, the relative velocity between grains.
Our model for grain charging is designed around our need to
study dust processing in shocks where very small grain frag-
ments (�100 Å) are expected to be produced in great num-
bers by the shattering of large grains in grain-grain collisions
(JTH96). A significant fraction of these very small grains is neu-
tral in C shocks, even in the hottest parts of the shock. Very small
neutral grains tend to be coupled to the neutral gas (see Sect. 5)
and may play an important role in the processing of charged
grains which are coupled to the magnetic field. In order to deter-
mine the fraction of neutral grains, we therefore need to integrate
the grain charge distribution (Ciolek & Roberge 2002, FPdF03).
The impact of the charge carried by the numerous small grain
fragments on the density of free electrons in the gas is poten-
tially important because C shocks remain very weakly ionized.
A modification in the ionization state of the gas will in turn af-
fect the charging, dynamics and processing of larger grains. Dust
charging must therefore be determined as part of the calculation
of the ionization balance (Pilipp et al. 1990; Ciolek & Roberge
2002, FPdF03).

Our method for charge integration has two modes. Weakly
charged grains (|Z| � 1) have their charge distribution integrated
to determine the fraction of neutral grains. For highly charged
grains (|Z| � 1) the probability for grains of this size to be neu-
tral is close to zero. The integration of the whole charge distri-
bution is then replaced by the integration of the average number
of charges, which corresponds to the peak of the charge distri-
bution. Switching between these two modes is managed auto-
matically for each grain size without any noticeable effect on the
charge and ionization state profiles (see Figs. 8 and 9, for exam-
ple, and Appendix C for the details of charge integration).

We consider a grain of radius a, cross-section σ and charge
q = Ze (where e is the proton charge) embedded in a weakly
ionized plasma composed of electrons with mass me, density ne
and temperature Te and positive ions with charge +e and tem-
perature Ti but with differing densities, ni, and masses, mi. We
adopt the electron and ion attachment rates Je and Ji defined by
Eqs. (3.1), (3.3), (3.4) and (3.5) of Draine & Sutin (1987).

Je(Z) = se ne σ

√
8kTe

πme
J̃

(
τ =

akTe

e2
, ν =

q
−e
= −Z

)
, (1)

Ji(Z) = si ni σ

√
8kTeff,i

πmi
J̃

(
τ =

akTeff,i

e2
, ν =

q
+e
= Z

)
. (2)

Ions and electrons impinging on the grain stick to the surface
with a probability taken to be se = 0.5 for electrons and si = 1
for ions as per Weingartner & Draine (2001), for comparison
FPdF03 assumed se = si = 0.5. The reduced rate coefficient, J̃,
quantifies the Coulomb attraction or repulsion between the grain
and the incident electron or ion and includes the polarization of
grains by the approaching particle. J̃ only depends on the re-
duced temperature τ and on the ratio of grain charge to particle
charge, ν (Draine & Sutin 1987). The effective ion-grain temper-
ature Teff,i is described below.

In shocks the grains stream through the fluid formed by
the ions and electrons, whether by their gyration around mag-
netic field lines or because of their weak coupling to the mag-
netic field (see Sect. 4). In the reference frame of the dust
grains, the velocity distribution of the electrons (ions) is not
a maxwellian of temperature Te (Ti) as per Draine & Sutin
(1987) but a velocity-shifted maxwellian of the same temper-
ature (Shull 1978; Pilipp et al. 1990). The thermal velocity of
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Table 1. Steady-state charge distribution model results for dense clouds: Col. (1) is our standard model and Col. (5) is taken from FPdF03 for
comparaison with our results. ng− (ng0 , ng+ ) is the number density of negative (neutral, positive) grains per unit volume, summed over all grain
size bins. Idem for PAHs. The critical velocity Vcrit can be computed either by assuming that only the charged grains are strongly coupled to the
magnetic field, as in FPdF03, or by following Eq. (12) based on the work of CRM04.

nH (cm−3) 104 104 104 104 104 105 106

nPAH/nH no PAH no PAH 10−6 10−6 10−6 no PAH no PAH
Secondary photons ? no yes no yes yes no no

(1) (2) (3) (4) (5) (as per FPdF03) (6) (7)
ng−/ng 0.89 0.87 0.32 0.28 0.07 0.90 0.91
ng0/ng 0.11 0.11 0.67 0.68 0.90 0.10 0.09
ng+/ng 1 (–4) 4 (–4) 0.01 0.04 0.03 8 (–5) 7 (–5)

nPAH−/nPAH 0.05 0.05 0.06
nPAH0/nPAH 0.95 0.95 0.94
nPAH+/nPAH 1 (–3) 1 (–3) 1 (–3)

ni/nH 3.38 (–8) 3.41 (–8) 5.50 (–8) 5.51 (–8) 6.50 (–8) 8.26 (–9) 1.75 (–9)
ne/nH 3.38 (–8) 3.40 (–8) 2.53 (–9) 2.55 (–9) 2.68 (–9) 8.21 (–9) 1.70 (–9)

Vcrit (FPdF03) 20.2 20.4 29.6 30.8 63 20.0 20.0
Vcrit (CRM04) 20.7 20.8 22.9 23.7 23.6 28.1

the electrons in shocks is always much higher than the rela-
tive grain-electron velocity. However, the thermal velocity of
ions is of the same order, or even lower, than the relative ion-
grain velocity. The shift in the velocity distribution can there-
fore be neglected for electrons but not for ions. We define V
as the velocity of the grain and Vi as the velocity of the ions
in the shock frame. Following Pineau des Forêts et al. (1986)
we associate the velocity-shifted maxwellian of the ions in the
reference frame of the grain with a maxwellian of effective ion-
grain temperature Teff,i. The expression for the “pseudo” thermal
velocity of the ions

√
8kTeff,i/(πmi) for the effective ion-grain

temperature Teff,i must correspond to the “real” thermal veloc-
ity
√

8kTi/(πmi) of the ions when the grain follows the motion
of the ions (i.e. when V = Vi) and tends towards the relative
velocity |V − Vi| of kinetic origin when the thermal velocity is
negligible. The following expression for the effective ion-grain
temperature Teff,i satisfies both criteria

Teff,i = Ti +
π

8k
mi (V − Vi)2 . (3)

When a high fractional abundance of PAHs is present in a
C shock (see Sect. 4) the negatively charged PAHs can be more
abundant than the free electrons in the gas. Even if the thermal
velocity of PAHs is negligible, due to their large mass, the rela-
tive velocity between the grains and the charged PAHs can lead
to a higher collision rate for PAH− with grains than for electrons
with grains. In such a situation, and where a shortage of elec-
trons in the gas occurs, the charge exchange between negatively
charged PAHs and grains can contribute to the coupling of the
dust grains to the magnetic field. The recombination rate JPAH−

for PAH− with grains is similar to Eq. (2), adapted to particles
of mass m � 54 × 12mH, charge −e and temperature Te; for
simplicity the sticking coefficient is assumed to be unity.

Although the interstellar radiation field is attenuated by dust
in the external layers of molecular clouds, there are ultravi-
olet photons in dark clouds due to cosmic-ray interactions.
Most of the electrons produced by the cosmic-ray ionization
of hydrogen are energetic enough to excite the Rydberg states
of H2 which then fluoresce in the ultraviolet. For a cosmic
ray ionization rate, ζ, the rate per unit volume for fluores-
cence photons indirectly generated by cosmic-rays is 0.15 ζ nH
(cm−3 s−1) if only 15% of secondary electrons can excite the
Rydberg states of H2 (FPdF03), here nH = n(H) + 2n(H2) is the
proton density. Fluorescent photons are emitted with energies

7.1 < hν < 14.6 eV (Gredel et al. 1989, Fig. 1 therein). For sim-
plicity, we here assume that all of the secondary photons have the
same energy hν = 10 eV. The secondary photons are absorbed
by all grains, and PAHs if present (the absorption by molecules
is negligible). The absorption is proportional to the dust cross-
section Qabs(a)σwhere a is the grain radius,σ is the geometrical
cross-section of the grain and Qabs(a) is the absorption efficiency
factor for a photon of energy 10 eV. We consider the photoemis-
sion of valence band electrons from grains of charge Z and adopt
the model of Weingartner & Draine (2001) for the dust material
properties and for the photoemission yield Y(a, Z) as given by
their Eq. (8). In the FPdF03 model a grain has the following
photoemission rate

Jpe(Z) = 0.15 ζ nH Y(a, Z)
Qabs(a)σ
〈Qabsσn〉 , (4)

where 〈Qabsσn〉 is the total cross-section for the dust size dis-
tribution, including any PAHs, for the absorption of secondary
photons. The rate per unit volume for fluorescence photons is
proportional to the gas density, as is the total cross-section for
dust grains and PAH 〈Qabsσn〉. For a given dust-to-mass ratio
and PAH fractional abundance, the photodetachment rate Jpe by
fluorescence photons is therefore independent of gas density. On
the contrary, the electron and ion density, ne and ni, scale roughly
as
√

nH, as do the attachment rates Je and Ji of electrons and ions
on grains. At high densities the effect of secondary photons on
grain charge are therefore expected to be negligible compared to
the effects of collisional attachement by electrons and ions.

Our numerical method for the calculation of the charge of
dust grains is presented in Appendix C. The same charging pro-
cesses, as for grains, are applied to PAHs but with constant rates
and limited charge numbers −1, 0 or +1 (see FPdF03 Sect. 2.1
for further details on PAH charging).

3. Steady-state

3.1. Numerical approach and initial conditions

In our models we adopt typical molecular cloud densities (nH =
103−106 cm−3), gas temperatures and cosmic-ray ionization rate
(ζ = 10−17 s−1). For our standard model we take nH = 104 cm−3,
T = 10 K and no PAHs. The fractional abundances of the el-
ements in the grain cores are taken from Table 1 of FPdF03,
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Fig. 2. The grain charge probability, f (Z), as a function of the number of charges, Z, for silicate grains in a molecular cloud characterized by
T = 10 K, nH = 104 cm−3 and ζ = 10−17 s−1 (our standard pre-shock conditions). a) Charge distribution of a 2500 Å grain (solid line, red), with
photodetachment of electrons on grains by secondary photons de-activated (dashed line, green), with a fractional abundance of PAH X(PAH) =
10−6 (dotted line, blue); b)–d) Same as a) for 250 Å, 25 Å and 10 Å silicate grains. The charge distribution for carbon grains is almost identical to
that for silicate grains.

equivalent to grain cores having 0.60% of gas mass. The abun-
dances of the chemical species in the grain mantles are taken
from Table 2 of FPdF03. Icy mantles represent 0.30% of gas
mass, so that the dust totals 0.90% of gas mass. The resulting
dust size distributions are presented in Fig. 1.

The FPdF03 shock code uses the integrator VODE to solve
for the ionization state and chemical composition of the gas at
a given temperature and density, with a chemical network in-
cluding more than 130 chemical species and 900 chemical re-
actions occurring both in the gas phase and on the grain sur-
faces1. Mantle accretion is de-activated when solving for the
steady-state conditions so as to prevent all gas species from
accreting onto grains, we thus keep the mantle thickness con-
stant during these integrations. The dust charge distribution for
all dust bins is obtained self-consistently and requires integrat-
ing some 300 variables. The negative, neutral and positive PAHs
(Z = −1, 0,+1, respectively) are treated as chemical species. The
electron density ne is determined from the local charge neutrality
condition

ne = ni + nPAH+ − nPAH− +
∑

k

Zknk, (5)

where nk and Zk are the density and average charge number of
grains in bin k. Appendices A–C present the calculation of nk

and Zk.

1 An abbreviated version of the chemical network can be found at
http://massey.dur.ac.uk/drf/protostellar/
species_chemistry

3.2. Results

The grain charge distribution in our standard molecular cloud
model is presented in Fig. 2 for four grain sizes. The grain
charge, Z, primarly varies between 0 and −1, with the exception
of large grains where Z = −2 is not negligible. Clearly, limiting
grain charges to −1, 0 +1 in quiescent molecular clouds is justi-
fied for most of the grains (FPdF03, CRM04). The influence of
photodetachment by fluorescent, secondary UV photons is rather
weak, unlike previous modelling by FPdF03. Our model, based
on the Weingartner & Draine (2001) photoemission yields, gives
low and nearly identical yields for neutral grains and grains with
Z = −1. FPdF03 assumed higher yields, and a yield for the
Z = −1 grains higher than that for neutral grains (see Sect. 2.2.2
of FPdF03). This shift resulted in a higher proportion of neutral
grains in the earlier work.

When a high fractional abundance of PAHs is present in the
gas (X(PAH) = 10−6, equivalently 15% of the total carbon) a
shortage of electrons (ne � ni) appears in the gas because the
PAHs capture most of the free electrons. The decrease in the
number of free electrons affects the balance between ion and
electron attachment on grains. The resulting charge carried by
the grains is reduced and the average grain charge is not centered
around Z = −1 but around Z = 0.

Table 1 presents the steady-state charge distribution for
the assumed pre-shock conditions at densities of 104, 105 and
106 cm−3. In our pre-shock dust size distribution there are no
grains with radii <100 Å and so most grains are charged. The
neutral grain fraction ng0/ng is essentially independent of the
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cloud density when no PAHs are present (Cols. (1), (6) and (7),
ng0/ng � 10%) because the grain charge is a function of the ra-
tio ne/ni (Draine & Sutin 1987) which remains close to unity
in all environments as long as the grains and the PAHs do not
carry a significant fraction of the electrons. The presence of a
high abundance of PAHs (Col. (4)) leads to a shortage of elec-
trons in the gas (ne � ni), thereby reducing the abundance of
negatively charged grains. When the photoemission of electrons
by secondary photons is included (Cols. (2) and (4)), the number
of negatively charged grains naturally tends to diminish but this
effect is far less important than in earlier models (Col. (5) as per
FPdF03).

4. Shock waves in dense clouds

4.1. The critical velocity for C shocks, Vcrit

The value of the magnetosonic speed separating the J and
C shock domains, Vcrit, depends on the intensity of the magnetic
field, B, transverse to the direction of propagation of the shock
and on the mass density of the particles strongly coupled to the
magnetic field:

Vcrit =
B√
4πρc

, (6)

where ρc is the total mass of the particles (ions, PAHs and dust
grains) per cm3 that are coupled to the magnetic field, i.e.,

ρc = ρi + ρPAH− + ρPAH+ + ρd. (7)

All the ions and charged PAHs are strongly coupled to the mag-
netic field but this is not true for all of the dust grains. The
method that we use to calculate the mass density of the dust
grains, ρd, coupled to the magnetic field is given below.

In molecular clouds, the magnetic field intensity scales as

B = b
√

nH, (8)

where B is expressed in µG and nH in cm−3. The magnetosonic
speed is dependent upon the proportionality coefficient b in
Eq. (8), which is taken to be 1 in this work. Vcrit also depends on
the mass density of the grains effectively coupled to the magnetic
field in the gas ahead of the shock. A high fraction of the dust
mass coupled to the magnetic field strongly reduces the value of
this critical speed, compared to a model without dust.

Whether a particular size of grain is coupled to the magnetic
field or to the neutral gas is determined by the Hall factor, the
ratio of the grain drag to grain gyration time-scales, i.e.,

Γ =
τdrag

τgyr
· (9)

Grains with Γ � 1 are strongly coupled to the ions and grains
with Γ � 1 are strongly coupled to the neutrals. Grains with
Γ � 1 are partially coupled to both fluids. The grain gyration
time-scale τgyr is defined as the inverse of the gyrofrequency

τgyr =
mc
|q|B , (10)

where m is the grain mass and q is the grain charge. In quiescent
molecular clouds where Z � −1 (see Fig. 2), τgyr � mc/(eB) ∝
a3.

The friction or drag time-scale is defined as the time neces-
sary for the grain to collide with a mass of gas equal to its own
mass.

τdrag =
m

ρnσ
√

(Vn − V)2 + κTn)
, κ =

128k
9πmn

· (11)
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where Vn is the velocity of the neutrals and V the velocity of the
grains in the shock frame, Tn is the temperature of the neutral
gas, ρn is the mass density of neutrals, mn the average mass of
neutral chemical species, σ the grain cross-section and κ is taken
from Eq. (3.9) of Mc Kee et al. (1987). In the pre-shock gas
friction is exerted by the thermal pressure of the gas, we then
have τdrag ∝ a and Γ ∝ a−2. Figure 3 shows how the Hall factor
depends on the grain radius and the pre-shock conditions. The
smaller grains are, as expected, better coupled to the magnetic
field than large grains in all environments. Two factors affect the
coupling of large grains to the magnetic field. Firstly, the Hall
factor depends on the gas density. Large grains are decoupled
from the magnetic field at high densities because τdrag ∝ 1/nH
and τgyr ∝ 1/B ∝ 1/

√
nH so that Γ ∝ 1/

√
nH. Secondly, a high

abundance of PAHs (or very small grains) can induce a shortage
of free electrons in the gas. The grain charge is diminished by a
lack of free electrons leading to a decoupling of the larger grains
(see also Fig. 2 and Sect. 3.2).

CRM04 undertook an extensive study of the conditions nec-
essary for the propagation of a shock magnetic precursor. To cal-
culate the magnetosonic speed they suggested adopting the cri-
teria that only grains with Γ ≥ 1 participate in the propagation
of magnetosonic waves. We adapt this criteria to our model by
choosing a weight function in Γ:

ρd =
∑

k

Γ2
k

1 + Γ2
k

ρk (12)

where the sum is over all size bins of mass density ρk. This
weight function takes the value 0.5 for Γ = 1, which seems rea-
sonable because grains with Γ = 1 will be half coupled to the
magnetic field and half coupled to the neutral gas.

Table 1 compares the values for the magnetosonic speed, ob-
tained using this method, for the pre-shock environments shown
in Fig. 3. We also show the results for FPdF03, where ρd was as-
sumed to be the total mass of the charged grains. In FPdF03 the
critical speed did not depend on the gas density but was sensi-
tive to the presence of PAHs and secondary photons induced by
cosmic-rays. The CRM04 criterium leads to the opposite effect.
In this case the critical velocity increases with the gas density,
as expected from Fig. 3 where we see an increase in the decou-
pled grains (Γ < 1) with increasing density, and is affected to
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a lesser extent by the presence of PAHs and secondary photons
because of the smooth weight function we use (Eq. (12)). From
here on we adopt the CRM04 method for the calculation of mag-
netosonic speed. The effect of secondary photons on the charge
of dust grains only slightly increases the magnetosonic speed
and will therefore be neglected in our shock modelling.

4.2. Shock modelling

The model of Flower & Pineau des Forêts (2003) is specifi-
cally designed to study steady-state, transverse C and J shocks
in dense or diffuse media. In a self-consistent way this code in-
tegrates numerous parameters, including: the velocity, tempera-
ture and density of the three magnetohydrodynamic (MHD) flu-
ids (ions, electrons and neutral gas), the H2 level population and
the abundances of a set of chemical species. This approach in-
cludes the presence of grains modelled by an MRN distribution
and PAHs. Their charge state (limited to −1, 0, 1) is calculated.
The charged grains are assumed to be coupled to the ions and
the neutral grains to the neutral gas. The transfer of momentum
and energy between gas and grains are taken into account in this
approach. The form of the conservation equations can be found
in Draine (1980).

In this work we have focused our attention on the detailed
dust physics: grain charging and 2-D grain dynamics (size-
dependent velocity profiles) for an MRN distribution modelled
by size bins. The source terms in the conservation equations (e.g.
momentum and energy equations) have now been updated to al-
low for the inclusion of grain charge, size and velocity calculated
for each grain size bin. See Appendix D for a comparaison of our
work with the earlier approach (FPdF03).

We assume steady-state, plane-parallel shocks (∂/∂t =
∂/∂x = ∂/∂y = 0) with velocity Vs. As per FPdF03 the shock
profiles are calculated in 1-D along z for the fluids. We assume
that the electrons and ions have distinct temperatures but the
same velocity. Figure 4 shows the velocity and temperature pro-
file for a 20 km s−1 C shock (pre-shock conditions: T = 10 K,
nH = 104 cm−3, B = 100 µG and ζ = 10−17 s−1). The neutral
velocity, Vn, and the ion velocity, Vi are presented in the shock
frame. The shock length is approximately 0.06 pc at a flow time
of 3 × 104 yr.

The magnetic field lines remain transverse (i.e., along the
x axis) to the shock propagation direction (z axis). Making the
usual assumption that the magnetic field lines are frozen into
the ion fluid, we find that the magnetic field intensity, B(z), fol-
lows the ion compression

B(z) = B0
Vs

Vi(z)
ex, (13)

and that the electric field has a uniform component Ey parallel
to the shock front along the y axis and a variable component Ez
in the shock direction:

E = −B0Vs

c
ey + Ez ez. (14)

The existence of a local electric charge and the subsequent elec-
tric field Ez in the shock direction is neglected in our results but
is discussed in Sect. 5.1 in the context of high density clouds.

The electric current in the z direction is zero everywhere in
the shock because of the conservation of charge, i.e.,

(ni + nPAH+ − ne − nPAH−) Vi +
∑

k

Zk
fk

m̃k
= 0, (15)
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where Zk is the average grain charge number, m̃k the average
grain core mass and fk the total grain core mass flux (Eq. (25)),
in the kth bin. Appendices A and C present our general method
for the calculation of these terms, adapted to our future work
involving dust processing. In the present work, where dust pro-
cessing is ignored, fk and m̃k are constant througout the shock.

From Eq. (15), we calculate the electron density

ne = ni + nPAH+ − nPAH− +
1
Vi

∑
k

Zk
fk

m̃k
· (16)

4.3. Dust dynamics in C shocks

We propose a new multi-fluid approach to the dynamics of grains
in steady-state shocks which allows us to study dust processing
in shocks. Dust grains are not treated like MHD fluids but as test
particles in the framework of a 3-fluid shock code (FPdF03). We
integrate the dust charge distribution and include it in the calcu-
lation of the ionization balance. We adopt the Slavin et al. (2004)
approach to dust dynamics to study the 2-D dynamics of grains
as a function of size, giving particular attention to the gyration
of grains around magnetic field lines and to grain decoupling
from the magnetic field as induced by a shortage of electrons.
The feedback from grain dynamics into the shock structure is
included through the friction between the gas and grains.

Grain dynamical processes are primarly driven by a compe-
tition between the Lorentz force and the friction force exerted by
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the neutral gas but are also affected by grain charge fluctuations
(Ciolek & Mouschovias 1993) and grain inertia.

4.3.1. Impact of charge fluctuations on the dust dynamics

Neutral grains can exist anywhere in a shock because of charge
fluctuations. The lifetime of neutral grains of a given size, τ0,
is defined as the average time a grain remains neutral before an
electron, ion or negative PAH attaches to it.

τ0 = (Je (Z = 0) + Ji (Z = 0) + JPAH− (Z = 0))−1 . (17)

If, for the simplicity of the analysis, we neglect the Coulomb
effect on the attachment cross-section, we have τ0 ∝ a−2, i.e.,
smaller neutral grains tend to have longer lifetimes. When com-
pared to the friction time-scale, τdrag, the lifetime of neutral
grains is an indication of the impact of charge fluctuations on
the dynamics for a given size of grain. If τ0 � τdrag charge
fluctuations do not lead to a decoupling of neutral and charged
grains of the same size. In this case, we can ignore charge fluc-
tuations and consider that all grains carry an average charge. If
τ0 � τdrag, as is the case for very small grains in shocks, neutral
and charged grains of the same size must be considered as sep-
arate fluids (Ciolek & Mouschovias 1993). See Sect. 5.2 for a
detailed discussion of this case and the modelling of very small
grain dynamics based on the work by Ciolek & Mouschovias
(1993). For grains with a > 100 Å the charge fluctuations are
too fast to have any important effect on the dust dynamics and
can therefore be ignored.

4.3.2. Transient gyration of grains around magnetic field lines

In transverse shocks dust grains follow trajectories in the
yz plane perpendicular to the magnetic field. Due to their large
inertia, large grains dot not follow the motion of the ions in the
precursor. Rather, they are launched with a velocity equal to that
of the shock in the shock frame, and begin gyrating around the
magnetic field lines (e.g. Slavin et al. 2004). This gyration phase,
though short, can not be neglected in the study of dust process-
ing as it results in high relative velocities between the grains
which favour dust shattering. The grain gyration damping time-
scale, τdamp, defined as the average duration of the grain gyration
phase, represents the time-scale for the transient grain dynamics
before the grains behave as a fluid. It is equal to a few times
the friction time-scale: τdamp ∝ a. Small grains tend to undergo
negligible gyration in dense clouds, while the gyration phase of
larger grains can not be ignored in the study of dynamics for
processing.

Although the integration of the neutral and ion velocities
in our code is 1-D, we integrate the trajectories of the grains
throughout the shock, considering that the shock is infinite in
the direction parallel to the shock front (Slavin et al. 2004). In
the shock the grains undergo the Lorentz force and the friction
force exerted by the neutrals. Applying the law of motion for
a grain in a given bin k, the differential equation for the grain
velocity in the shock frame is

mk
dVk

dt
= Zke

(
E +

Vk × B
c

)
+ h (Vk) (Vn − Vk) , (18)

h (Vk) = ρn σk

√
(Vn − Vk)2 + κTn, (19)

where Vn is the velocity of neutrals and Vk the velocity of grains
in the kth bin in the shock frame, ρn is the mass density of the

neutrals, σk the grain cross-section and κ is defined in Eq. (11).
The integration of the dust dynamics, like all the other variables
characterizing the shock structure, is performed as a function of
the position z within the shock and not as a function of the time t:

dVk

dz
=

1
Vkz

dVk

dt
· (20)

Equation (20) is not defined when Vkz pass through zero, i.e.
when grains sometimes move back towards the preshock gas
because of their high gyration velocity. In all the figures for
C shocks presented in this article this does not happen because
the shock velocity is low enough or the gas friction high enough.
If many grains do have negative Vkz velocities during a signifi-
cant time one must integrate the gyration velocity in polar coor-
dinates (see Appendix C). If only a few grains have Vkz < 0 in a
limited part of the precursor region then forcing Vkz in Eq. (20)
to remain positive makes the integration possible in cartesian co-
ordinates without significantly affecting the real dynamics.

4.3.3. Fluid velocity of dust grains

Once gyration has disappeared the grains reach a velocity that
is independent of the history of their dynamics and that depends
only on the grain physical properties and the local shock condi-
tions. Equation (6) of Wardle (1998) defines the general expres-
sion for this fluid velocity of the grains in C shocks. In our model
the magnetic field is B = Bx ex while the electric field E has no
component Ex along ex. Adapting this equation to our context
we find:

Vk,fluid = Vi +
1

1 + Γ2
k

(Vn − Vi) +
Γk

1 + Γ2
k

(Vn − Vi) × ex. (21)

The grain Hall factor Γk is the solution to Eq. (70) from Chapman
& Wardle (2006) that we adapt to our context to obtain the fol-
lowing quadatric equation in Γ2

k (the sign of Γk is the sign of the
grain charge number Zk):

Γ4
k

(
(Vn − Vi)2 + κTn

)
+ Γ2

k

(
κTn − ∆V2

Γk=1

)
− ∆V2

Γk=1 = 0, (22)

where κ is defined in Eq. (11) and ∆VΓk=1 is the effective gas-
grain relative velocity for Γk = 1:

∆VΓk=1 =
ZkeB/c
ρnσk

· (23)

Note that the instantaneous grain velocity Vk is not the same as
the velocity of the guiding centre for grain gyration, 〈Vk〉, which
is approximately equal to the grain fluid velocity Vk,fluid.

〈Vk〉 � Vk,fluid. (24)

The velocity of the guiding centre, 〈Vk〉, is used to calculate the
grain core mass density ρk from the total grain core mass flux, fk:

fk = ρk 〈Vkz〉. (25)

From ρk we are then able to calculate the corresponding number
density nk of grains (Eq. (A.13)).

4.3.4. Results

Figure 5 shows the resulting profiles for the grain velocities in a
C shock propagating through our standard pre-shock conditions
(T = 10 K, nH = 104 cm−3, B = 100 µG, ζ = 10−17 s−1 and no
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Fig. 5. a) Velocity profile, in the shock propagation direction, for vari-
ous size grains for our standard shock model (see the Fig. 4 caption for
details). b) Same as for a) but for the grain velocity component parallel
to the shock front.

PAHs). The shock length is approximately 0.06 pc, correspond-
ing to a flow time of 3 × 104 yr. In shocked molecular clouds
the grain gyration phase is short with respect to the shock length
because of the strong drag. During their gyration grains collide
with each other at high relative velocities (of the order of the
shock velocity). This phase will favour shattering in grain-grain
collisions. This process modifies the dust size distribution, by
increasing the number of small grains, and could be an impor-
tant feedback mechanism onto the shock structure, this feedback
will be examined in detail in a following paper. Once the grain
gyration has been damped, which happens in the early part of
the precursor for the smallest grains of our dust size distribution,
the grains remain coupled to the ions in the propagation direc-
tion of the shock (Fig. 5a) but not perpendicular to this direction
(Fig. 5b) where a differential drift velocity remains throughout
the shock. This differential drift velocity is induced by the gas
drag in the presence of a magnetic field and is proportional to
the grain radius for grains tightly coupled to the magnetic field
(i.e. for Γ � 1). For our standard shock the differential velocity
is less than 1 km s−1 in the shock tail. Such conditions should
favour the coagulation of grains at these low relative grain-grain
velocities (e.g. Chokshi et al. 1993; Poppe & Blum 1997). This
would only occur if the shock is old enough to have reached
steady-state, for ages greater than the flow time of the steady-
state C shock model (Chièze et al. 1998).

Figure 6 compares the time-scales for mantle erosion
and for the damping of the grain gyration for our standard
C shock model. The icy mantle is significantly eroded only after

Fig. 6. Evolution of the ice mantle thickness (left axis, Å) for our stan-
dard C shock compared with the evolution of grain gyration velocity
and the ambipolar diffusion velocity (right axis, km s−1). Note that the
gyration phase is over before ice mantles have been completely eroded.
This is even more stringent for small grains which are the most affected
by the presence of mantles (see Fig. 1).
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Fig. 7. The grain trajectories in the shock reference frame for our stan-
dard pre-shock conditions. The grain drift in the direction parallel to
the shock propagation direction due to gas drag means that large grains
cover a distance which is significant compared to the shock length.

t = 400 yrs, i.e. after the end of the grain gyration phase. The
gyration damping time-scale and that for mantle erosion both
scale as 1/nH and this should also be valid even at higher densi-
ties. This therefore justifies our inclusion of grain mantles in the
study of the gyration phase in C shocks.

The trajectory followed by dust grains (Fig. 7) in the shock
reference frame is highly dependent on the grain radius. The drift
velocity induced by gas drag is responsible for the motion of the
grains parallel to the shock front, on length-scales comparable to
the shock length. Our hypothesis of a homogenous shock front
over such large scales may therefore be questionable. Grain gy-
ration hardly appears in the trajectory because it does not last
long and because it is dominated by the drift motion in the y and
z direction.

Figure 8 presents the grain charge profile for our standard
shock. The grain charge is basically proportional to the elec-
tron temperature and to the grain radius. The small variations are
due to the grain gyration around the magnetic field lines which
changes the ratio of the ion to electron attachment rates. Once the
gyration has been damped the charge profile becomes smooth.
The chemical evolution of the gas can also affect the grain charge
(e.g. the abrupt changes in the grain charge at z � 1.2 × 1016 cm
in Fig. 8). Figure 9 shows that grain charging, for our standard
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Fig. 9. The fractional abundance of free electrons, ions and electrons on
grains in our standard shock. At this density (nH = 104 cm−3) the grains
carry a negligible fraction of the free electrons.

shock model, does not have much impact on the density of the
free electrons.

Figures 10a,b show how the grain dynamics is significantly
modified at high density (nH = 106 cm−3). Here the gas drag is
much higher, than for the lower density case, and this affects both
the damping of the grain gyration (τdamp ∝ 1/nH) and the de-
gree of grain coupling to the magnetic field (Γ ∝ 1/

√
nH). Large

grains do not even have the time to complete a single gyration
before they follow a fluid. The grains remain decoupled from
the magnetic field throughout the shock in both the y and the
z directions.This is the kind of dynamic obtained by Chapman
& Wardle (2006) in the first multi-fluid study of dust dynam-
ics in shocks in dense clouds. MHD models of dust dynamics
ignoring grain inertia (e.g. Pilipp et al. 1990; Wardle 1998) are
suitable for shocks in high density clouds where the grains can
be considered as inertia-free. As shown in Fig. 10c, the ioniza-
tion balance in the shock is significantly affected by the dust
charging (e.g. Pilipp et al. 1990). A shortage of electrons ap-
pears in the precursor and the grains can not be charged to the
expected level, thus increasing the decoupling of the grains from
the magnetic field. Our assumption of local electro-neutrality
is no longer valid at these high densities where the negatively
charged grains are moving much faster than the ions and create
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Fig. 10. a) and b) as for Fig. 5 but with a preshock proton density
nH = 106 cm−3. The grain gyration is damped by the gas drag almost im-
mediately because of the high gas density. The large grains remain de-
coupled from magnetic field throughout the shock because of the large
gas drag. c) Evolution of the fractional abundance of electrons and ions
in the gas, and electrons on grains. This is similar to the result obtained
by Pilipp et al. (1990). The drop in the free electron abundance in the
shock further increases the decoupling of large grains.

a local positive charge. This issue is discussed in Sect. 5.1 where
we present, following Pilipp et al. (1990), how we introduce into
the dust dynamics the effect of an electric field Ez in the direc-
tion of propagation of the shock that is generated by the local
electric charge.

When we add PAHs to our standard model their presence
can affect the ionization state in the shock as it does in the pre-
shock gas (see Table 1). In our model the neutral PAHs are cou-
pled to the neutral gas, the PAH cations to the ion fluid and the
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Fig. 11. As for Fig. 5 but with a PAH fractional abundance of X(PAH) =
10−6 in the preshock gas. At t � 900 yrs the electron abundance sud-
denly drops because of electron attachment onto PAHs. The shortage of
free electrons then reduces the absolute charge carried by the grains and
leads to the decoupling of the large grains from the magnetic field.

PAH anions to the electron fluid. Figures 11a,b presents the re-
sulting grain velocity profile with a PAH fractional abundance of
10−6 added to our standard model. When comparing this figure
with Fig. 5 we see that, at t � 900 yrs, the grains become de-
coupled from the magnetic field because of the loss of electrons
from the gas, which is induced by the charging of PAHs in the
shock tail (see Fig. 11c). In that part of the shock where the am-
bipolar diffusion is important, the negatively charged PAHs that
follow the ion motion disappear because of electron detachment
by energetic neutral species. In the shock tail, once the effect of
ambipolar diffusion is small enough, the charged PAHs can no

longer yield their attached electrons by collisions with the neu-
trals. This generates a shortage of free electrons in the gas and
forces the grain charge towards zero. This loss of charge allows
the frictional drag to decouple grains from the magnetic field.
This effect is, however, small because negatively charged PAHs
can also recombine with the grains. As the grains decouple their
relative velocity with PAH− increases and so the rate of attach-
ment of PAH− onto grains increases. This tends to compensate
for the shortage of electrons so that the grains do not completely
decouple from the magnetic field. Under these conditions, of
weak grains coupling to the magnetic field, the coagulation of
grains is favoured because the relative velocities between grains
is of the order of 1 km s−1. Without the recombination of nega-
tively charged PAHs on grains, large grains would decouple from
the magnetic field and acquire large velocities. In this case grain
shattering, and not grain coagulation, would be favoured.

4.4. Dust dynamics in J shocks

The J shock structure is calculated according to Flower et al.
(2003). In J shocks the velocity of the guiding centre for grain
gyration is at any time equal to Vk,fluid = Vi = Vn. As per JTH96
we integrate the gyration velocity Vgyr of the grains around the
magnetic field lines.

When the magnetic field gradient is small enough, i.e. once
the shock front is passed, the betatron effect accelerates the gy-
ration of grains (Spitzer 1976). However, this effect is weak in
dense clouds because of the large gas drag encountered (Draine
et al. 1983): all the energy given by the magnetic field to the
grains is taken almost immediatly by the gas through friction.
We can therefore neglect betatron acceleration.

We use polar coordinates (θ,Vgyr) to integrate the gyra-
tion velocity of a grain of a given size through the shock (see
Appendix C).

V = Vgyr sin θ ey +
(
Vi + Vgyr cos θ

)
ez, (26)

dVgyr

dz
=

1
Vi

(
−dVi

dt
cos θ − ρnσ

m
Vgyr

√
V2

gyr + κTn

)
, (27)

dθ
dz
=

1
Vi

(
ZeB
mc
+

dVi

dt
sin θ
Vgyr

)
, (28)

where dVi/dt is the grain inertia when integrating in polar coor-
dinates, the right hand term in Eq. (27) expresses the effect of
the gas drag and ZeB/(mc) is the gyrofrequency. We note that
θ < 0 as grains are negatively charged in these environments.

Figure 12a presents the gas velocity and temperature pro-
files for a J shock propagating at a velocity of 30 km s−1 through
our standard pre-shock conditions (T = 10 K, nH = 104 cm−3,
B = 100 µG and ζ = 10−17 s−1). The shock velocity, which is
higher than the critical velocity for these pre-shock conditions
(see Table 1), leads to the formation of a J shock. The evolution
of the grain velocity in the shock direction (Fig. 12b) shows that
grains only complete a few gyrations before being brought to
rest with respect to the gas. The profile for the gyration velocity
through the shock is very similar to that obtained by JTH96 for
J shocks in the Warm Intercloud Medium, though its duration is
much shorter due to the higher densities considered here.

5. Discussion of some specifics

Here we study in more detail two effects that are known to af-
fect dust dynamics and that could have important consequences
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Fig. 12. a) The gas velocity and temperature profile for a J shock passing
through our standard pre-shock conditions with a velocity of 30 km s−1.
b) The grain velocity profile in the shock propagation direction. The
shock front is not shown in this figure. c) The evolution of the grain gy-
ration velocity (the absolute velocity of the grains relative to the ions).
The damping of the grain gyration is caused by gas drag. The smaller
grain gyrations are the first to be damped.

for our future study of dust processing in C shocks. Firstly, elec-
tric forces can modify the grain dynamics by forcing charged
grains to remain coupled to the magnetic field. This was studied
either by introducing an electric field in the shock propagation
direction (Pilipp et al. 1990; Pilipp & Hartquist 1994; Wardle
1998; Chapman & Wardle 2006) or by modelling the elec-
trostatic forces exerted between negatively charged grains and
ions (Ciolek & Mouschovias 1993). Secondly, since the early
studies of dust coupling in the context of ambipolar diffusion
in pre-stellar cores (Elmegreen 1979; Nakano & Umebayashi
1980), grain charge fluctuations are known in some cases to

decouple the neutral grains from the charged grains. This effect
is not important for large grains in molecular clouds but is im-
portant for the very small grains. Within this perspective we ver-
ify and adapt the study of Ciolek & Mouschovias (1993) to our
purposes.

5.1. An electric field in the shock direction and grain coupling

In the framework of ambipolar diffusion in pre-stellar cores,
Elmegreen (1979) suggested that grains with a Hall factor Γ� 1
could still remain coupled to the magnetic field because of
the electric forces exerted by ions on the negatively charged
grains. Ciolek & Mouschovias (1993) further developped this
idea. Pilipp et al. (1990), inspired by earlier studies on ambipo-
lar diffusion (Nakano & Umebayashi 1980), studied the role of
an electric field Ez in the direction of propagation of the shock
in the modelling of C shocks at high densities.

The role of electrical forces in the coupling of grains to the
magnetic field is potentially important in the study of dust pro-
cessing if it can affect the dynamics of large grains that contain
the major part of dust mass. If the large grains can decouple from
the magnetic field they will undergo strong shattering by colli-
sions with the grains that remain coupled to the ions. However,
if the large grains remain coupled to the magnetic field, because
of electric forces, then the shattering and/or vaporization will be
severely limited and coagulation will tend to be favoured.

As per Pilipp et al. (1990), we model the action of the electric
forces through the existence of an electric field Ez in the shock
propagation direction. In the shock grains move, on the average,
somewhat faster than the ions, electrons and charged PAHs be-
cause of gas drag and they create a local electric charge ρelec

ρelec = e

⎛⎜⎜⎜⎜⎜⎝ni + nPAH+ − nPAH− − ne +
∑

k

Zknk

⎞⎟⎟⎟⎟⎟⎠ , (29)

where Zk and nk are the average number of charges carried per
grain and the density of grain density in bin k, respectively.

Using the conservation of the charge flux through the shock
(Eq. (15)), and Eqs. (25) and (A.13), we find an expression for
the local charge density as a function of the dust properties alone:

ρelec = e
∑

k

Zknk

(
1 − 〈Vkz〉

Vi

)
· (30)

If the grains are strongly coupled to the magnetic field, as in
our standard shock model, the velocity in the shock direction
of the guiding centre for grain gyration, 〈Vkz〉, is approximately
equal to the ion velocity, Vi. In this case it is reasonable to as-
sume ρelec = 0, as we have. However, this approximation is not
valid for shocks propagating through a high density medium (see
Fig. 10) because the large grains are decoupled from the mag-
netic field and thus create an important local electric charge.
The local charge ρelec is responsible for an electric field Ez in
the direction of propagation of the shock, which can be directly
integrated through the Maxwell-Gauss law:

dEz

dz
= 4πρelec. (31)

In the shock reference frame, the electric field therefore has two
components. One uniform component Ey and one variable com-
ponent Ez induced by the local electric charge density ρelec. The
following equation must therefore replace Eq. (14):

E(z) = −B0Vs

c
ey +

∫
4πρelec dz ez. (32)
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Fig. 13. The velocity profiles for the same shock as in Fig. 10 but with
the existence of an electric field Ez in the shock direction taken into
account. The ions are now decoupled from the gas in the direction par-
allel to the shock front. The grain velocities along ey are shifted with
respect to Fig. 10 but the relative velocities between the grains are not
significantly affected.

Equation (21) for the fluid velocity of the grains remains valid
if we generalise the expression for the electric drift velocity Vi
common to ions, electrons and charged PAHs:

Vi = c
E × B

B2
· (33)

Figure 13 shows how the presence of an electric field Ez can
affect the dust dynamics, as compared with Fig. 10 where local
charge neutrality was assumed for the same shock and pre-shock
conditions. The velocity profile along the z axis is little changed.
The ions are decoupled from the gas, in the direction parallel to
the shock, and move with an electric drift velocity cEz/B. Note
that the shock length is not modified. The grain velocity profile
in the direction parallel to the shock front has been shifted by
∼cEz/B in the same manner. We can see that the electric field Ez
is not able to recouple the larger grains to the magnetic field. This
is a consequence of our modelling with an MRN distribution
which includes numerous small grains which carry the major
part of the electric charge of the grains. A small change in their
velocity Vz, induced by a small electric field Ez, is enough to
recover the local charge neutrality without affecting the dynam-
ics of the large grains very much. This question remains open
for other dust size distributions that do not present an overabun-
dance of very small grains.

The electric field Ez sensitively affects the grain velocities
in the shock frame but has little effect on the relative velocities
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Fig. 14. The dynamics of four small charged test grains (10, 20, 40 and
80 Å) in our standard shock (see Fig. 5 for the characteristics of this
shock). The grains are assumed to suddenly become neutral at a flow
time �226 yrs. The grain velocity Vz in the shock direction is shown as
a function of the position z in shock and is calculated by integrating the
law of motion (18).

between the grains. With our multi-fluid approach there is lit-
tle difference in the relative velocities between the grains when
we compare our models with and without Ez. Our results for
dust processing in C shocks should therefore not be very sensi-
tive to the inclusion of an electric field Ez, unless it can affect
the structure of the shock itself, which is not the case within
the framework of our 3-fluid model for transverse shocks. See
Appendix D for a discussion of the influence of dust dynamics
on shock structure in our model. We can therefore neglect the
electric field Ez in our modelling of the dust processing in trans-
verse C shocks.

5.2. A study of the small grain dynamics through the shock

Grains smaller than 100 Å do not exist in our MRN pre-shock
grain core distribution but will be produced in great numbers
by the shattering of the large grains during their gyration phase.
The fragments can in turn shatter or craterize other grains. They
also increase the total dust cross-section but their contribution to
the gas-grain friction is dependent on their degree of coupling
to the magnetic field. Their dynamics must therefore be inves-
tigated because it is expected that small grain dynamics will be
different from the dynamics of large grains due to their low iner-
tia and their small cross-section. Whereas charge fluctuations do
not have a major impact on the dynamics of the large grains, the
influence of charge fluctuations on the dynamics of small grains
can not be ignored (Ciolek & Mouschovias 1993).

As an example, we study the dynamics of small test grains in
our standard shock (see Fig. 4 for the characteristics of the shock
and the pre-shock gas). As presented in Fig. 14, four small test
grains (with radii of 10, 20, 40 and 80 Å) of charge Z = −1
are assumed to suddenly become neutral at the same position
in the shock (corresponding to a flow time t � 226 yrs) by re-
combination with an ion. Up until that point they are assumed to
be strongly coupled to the magnetic field and to follow the ion
motion. Once neutralized, we force these grains to stay neutral
for a time that we take to be their neutral phase lifetime τ0 at
this point, as calculated by Eq. (17). Figure 14 presents the evo-
lution of the instantaneous velocity, Vz, of grains in the shock
direction, as calculated by the integration of the law of motion
given by Eq. (18). Once neutralized, at t � 226 yrs, a 10 Å grain
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decouples from the magnetic field and quickly couples to the
neutral fluid and then follows the motion of the neutrals for al-
most 40 years. At t � 267 years it becomes negatively charged
by electron or ion attachment and starts to gyrate around mag-
netic field lines. The gyration is damped almost immediately by
gas drag because of the small grain inertia. The situation is very
different for a larger grain. A very short time (�1 yr) after its neu-
tralization, at t � 226 yrs, a 80 Å grain becomes charged again.
During its neutral phase this large grain does not have enough
time to couple to the neutral fluid. Nevertheless, it has acquired
via gas drag a small velocity that is now turned into a gyration
velocity. It takes a few years for the gas to damp this gyration
because of the greater inertia of this large grain. The dynamics
of very small neutral grains are therefore decoupled from the
dynamics of very small charged grains which follow the ions.

If we neglect the damping of the gyration at the end of the
neutral phase of each grain, which is truly negligible only for
very small grains, the dynamics of each size of small grain can
be modelled using two fluids, one for charged grains and one for
neutral grains. Adopting Ciolek & Mouschovias Eq. (44) for the
fluid velocity of the neutral grains, we combine the accelerated
motion of the small neutral grains, as shown in Fig. 14, into a
uniform motion of grains with an average velocity

V0 =
τ0

τ0 + τdrag
Vn +

τdrag

τ0 + τdrag
Vc, (34)

where Vc is the fluid velocity for the charged grains described
below. The factor τ0/

(
τ0 + τdrag

)
characterizes the decoupling

of charged grains from neutral grains: its value is 0 when both
fluids are strongly coupled and 1 when the neutral fluid is totally
coupled to the gas. This factor can also be used to express the
fluid velocity of charged grains Vc: Vc is equal to Vfluid (Eq. (21))
when charged grains and neutral grains are strongly coupled, and
equal to Vi when they are decoupled. This dependency is given
by an expression similar to Eq. (34):

Vc =
τ0

τ0 + τdrag
Vi +

τdrag

τ0 + τdrag
Vfluid. (35)

The fluid velocity for neutral grains V0z in the shock propagation
direction is plotted in Fig. 15. We find that the integrated veloc-
ity Vz during the neutral phase (Fig. 14) is, on the average, in

reasonable agreement with the average velocity V0z during this
period as given by Eq. (34) and Fig. 15. With this expression we
are able to model the dynamics of small neutral grains as flu-
ids and to ignore their transient dynamics. We note that this is
not fully valid for the larger grains where the effects of the neu-
tralization can be felt well beyond the end of their neutral phase
because of the slow damping of their gyration.

The fact that the small neutral grains are not coupled to the
ions can have a major impact on the dust processing in C shocks
because they have an important velocity relative to the charged
grains that remain coupled to the ion fluid. The small neutral
grains might thus shatter small grains or craterize larger grains
(the latter action being a progressive erosion rather than catas-
trophic shattering). This kind of erosional processing will result
in grain fragmentation over long time-scales because the decou-
pling of the neutral grains from the charged grains is not limited
to the precursor but is present throughout the shock, as long as
the neutral and charged fluids are not recoupled.

Charge fluctuations also induce small relative velocities be-
tween ions and larger grains (here 80 Å) during their neutral and
gyration damping phases. These small relative velocities should
favour coagulation between large grains and the small charged
grains that are strongly coupled to the magnetic field.

6. Conclusions

We present a new multi-fluid approach for dust dynamics in
transverse C and J shocks in dense clouds, adapted to the per-
spective of our future study of dust processing. We model the
dust size distribution by size bins containing grain cores covered
by icy mantles. While calculating the shock structure, we deter-
mine the out-of-equilibrium charge distribution for each size of
grain and incorporate its contribution into the ionization balance.
The 2-D dust dynamics is properly integrated using the laws of
motion, taking into account the grain inertia and the evolution of
the grain cross-section due to the erosion/accretion of mantles.

In the pre-shock gas we find that grains with icy mantles have
a cross-section a factor of three higher than the cross-section
of the grain cores alone. Adopting a weighting function to the
Hall factor, Γ, used to compute the fraction of dust mass in each
bin that is coupled to the magnetic field, the critical velocity for
C shocks is found to increase with the gas density and to be
only weakly dependent on the presence of a high abundance of
PAHs in the gas and on the photodetachement of electrons by
secondary photons induced by cosmic-rays, unlike in the previ-
ous study (FPdF03).

In C shocks propagating through dense clouds (nH ≥
104 cm−3) we find that the dust dynamics comprises two distinct
phases: a very short transient phase where grains gyrate around
magnetic field lines (resulting in high relative velocities between
grains) followed by a long-term, inertia-free dynamics charac-
terized by smaller relative velocities. In earlier studies of dust
dynamics in C shocks in dense clouds the grain gyration phase
was not taken into account. All grains have completed their gy-
ration phase before a significant part of their mantles has been
eroded. This justifies our inclusion of mantles onto grains in the
determination of their dynamics.

In molecular clouds (nH = 104 cm−3), the gyration phase is
significant. Once the gyration is damped, grains remain strongly
coupled to the magnetic field. With a high abundance of PAHs
the grains can become decoupled from the magnetic field in the
shock tail where the attachment of electrons onto PAHs creates
a shortage of free electrons in the gas. Negatively charged PAHs
then become an important charge carrier and charge exchange
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between grains and negatively charged PAHs must be taken into
account. This is important in calculating the charge carried by
the grains in order to avoid ovestimating the decoupling of large
grains.

In high density clouds (nH = 106 cm−3) and with no PAHs,
the gyration phase is almost negligible due to higher gas drag.
An electron shortage appears early in the precursor induced by
the charging of the grains which carry a significant fraction of the
free electrons. The high gas drag leads to a long-term decoupling
of large grains from the magnetic field. However, small grains
remain strongly coupled throughout the shock.

Very small grains (a < 100 Å), such as would be expected
for the fragments of shattering in grain-grain collisions, may not
be strongly coupled to the magnetic field in all environments be-
cause of charge fluctuations. When the lifetime of neutral grains
is not negligible compared with the friction time-scale, very
small grains follow stochastic dynamics where they tend to cou-
ple to the neutral fluid each time they become neutralized, oth-
erwise following the motion of the ions. With our detailed grain
dynamical modelling we confirm that the averaging approach to
the dynamics of grains undergoing charge fluctuations adopted
by Ciolek & Mouschovias (1993) is indeed valid. We model the
impact of charge fluctuations on the dynamics of small grains
by defining the average velocity of neutral grains and charged
grains taken separately for each size of grain.

The resulting shock structures integrating dust dynamics do
not significantly differ from those obtained with our previous
model where the charged dust grains were assumed to follow
the ion motion. This conclusion remains valid even when large
grains are strongly decoupled from the magnetic field, as for
high densities. This is because the small grains (�100 Å) are
mainly responsible for the gas-grain coupling and remain cou-
pled to the magnetic field throughout the shock as in our previ-
ous model.

The presence of an electric field Ez in the shock propagation
direction, resulting from a local loss of charge neutrality induced
by the decoupling of large grains from the magnetic field, affects
the dynamics of grains very little when a full grain size distribu-
tion is used. The velocity of the grains in the shock direction is
little modified because a very small change in the dynamics of
smaller grains is enough to re-establish the local charge neutral-
ity. The component of the grain velocity parallel to the shock is
affected in the same way for all grains, thereby leaving the rela-
tive velocities approximately as before. Therefore, dust process-
ing should not depend very much on the inclusion of the electric
field Ez in the model, which we can therefore ignore.

Dust dynamics in J shocks only comprise a short gyration
phase before the grains are brought to rest with respect to the
gas. The high gyration velocity of the dust grains in the post-
shock gas can lead to the efficient sputtering, vaporization and
shattering of dust grains.

Our presented formalism will be applied, in a following pa-
per, to the study of dust processing via gas-grain and grain-grain
collisions in J and C shocks in dense clouds and to the feedback
of dust processing on the shock structure.
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Appendix A: Modelling the size distribution of grain
cores

Our silicate and carbon dust size distributions are modelled us-
ing a range of size bins as per Jones et al. (1996). The bins are
numbered with indice k running from 1 to kmax. The bin k con-
tains all the grain cores with radius ak− < a < ak+ (or in mass
mk− < m < mk+). In order to be given sufficient resolution for
the smallest grain cores the bin limits follow a geometrical dis-
tribution in k

ak+ = a+ η
(k−1)/3, mk+ = m+ η

k−1, (A.1)

ak− = a+ η
k/3, mk− = m+ η

k, (A.2)

with

η = exp

(
−3

ln (a+/a−)
kmax

)
< 1. (A.3)

Each bin is associated with an “average” grain core with radius,
cross-section and mass calculated using the method of Mizuno
et al. (1988). This method can handle any kind of “smooth” dust
size distribution and is adapted to the treatment of the complex
dust size distribution resulting from the shattering or coagulation
of grains.

Within each bin we assume a power law size distribution of
index βk in mass and αk in radius, defined by

dn(a)
da
∝ aαk for ak− < a < ak+, (A.4)

dn(m)
dm

∝ mβk for mk− < m < mk+, (A.5)

and a little algebra then yields

βk =
αk − 2

3
· (A.6)

From the mass indices, βk, we can calculate the properties of the
“average” grain cores. For any bin k we define the moments of
order i (i = 1, 2, 3) of the core size distribution in bin k

〈a i〉k =
∫ ak+

ak−
a idn(a)∫ ak+

ak−
dn(a)

. i = 1, 2, 3. (A.7)

From Eqs. (A.4)–(A.6) we can demonstrate how to calculate the
quantities 〈a i〉k as a function of βk and i:

〈a i〉k = a i
k+

1 + βk

1 − η 1+βk

1 − η 1+i/3+βk

1 + i/3 + βk
, i = 1, 2, 3. (A.8)

The density nk and mass density ρk of the grain cores in bin k are
defined by:

nk =

∫ ak+

ak−
dn(a), (A.9)

ρk =
4
3
πρC/Sil

∫ ak+

ak−
a3dn(a). (A.10)

From Eq. (A.7) we get

ρk =
4
3
πρC/Silnk〈a3〉k, (A.11)

and we consider that all the grain cores in bin k are identical to
a grain core of mass

m̃k =
4
3
πρC/Sil〈a3〉k. (A.12)

The density of grain cores in bin k is therefore

nk =
ρk

m̃k
· (A.13)

In the pre-shock gas the total mass density of grain cores, ρ, must
be distributed without loss among the kmax bins. For β = −2,
corresponding to α = −4, we simply have the same mass density
in all bins: ρk = ρ/kmax. For our pre-shock MRN distribution
(α = −3.5 corresponding to β = −11/6), bin k receives a mass
density

ρk = ρ
η−(2+β) − 1

1 − η(2+β)kmax
η(2+β)k, (A.14)

and the corresponding flux of mass (which is the variable being
integrated)

fk = ρk Vs. (A.15)

At the position of integration in the shock we calculate the mass
density indices of each bin, βk, using the method of Mizuno et al.
(1988). We define the bin width

wk = mk+ − mk− = mk+(1 − η), (A.16)

and the following parameters characterizing the slope of the dis-
tribution at the upper (δk+) and lower (δk−) border of each bin

δk+ = log
ρk−1

wk−1
− log

ρk

wk
, 1 < k ≤ kmax, (A.17)

δk− = log
ρk

wk
− log

ρk+1

wk+1
, 1 ≤ k < kmax. (A.18)

For the first and the last bin where only one of the two parame-
ters δk+ and δk− are defined, the mass index is

β1 = −
(
1 +

δ1−
log η

)
, βkmax = −

(
1 +
δkmax+

log η

)
· (A.19)

For other bins, if δk− δk+ > 0, the dust mass distribu-
tion dn(m)/dm is monotonous between the bins k−1, k and k+1
so that we can define βk from the harmonic mean of upper and
lower slopes

β1<k<kmax (δk− δk+ > 0) = −
(
1 +

2 δk+δk−
δk+ + δk−

1
log η

)
· (A.20)

This expression differs from Eq. (7) of Mizuno et al. (1988) be-
cause these authors use an index for n(m), and not for dn(m)/dm
as we do, and also because log η < 0 in our model.

However, if δ− δ+ ≤ 0 then the slope of the distribution
changes sign around bin k. In this case we arbitrarily define the
mass density index in bin k from the upper slope δk+:

β1<k<kmax (δk− δk+ ≤ 0) = −
(
1 +

δk+

log η

)
· (A.21)

For the MRN distribution choosen here, and modelled as size
bins with a mass partition given by Eq. (A.14), these calculations
give the expected βk = −11/6 and αk = −3.5 for all bins.



V. Guillet et al.: Shocks in dense clouds. I., Online Material p 3

Appendix B: Calculating the mantle thickness
and the “average” grain properties

In Sect. 2.1 we showed that all the grain cores are covered, at any
position in the shock, by an icy mantle of identical thickness ∆a.
To calculate the mantle thickness, we follow an approach similar
to Walmsley et al. (2004). The total volume of mantle material
shared by all grains is obtained by subtracting the volume of
the cores from the total grain volume and we then obtain the
expression for the total mass density of the mantles:∫ a+

a−

4
3
πρMan

(
(a + ∆a)3 − a3

)
dn(a) = ρm, (B.1)

where ρMan is the specific density of the icy mantles, taken to
be 1 g cm−3 in our case, and ρm is the total mass density of the
molecules depleted into the icy mantles.

We now define new moments of order i (i = 0, 1, 2, 3) for the
entire dust size distribution of grain cores

〈na i〉 =
∫ a+

a−
a i dn(a). (B.2)

When modelling dust size distribution of grain cores by bins,
we find:

〈na0〉 = n =
∫ a+

a−
dn(a) =

∑
k

∫ ak+

ak−
dn(a) =

∑
k

nk, (B.3)

and, using Eq. (A.7),

〈na i〉 =
∑

k

∫ ak+

ak−
a i dn(a) =

∑
k

nk〈a i〉k, i = 1, 2, 3, (B.4)

so that these quantities can be calculated from Eqs. (A.8)
and (A.13). With this notation we can develop Eq. (B.1) to
demonstrate that the mantle thickness ∆a is the solution of the
following polynomial:

n∆a3 + 3〈na〉∆a2 + 3〈na 2〉∆a =
3ρm

4πρMan
· (B.5)

We apply this method to our pre-shock dust size distribution
composed of carbon (7.12 × 10−27 g H−1) and silicate (1.40 ×
10−26 g H−1) grains. Both dust size distributions are MRN (α =
−3.5) over a 100 Å−3000 Å size range. Icy mantles, with mass
density 1 g cm−3, represent a mass of 7.01 × 10−27 g H−1 cov-
ering grain cores. We find the following cubic equation when
summing the moments per H over both carbon and silicate
distributions

5.26 × 10−11∆a3 + 2.61 × 10−16∆a2

+ 6.45 × 10−22∆a = 1.67 × 10−27 (B.6)

with ∆a = 147 Å as unique real solution.
Covering the “average” grain cores by mantles of thick-

ness ∆a the “average” grain (core + mantle) for a given bin k
has a radius, cross-section and mass given by:

ak = 〈a〉k + ∆a, (B.7)

σk = 〈a2〉k + 2〈a〉k∆a + ∆a2, (B.8)

mk = m̃k +
4
3
πρMan

(
3∆a〈a2〉k + 3∆a2〈a〉k + ∆a3

)
. (B.9)

The resulting grain radius, ak (for core+mantle), may be out of
the radius interval for the given kth bin [ak− : ak+] for the grain
cores because of the presence of the mantle but this has no effect
on any of the calculations. The addition of mantles onto the grain
cores does not change the number density of the grains which is
determined by the distribution of grain cores.

Appendix C: Numerical methods

C.1. Integrating the dust charge distribution

Integrating the grain charge (Pilipp et al. 1990; Ciolek &
Roberge 2002, FPdF03 ) allows the calculation of the ioniza-
tion balance and the determination of the “out of equilibrium”
grain charge. It also allows us to calculate the grain charge when
a shortage of electrons in the gas makes the use of fit formu-
las for grain charge impossible, a situation already encountered
by Chapman & Wardle (2006) when PAHs were introduced into
their model. Integrating the charge distribution is, furthermore,
needed to determine the number density per unit volume of the
neutral grains, which is necessary to model the impact of charge
fluctuations on the dynamics of the grains and their processing
(see Sect. 5.2).

Each bin k is associated with a dedicated charge grid
[Zk−:Zk+] and associated with Zk+ − Zk− + 1 “charged bins”
(k, Z), each with a core mass density ρk(Z), number density
nk(Z) = ρk(Z)/m̃k, and flux of mass fk(Z) = ρk(Z)〈Vkz(Z)〉. When
calculating the steady-state in the pre-shock gas at rest, 〈Vkz(Z)〉
is set to 1 for all grains. For shocks integrated in cartesian coordi-
nates, 〈Vk(0)〉 = V0 (Eq. (34)) and 〈Vk(Z � 0)〉 = Vc (Eq. (35)),
whereas 〈Vk(Z)〉 = Vi for all grains when integrating in polar
coordinates.

The processes determining the charge distribution of the
grains in bin k are modelled by a transfer of flux of grains be-
tween consecutive charge bins for the same bin k with the fol-
lowing rates:

d fk(Z)
dz

=
dt
dz
×

(
fk(Z + 1) (Je + JPAH−) (Z + 1)

+ fk(Z − 1)(Ji + Jpe)(Z − 1)

− fk(Z)
(
Je + JPAH− + Ji + Jpe

)
(Z)

)
, (C.1)

with dt/dz = 1/Vkz (Eq. (18)) in cartesian coordinates and
dt/dz = 1/Vi in polar coordinates. The term in Z − 1 is omit-
ted for Z = Zk− and the term in Z + 1 for Z = Zk+, thus ensuring
the conservation of the total flux of dust mass fk =

∑
Z fk(Z) in

bin k. The lower and upper bounds of the charge grid Zk− and
Zk+ are adaptively-varied as needed in order to suit the evolu-
tion of the charge distribution. In this case the integrator is auto-
matically re-started with the new charge grid values. Using this
method we are able to reproduce Figs. 5 to 10 of Draine & Sutin
(1987) showing the grain charge distribution for various reduced
temperatures.

From the charge distribution we can calculate the average
charge Zk of grains in bin k

Zk =
1
nk

Zk+∑
Zk−

Z nk(Z). (C.2)

In shocks the high electron and ion temperatures result in large
grain charges. The integration of the average grain charge Zk in
bin k is thus a good approximation for the larger grains and al-
lows us to limit the number of variables used by the integrator.
When calculating the shock structure the charge distribution in-
tegration is stopped for any bin with |Zk| > 20 and is replaced
by the integration of the average charge Zk. In this mode, the
differential equation for charge integration becomes:

dZk

dz
=

dt
dz
×

(
Ji(Zk) + Jpe(Zk) − Je(Zk) − JPAH− (Zk)

)
. (C.3)

Conversely, the charge distribution integration replaces the av-
erage charge integration as soon as |Zk | < 15. The limit is set
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lower than the limit for the reverse transition in order to avoid
repeated back and forth transitions between the two integration
modes whenever the charge oscillates around these values. The
transition between the two charge integration modes does not
lead to any noticeable differences in the results (see Fig. 8 for a
profile of the average grain charge in a shocked molecular cloud
obtained by the combination of these two methods).

C.2. Integrating the dust gyration velocity in polar
coordinates

The integration of the grain velocity vector V in the shock frame
in cartesian coordinates (Vy, Vz) is not always possible. Indeed,
our integration variable is the position z in the shock, not the
time t, so that the differential equation Eq. (20) is not defined
whenever Vz crosses zero. If this happens for very short time-
scales one can artificially impose Vz > 0 in that equation to allow
the integration to continue, with only a minor change in the dy-
namics of grain. But if Vz < 0 over long time-scales, e.g. for all
grains in J shocks or for large grains in some C shocks, one can
use polar coordinates to integrate the gyration velocity vector

Vgyr = V − Vi (C.4)

as per JTH96 because this method does not suffer the same lim-
itations. We note that the velocity profiles obtained by these two
methods look different but represent the same physics. Whereas
the integration in cartesian coordinates of the grain velocity in
the shock frame determines the instant velocity of the grain at
position z of integration, the integration of the gyration veloc-
ity in polar coordinates gives the average gyration velocity of
the grain when its guiding centre is at position z of integra-
tion. Differences are primarly observed for large grains because
their gyration radii are not negligible compared to their gyration
damping length-scale.

We now present the expressions for the Vgyr differential
equation in polar coordinates valid for the integration of dust
dynamics in C and J shocks. We define the gyration velocity
vector Vgyr in polar coordinates (Vgir , θ) as

Vgyr = Vgyr sin θ ey + Vgyr cos θ ez. (C.5)

With this notation, Eq. (18) becomes

m
dVgyr

dt
= −m

dVi

dt
+ Ze

Vgyr × B

c
+ h (V) (Vn − V) . (C.6)

Scaling the product by Vgyr/Vgyr yields

dVgyr

dt
= −dVi

dt
· Vgyr

Vgyr
+

h(V)
m

(Vn − V) · Vgyr

Vgyr
, (C.7)

which, in polar coordinates, leads to

dVgyr

dt
= −dVi

dt
cos θ +

h(Vgyr)

m

(
∆V cos θ − Vgyr

)
, (C.8)

with

∆V = Vn − Vi ≥ 0 (C.9)

and

h(Vgyr) = ρnσ
√

V2
gyr + ∆V2 − 2Vgyr∆V cos θ + κTn. (C.10)

Taking the projection of Eq. (C.6) on the y axis, we find

dVgyr

dt
sin θ +

dθ
dt

Vgyr cos θ =
ZeB
mc

Vgyr cos θ

−h(Vgyr)

m
Vgyr sin θ, (C.11)

leading to

dθ
dt
=

ZeB
mc
−

(
1

Vgyr

dVgyr

dt
+

h(Vgyr)

m

)
tan θ. (C.12)

Using Eq. (C.8), we get

dθ
dt
=

ZeB
mc
+

(
dVi

dt
− h(Vgyr)

m
∆V

)
sin θ
Vgyr
. (C.13)

Note that θ is negative because of the negative charge Ze carried
by grains in molecular clouds. For J shocks Eqs. (C.8) and (C.13)
can be simplified because ∆V = Vn − Vi = 0.

Integration as a function of position z is obtained by dividing
Eqs. (C.8) and (C.13) by dz/dt = Vi. The integration of the dust
dynamics in polar coordinates is applicable for both J (∆V = 0)
and C (∆V > 0) shocks, with the restriction for C shocks that the
grains must be strongly coupled to the magnetic field (Γ � 1).
This condition is often satisfied in the circumstances where we
must integrate in polar coordinates: i.e. shocks in molecular or
diffuse clouds.

Appendix D: Influence of grain dynamics
on transverse C shocks

Draine (1980) demonstrated that dust grains are more important
than ions in coupling the momentum from the magnetic field to
the neutrals in the hottest parts of transverse C shocks in clouds
with low fractional ionization (ni/nH <∼ 10−8), assuming that dust
grains are strongly coupled to the magnetic field (Γ � 1). Here
we estimate the extent to which gas-grain coupling (and thus
shock structure) is affected by the inclusion of a dust size distri-
bution characterized by different Hall factors Γk (some of them
larger than 1 as for high density clouds, see Fig. 10). We com-
pare our results with our previous 3-fluid study (FPdF03) where
the charged grains were all coupled to the magnetic field and
followed the ion motion.

Previous studies of dust dynamics in C shocks have con-
centrated on the impact of dust dynamics on the shock struc-
ture, especially the decoupling of large grains from the magnetic
field lines, and found it important for oblique shocks (Pilipp &
Hartquist 1994; Wardle 1998; Chapman & Wardle 2006): the
out-of-plane drift of large grains following the magnetic field
lines tends to increase the dissipation rate and therefore increase
the peak temperature and reduce the shock thickness. This effect
does not exist in the transverse shocks studied in the present pa-
per where the dynamics of the grains is restricted to the plane
transverse to the magnetic field direction. Chapman & Wardle
(2006) presented the first multi-fluid study of dust dynamics in
oblique shocks in order to determine how much the inclusion
of a full dust size distribution (replacing the usual single-sized
grain approximation) affects the rotation of the magnetic field
throughout the shock. Within this framework they ignore the
grain inertia as well as the grain contribution to the ionization
balance but they do include the presence of an electric field Ez in
the shock direction. They find that, once a full dust size distribu-
tion is introduced, the rotation of the magnetic field throughout
the shock is far less important than in their previous model with
single-sized grains, even in presence of a high PAH abundance
favouring the decoupling of large grains. From the limited point
of view of dust dynamics their results, when comparable, are in
general agreement with ours.

Our study of transverse shocks reveals a small impact of the
decoupling of large grains on the shock structure. At low densi-
ties (nH = 104 cm−3) the velocity and temperature profiles do not



V. Guillet et al.: Shocks in dense clouds. I., Online Material p 5

 0

 5

 10

 15

 20

 0.3  0.35  0.4  0.45  0.5

V
 (

km
 s

-1
)

z (1016 cm)

Vn

Vi

present work

(a)

Vi (FPdF03)
Vn (FPdF03)

Vi
Vn

101

102

103

104

105

 0.3  0.35  0.4  0.45  0.5

T
 (

K
)

z (1016 cm)

Ti

Tn

present work

(b)
Ti (FPdF03)
Tn (FPdF03)

Ti
Tn

 0

 5

 10

 15

 20

 0  2  4  6  8  10  12  14

101

102

103

104

105

V
 (

km
 s

-1
)

T
 (

K
)

z (1016 cm)

Vi

Vn

Ti

Tn

(c)
NO DUST

Fig. D.1. The velocity a) and temperature b) profiles for a C shock prop-
agating in a cloud with proton density nH = 106 cm−3, as obtained with
the FPdF03 shock code assuming that the charged dust grains follow
the ion motion, compared with the present work. c) Velocity and tem-
perature profiles for the same C shock but with no dust. At such high
density, dust grains fully dominate the coupling in momentum between
magnetic field and neutral gas. Neglecting dust, the shock length is in-
creased by more than an order of magnitude.

show any significant difference. The situation is little different at
higher density. Figure D.1a,b compares the shock velocity and
temperature profile for our model with those obtained with the
FPdF03 shock model where charged dust grains are assumed to

follow the ion motion. This comparison is for a C shock propa-
gating at a velocity of 20 km s−1 in a cloud of density 106 cm−3:
note that the shock is a little longer in our model (where the dust
dynamics is integrated) than when the grains are assumed to fol-
low ions. To emphasize the effect of dust, we show in Fig. D.1c
the result for the same shock model with no dust.

From Eq. (21) we can evaluate the coupling term between
gas and grains (Vn − Vz) × |Vn − V| in the shock direction which
affects the shock length. Once the gyration is damped and when
no electric field Ez is present, we get:

(
Vn − Vfluid,z

) × |Vn − Vfluid| =
(
Γ√

1 + Γ2

)3

× (Vn − Vi)2 . (D.1)

This expression shows that the gas-grain coupling is the largest
in transverse shocks when the grains are strongly coupled to the
ions (Γ � 1). The FPdF03 model, where the grains follow the
ions, therefore tends to overestimate the gas-grain coupling. Our
new model with dust dynamics yields longer shock lengths at
high densities because of the decoupling of large grains (see
Fig. 10) and small neutral grains (see Sect. 5.2) from the mag-
netic field. This effect is rather small because, in an MRN dust
size distribution, the total dust cross-section is dominated by the
small grains. The inclusion of an electric field Ez in the shock
direction (not presented here in Fig. D.1, but see also Fig. 10)
does not significantly modify the shock dynamics.

The decoupling of large grains from the magnetic field there-
fore has little impact on the dynamics of transverse shocks. Our
previous approach (FPdF03), with no electric field Ez and with
the charged grains assumed to be strongly coupled the ions,
is therefore satisfactory even at high densities where the large
grains are in fact decoupled from the magnetic field. The situ-
ation will be different as soon as we consider dust processing,
which will modify the dust size distribution and therefore the
dust-gas coupling. This situation will be explored in a following
paper.


