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• Development of new telescopes with higher and higher resolution 
• New observation techniques with consequent large data sets

• H3+ : UKIRT, VLT-CRIRES — Indriolo+ (2012) 
• OH+, H2O+ : Herschel — Neufeld+ (2010), Gerin+ (2010) 
• γ-ray emission : Fermi-LAT (CTA) — Montmerle (2010) 
• magnetic field morphology : SMA, Planck (ALMA) — Girart+ (2009)

All these observations require a solid theoretical support. A detailed 
effort in the modelling of the CR spectrum, and more precisely of its 
low-energy tail, was missing as well as the integration of the models in 
chemical and numerical codes for interpreting observations.
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•  Diffuse clouds (Av ~ 1 mag) → the UV radiation field is the principal ionising  
    agent (photodissociation regions);

•  Dense clouds (Av ≳ 5 mag) → the ionisation is due to low-energy CRs 
    (E < 100 MeV) and, if close to young stars, to soft X–rays (E < 10 keV).
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« Properties of prestellar cores »
Padovani Marco              Barcelona, 13 October 2009

Cosmic–ray interactions with molecular clouds
•  Diffuse clouds (Av ~ 1 mag) → the UV radiation field is the principal ionizing
    agent (photodissociation regions);
•  Dense clouds (Av ≳ 5 mag) → the ionization is due to low-energy CR
    (E < 100 MeV) and, if close to young stars, to soft X–rays (E < 10 keV).
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Dense cores 
(HCO+,DCO+) 
Caselli+ (1998)

Diffuse clouds 
(OH, HD, NH) 
Black & Dalgarno (1977),  
Hartquist+ (1978), Black+ (1978), 
van Dishoeck & Black (1986), 
Federman+ (1996) 

(H3+) 
McCall+ (1993), Geballe+ (1999) 
McCall+ (2003), Indriolo+ (2009,2012) 

(OH+,H2O+) 
Neufeld+ (2010), Gerin+ (2010)

 ζH2 ~ 10-18 - 10-17 s-1 

 ζH2 ~ 10-16 - 10-15 s-1 
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• origin of the CR flux that generates such a high ionisation rate (ζCR) in diffuse regions; 

• how to reconcile these values with those ones measured in denser regions;

Main questions:

Different strategies approaching these problems:
• effects of Alfvén waves on CR streaming 

 Skilling & Strong (1976); Hartquist+ (1978); Padoan & Scalo (2005); 
    Everett & Zweibel (2011); Rimmer+ (2012); Morlino & Gabici (2014); 

• magnetic mirroring and focusing 
 Cesarsky & Völk (1978); Chandran (2000); PM & Galli (2011,2013); 

• possible low-energy CR flux able to ionise diffuse but not dense clouds 
 Takayanagi (1973); Umebayashi & Nakano (1981); McCall+ (2003); PM, Galli & Glassgold (2009)
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The story so far...
Theoretical model (PM, Galli & Glassgold 2009)

computing the variation of the ionisation rate due to cosmic rays, ζCR [s–1], inside a molecular 
cloud, with the increasing of the column density, N [cm–2], of the traversed interstellar matter.

correction due to the ionisation 
of secondary electrons

correction due to the presence 
of heavy nuclei among CRs

⇣H2(N) = ⌘h⇣
H2
p (N) + ⇣H2

e (N)

4⇡

Z 1

0

jp(E,N)⌘secp (E)�p+H2(E)dE
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Padovani+ 2009

10 Marco Padovani and Daniele Galli

the electronic levels and ionisation, while at higher energies the energy loss
function is dominated by bremßtrahlung. As in the case of CR protons, we
can neglect the contribution of Coulomb interactions for electrons at energies
above ∼ 1 eV, since Le(Ee) ∝ n0.97

e E−0.44
p [51].

Fig. 3 Left panel: energy loss functions Le(Ee) and Lp(Ep) for electrons and
protons, respectively, colliding with H2 (solid curves), compared with NIST data
(circles); dashed curves show Coulomb losses for a fractional electron abundance
ne/n(H2) = 10−7; dash-dotted curve labeled with π represents the energy loss by
pion production computed following Schlickeiser [49]; dotted curves show the results
by Phelps [44] and Dalgarno et al. [13] for p–H2 and e–H2, respectively. Right panel:
range Re(Ee) and Rp(Ep) for electrons and protons colliding with H2 (solid curves),
respectively, compared with NIST data (circles) and the results of Cravens & Dal-
garno [12], squares; the dashed curve shows the fit by Takayanagi [54].

5 Propagation of a cosmic ray in a molecular cloud

We assume a plane-parallel geometry and we follow the propagation of CR
particles inside a molecular cloud with the so-called continuous-slowing-down
approximation (hereafter CSDA) which is also referred as the continuous
energy loss regime or thick target approximation when the propagation is
dominated by these losses [47, 48]. It is useful to introduce the column density
of molecular hydrogen N(H2),

N(H2) =

!

n(H2) dℓ , (9)

and to rewrite the energy loss function (Eq. 8) as

Lk(Ek) = −
dEk

dN(H2)
. (10)
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BUT… energy losses
do only half of the job!

PM & GALLI (2011)
PM & GALLI (2013)

PM, HENNEBELLE & GALLI (2013)
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magnetic mirroring 
bounces many CRs 

out of the core

magnetic focusing 
increases CR flux 

in the core
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Césarsky & Völk, 1978

The Larmor radii of ionising CRs are smaller than typical sizes of Bok 
globules (~ 0.05 pc), dense cores (~ 1-5 pc), and GMC (~ 25 pc).
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Figure 3
CO(3–2) emission from the disks around (a) TW Hydra and (b) HD 163296 observed with the
Submillimeter Array (SMA) at a spectral resolution of 44 m s−1 (Hughes et al. 2010). The contours show the
zeroth moment (velocity-integrated intensity), whereas the colors show the first moment (intensity-weighted
velocity). The synthesized beams are shown in the lower left corner of each panel with a size of 1.7 × 1.3
arcsec at position angles of 19◦ and 46◦ for TW Hydra and HD 163296, respectively. The contours start at
3σ and increase by intervals of 2σ , where the root-mean-square noise σ = 0.6 Jy beam−1.

rotational line of CO or isotopolog, yet not contaminated by emission from the residual envelope
or neighboring cloud.

Koerner, Sargent & Beckwith (1993) resolved the 13CO J = 2−1 line in the relatively large GM
Aur disk and found the velocity profile was consistent with being Keplerian. Similarly, Dutrey,
Guilloteau & Simon (1994) imaged the large circumbinary disk around GG Tau in 13CO J =
1−0 and used a Keplerian velocity profile to determine a total stellar mass of 1.2 M⊙. With
improvements in instrumentation, leading to higher frequency and higher resolution observations,
more studies followed shortly thereafter (e.g., Mannings, Koerner & Sargent 1997; Duvert et al.
1998).

Guilloteau & Dutrey (1998) modeled the CO J = 1−0 channel maps (images at different
velocities) of DM Tau to show that a Keplerian velocity profile was not only consistent but was
the best fit. This was further exploited in the survey by Simon, Dutrey & Guilloteau (2000),
who determined dynamical masses for nine systems and tested models of protostellar evolution.
Schaefer et al. (2009) extended this work to later spectral types. As discussed in Section 3, Lommen
and Brinch have used the same technique to derive protostellar masses at even earlier times in Class
0 and I YSOs. Spectral line observations also determine disk inclinations to our line of sight with
high accuracy (e.g., Qi et al. 2004), which is necessary for detailed modeling and characterization
of other disk properties.

Many of the aforementioned studies also note that the line emission is well fit by only rotational
plus thermal broadening. High spectral resolution observations of the TW Hydra and HD 163296
disks by Hughes et al. (2010) show that the turbulent component is subsonic, ≤10% and 40%,
of the sound speed, respectively, at the ∼100 AU scales of their observations. Such a low level of
turbulent stirring provides ideal conditions for grain settling and growth, planetesimal congrega-
tion, and protoplanetary accretion. Their data also show near-perfect Keplerian rotational profiles
confirming that disk self-gravity does not appear to be significant in these objects (Figure 3).

4.3.4. Departures from azimuthal symmetry. The discussion in this section has so far consid-
ered only the radial or vertical variation of disk properties on account of the dominant gravity of
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Figure 5. (a) Distributions of the low-velocity blueshifted (blue contours; 3.72–5.93 km s−1) and redshifted C18O (3–2) emission (red contours; 7.41–9.63 km s−1)
in L1551 NE observed with the SMA. Contour levels are from 0.212 Jy beam−1 km s−1 in steps of 0.424 Jy beam−1 km s−1 (1σ = 0.106 Jy beam−1 km s−1).
Crosses indicate the positions of the protobinary, and a filled ellipse at the bottom-right corner indicates the synthesized beam (0.′′95 × 0.′′66; P.A. = −88◦). Blue and
red arrows show the direction of the blueshifted and redshifted [Fe ii] jets driven by Source A. (b) Distributions of the low-velocity blueshifted (blue contours) and
redshifted 13CO (3–2) emission (red contours) in L1551 NE observed with the SMA. The integrated velocity ranges, contour levels, and the symbols are the same
as those in (a), while the 1σ rms noise level is 0.097 Jy beam−1 km s−1. (c) Distributions of the high-velocity blueshifted (blue contours; 2.24–3.72 km s−1) and
redshifted 13CO (3–2) emission (red contours; 9.63–10.37 km s−1) in L1551 NE observed with the SMA. Contour levels are from 0.158 Jy beam−1 km s−1 in steps of
0.158 Jy beam−1 km s−1, where the 1σ rms noise levels are 0.079 Jy beam−1 km s−1 and 0.056 Jy beam−1 km s−1 in the blueshifted and redshifted velocity ranges,
respectively.
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Figure 6. Moment 1 maps of the 13CO (3–2) (left) and C18O (3–2) lines (right) in L1551 NE observed with the SMA. Contour levels are in steps of 0.4 km s−1. The
bluest and reddest contour levels to the northwest and southeast of Source A in the 13CO map are 5.2 km s−1 and 8.8 km s−1, respectively, and those in the C18O map
5.2 km s−1 and 8.4 km s−1. Crosses indicate the positions of the protobinary, and filled ellipses at the bottom-right corners indicate the synthesized beam (0.′′95 ×
0.′′66; P.A. = −88◦). Blue and red arrows show the direction of the blueshifted and redshifted [Fe ii] jets driven by Source A.

the central star. In the case of rotation with conserved angular
momentum, which is expected for an infalling disk (Ohashi et al.
1997; Yen et al. 2011), vrot(r) is expressed as

vrot(r) = sin i
j

r
, (8)

where j denotes the specific angular momentum of the rotation.
In the case of the infalling disk, radial motion (≡vrad(r)) is also
present and can be expressed as

vrad(r) = sin i

!
2GM⋆

r
. (9)

The velocity channel maps of the model disk (≡Smodel(α, δ, v))
can be expressed as

Smodel(α, δ, v) = (Smom0(α, δ)/σ
√

2π )

× exp
"−(v − vLOS(α, δ))2

2.0σ 2

#
, (10)

where Smom0(α, δ) denotes the moment 0 map of the model disk
and σ the internal velocity dispersion.

In the model fitting, Smom0(α, δ) was assumed to be the same
as the observed 13CO or C18O moment 0 maps (Figure 2). We
adopted σ to be 0.4 km s−1, inferred approximately from the
13CO and C18O spectra. These assumptions mean that we fit only
the global, systematic velocity structure in three-dimensional
space, and that we do not fit the two-dimensional distributions
of the molecular emission. The center of the model disk was
fixed to be the position of Source A, and vsys was set to be
7 km s−1. The 13CO and C18O velocity channel maps around
the systemic velocity (VLSR = 6.52 and 6.89 km s−1 for 13CO
and VLSR = 6.86 and 7.23 km s−1 for C18O) were excluded from
the fitting, since in these velocities the bulk of the emission is
“resolved out.” On these assumptions, we conducted minimum
χ2-fittings of the model Keplerian disk and the model infalling
disk to the observed 13CO and C18O velocity channel maps,
with M⋆, θ , i, and j (in the case of the infalling disk) as fitting
parameters:

χ2 =
$

α,δ,v

%
Sobs(α, δ, v) − S

M⋆,θ,i,j
model (α, δ, v)

σrms

&2 '
$

α,δ,v

, (11)
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•  Theoretical challenge: formation of protostellar discs. 
• Magnetic fields entrained by collapsing cloud brake any rotational motion and prevents 
cloud’s collapse (Galli+ 2006; Mellon & Li 2008; Hennebelle & Fromang 2008).

Observational evidence of the presence of discs

Class II YSO Class I YSO

This has been done for more evolved sources, but not for a class 0
protostar17,18. To determine the mass, we measured the positional off-
set of the line emission relative to the protostar (1.3-mm continuum
source) in each velocity channel (binned to 0.3 km s–1) and the
position–velocity data were fitted with a Keplerian rotation curve
(velocity v 5 (GM/r)1/2, where G is the gravitational constant, M is
the protostellar mass and r is the radius at which the velocity is being
measured). These data are plotted in Fig. 4 and least-squares fitting
yields a protostellar mass of 0.19 6 0.04 M[; the flattening of radius at
velocities less than ,1.5 km s–1 can be attributed to the superposition
of rotation velocities projected along the line of sight at large radii. We
do not expect contributions from the envelope to affect the fit because
its emission is at lower velocities and larger scales11. The almost edge-
on nature of L1527 facilitates this analysis because the ,85u inclina-
tion5,19 does not significantly affect any calculations. Although the
model fit in Fig. 4 is simplistic, it highlights the important physics of
the problem, and the method is consistent with simulated observations
of more complicated line radiative transfer models that require many
assumptions (Supplementary Information section 4).

Masses have previously been estimated for binary Class 0 protostel-
lar systems using proper motion measurements at very high resolu-
tion20, but with substantial uncertainty due to unconstrained orbital
parameters. The primary uncertainty in our measurement is whether
the protostellar mass is dominant over the disk/envelope mass at the
scales we are probing. The disk mass of 0.007 M[ could be up to a few

times higher owing to opacity uncertainties, and the envelope mass
within R 5 150 AU is only expected to be ,0.01 M[, because most
mass is on large scales. If we allow for a factor of four times higher
disk and envelope masses, they would combine to contribute at most
,35% to the total mass. The kinematic effect of this additional mass
should become apparent at larger disk radii, but the current data are
insufficient to distinguish this effect. Moreover, the possibility of addi-
tional mass would only cause the protostellar mass to be overestimated.

The ratio of protostellar mass to envelope mass in L1527 is only
,20%; all other protostellar systems with dynamical mass measure-
ments from disk rotation have protostellar masses greater than twice
the surrounding envelope mass1. Therefore, in contrast to these more
evolved systems, L1527 will probably accumulate significantly more
mass. Accreting protostars are expected to follow a ‘birthline’, with
rising effective temperature and luminosity with increasing mass; the
birthline is also the starting point of pre-main-sequence evolution once
the protostar has stopped accreting significantly21. If L1527 is on the
birthline, we can estimate its stellar parameters from the mass. We use
the birthline model21 with an accretion rate of 2 3 1026 M[ yr–1; for
a 0.19-M[ protostar, this model gives a radius of 1.7 R[, an effec-
tive temperature of 3,300 K, and a luminosity of 0.3 L[. This indicates
that ,90% of the protostar’s total luminosity (2.75 L[; ref. 19) is
supplied by accretion of mass onto the protostar. Thus, the accretion
rate of the disk onto the protostar is ,6.6 3 1027 M[ yr–1, assuming
Lacc~GM _M

!
R! (here Lacc is the luminosity generated by accretion,
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Figure 2 | Images of the edge-on disk around the protostar L1527.
a–c, High-resolution images of L1527 are shown at wavelengths of 870mm
from the SMA (a), 3.4 mm from CARMA (b) and 3.8mm from Gemini
(c), showing the disk in dust continuum emission and scattered light. The
Gemini image is shown on a larger scale to fully capture the scattered light
features, the dashed grey lines mark the outer edge of the region shown in the
submillimetre images. The submillimetre images are elongated in the direction
of the dark lane shown in c, consistent with an edge-on disk in this class 0

protostellar system. The outflow direction is indicated by the red and blue
arrows in a, denoting the respective directions of the outflow. The white cross in
c marks the central position of the disk from the SMA images. The contours in
the 870-mm and 3.4-mm images start at three times the noise level and increase
at this interval; the noise level is 5.0 mJy per beam and 0.24 mJy per beam for the
SMA and CARMA data, respectively. The ellipses in the lower right corner of
each image give the resolution of the observations, approximately 0.250
(a), 0.350 (b) and 0.350 (c). RA, right ascension; dec., declination.
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Figure 3 | 13CO emission from the disk around L1527 exhibiting a
Keplerian rotation signature. a–c, The CARMA 1.3-mm continuum image is
shown (greyscale) with the red and blue contours showing 13CO emission
integrated at low velocities (a), intermediate velocities (b) and high velocities
(c). The white cross in all panels marks the location of the protostar. The
blueshifted and redshifted emission centroids show a clear signature of rotation
on the size scale of the protostellar disk and no extension of emission along the
outflow. The low-velocity emission probably includes contributions from the

envelope, while the intermediate- to high-velocity emission is dominated by the
disk. The low-velocity range (a; in km s21) is 6.35–7.25 (shown red) and 4.55–
5.3 (shown blue); the intermediate-velocity range (b; in km s21) is 7.25–8.0
(red) and 3.8–4.55 (blue); the high-velocity range (c; in km s21) is 8.0–8.6 (red)
and 3.2–3.8 (blue). The contours start and increase in intervals three times the
noise level (s) where s 5 0.85 K km s–1 (red) and 0.75 K km s–1 (blue). The
angular resolution of these data are given by the ellipse in the lower right
corners, 1.10 3 0.950.
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• A number of possible solution to solve the magnetic braking

(i)  non-ideal MHD effects (Shu+ 2006; Dapp & Basu 2010;  

                                     Krasnopolsky+ 2011; Braiding & Wardle 2012) 

(ii) misalignment between B and J (Hennebelle & Ciardi 2009; Joos+ 2012) 

(iii) turbulent diffusion of B (Seifried+ 2012; Santos-Lima+ 2013; Joos+ 2013) 

(iv) depletion of the infalling envelope anchoring B (Mellon & Li 2009; Machida+ 2011)
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Numerical models : rotating collapsing core

M. Padovani et al.: Cosmic-ray ionisation in collapsing clouds

Fig. 6. CR ionisation rate maps for the model M in the plane y = 0
for a fixed toroidal-to-poloidal ratio b0 = 10 and different values of the
mass-to-flux-ratio. White and black contours represent the iso-density
contours and the labels show log10 [n/cm−3].

Table 1. Parameters of the simulations described in the text (from
Joos et al. 2012): mass-to-flux ratio, initial angle between the mag-
netic field direction and the rotation axis, time after the formation of
the first Larson’s core (core formed in the centre of the pseudo-disc
with n ! 1010 cm−3 and r ∼ 10 − 20 AU), maximum mass of the pro-
tostellar core and of the disc. Last column gives information about the
disc formation.

Case λ αB,J t M⋆ Mdisc Disc ?
[rad] [kyr] [M⊙] [M⊙] (Ya / Nb / Kc)

A1 5 0 0.824 – – N
A2 5 0 11.025 0.26 0.05 N
B 5 π/4 7.949 0.23 0.15 Y
C 5 π/2 10.756 0.46 0.28 K
D 2 0 5.702 0.24 – N
E 17 0 6.620 0.43 0.15 K

a A disc with flat rotation curve is formed (Fig. 15 in Joos et al. 2012).
b No significant disc is formed (Mdisc < 5 × 10−2 M⊙).
c A keplerian disc is formed (Fig. 14 in Joos et al. 2012).

(z, x) and the (y, z) plane, respectively. Besides, in Figures 7–12
we plot the results for the whole computational domain (upper
and middle left plots) and zooming into the inner 1000 AU (up-
per and middle right plots) plus a graph showing the magnetic
field line morphology in the central 600 AU (lower plot).

We are aware of the fact that the ionisation rate should be
computed simultaneously to the MHD model. This will be the
subject of a future work, but the results described in this paper
can be considered an important proof of concept that very low
ionisation rate can be achieved in the inner regions of a collaps-
ing cloud.

4.1. Intermediate magnetisation (λ = 5)

We consider a couple of outputs (cases A1 and A2 in Table 1)
for an aligned rotator (αB,J = 0) and super-critical cloud (λ = 5)
in agreement with observations (Crutcher 1999). We choose two
different times after the formation of the first Larson’s core in or-
der to understand the effect of the tangling of magnetic field lines
on CR propagation when a disc is not formed. Unlike the semi-
analytical case (Sect. 3) where the density does not even achieve
105 cm−3 and the symmetry of the magnetic field configuration
is conserved for any toroidal-to-poloidal ratio, in all the numer-
ical models presented here the central density reaches the value
of about 1013 cm−3 and in general it is higher than 1010 cm−3 in
the inner 50 − 100 AU radius. Besides, the symmetry of mag-
netic field lines is broken very soon with time. This is likely due
to the development of the interchange instability (Krasnopolsky
et al. 2012).

We know from the semi-analytical model (Sect. 3) that it is
not possible to disentangle column-density from magnetic ef-
fects, but both intervene on the decrease of the ionisation rate.
In Section 6 we give an estimate of the relative incidence of
these two effects. As explained in Sect. 3.3, we can interpret
the deviations between the iso-density contours and ζH2 maps
as due to magnetic imprints. As an instance, in the upper right
plot of Fig. 7 there is a clear departure between the contours at
n = 109 cm−3 and the shape of the region where ζH2 reaches
values of 2 − 3 × 10−18 s−1 (in yellow in the Figure). Another
example is the upper left plot of the same Figure where the re-
gion in red with ζH2 ∼ 1 − 2 × 10−17 s−1 extends for densities
spanning from 105 to more than 107 cm−3 in a horizontal “strip”
of about 5000 AU along the z axis. This calls to mind the mag-
netic field configuration (see lower panel of Fig. 7), in fact this
is the region where field lines start to be twisted due to rotation.
The middle right panel of Fig. 7 shows that less than 103 yr af-
ter the formation of the first Larson’s core, a central region with
r ∼ 100 − 200 AU is characterised by ζH2 ∼ 2 − 4 × 10−18 s−1.

We compute ζH2 for a later-time configuration (case A2) with
the same initial conditions (λ = 5, αB,J = 0). As previously men-
tioned, we lose the symmetry of field lines (see lower panel of
Fig. 8) as well as of the density profile (see upper and middle
right panels of Fig. 8). At large scales (upper and middle left
plots), we notice that the region with ζH2 # 10−17 s−1 is less ex-
tended along the z axis and it is elongated parallel to the x axis
(i.e., parallel to the magnetic field). At small scales (upper and
middle right plots), a flattened structure formed almost perpen-
dicularly to the rotation axis can be noticed. In fact, even if the
disc is not formed, the plane perpendicular to the rotation axis
shows the presence of a “ring” with densities between 108 and
109 cm−3 and average ionisation rate of about 10−18 s−1 circum-
scribing the density peak up to a radius of about 300 AU.

We account for a configuration with the initial rotation axis
twisted by π/4 towards the y axis, while the initial magnetic field
direction is still along the x axis (case B in Table 1). This case
predicts the formation of a disc with a flat rotation curve in the
plane perpendicular to the rotation axis. In the central r ∼ 50 AU
region of both the (z, x) and the (y, z) plane, we find a CR ionisa-
tion rate lower than about 10−19 s−1. In the inner 500 AU region

6

Padovani+ 2013
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Numerical models : rotating collapsing core
Intermediate magnetisation λ=5 

Aligned rotator (J,B)=0

Field lines in the inner 600 AU

It is not possible to unravel magnetic from 
column-density effects, but both intervene 
on the decrease of ζCR. Deviations between 
iso-density contours and ζCR maps can be 
interpreted as due to magnetic imprints

Padovani+ 2013
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Numerical models : rotating collapsing core

ζCR < 10-18 s-1 down to 2x10-21 s-1 in the 
inner area with an extent of a few tenths 
of AU. We can assume that the gas is 
effectively decoupled with the magnetic 
field.

Intermediate magnetisation λ=5 
Perpendicular rotator (J,B)=π/2

Field lines in the inner 600 AU

including magnetic effects
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Numerical models : rotating collapsing core

ζCR < 10-18 s-1 down to 2x10-21 s-1 in the 
inner area with an extent of a few tenths 
of AU. We can assume that the gas is 
effectively decoupled with the magnetic 
field.

Intermediate magnetisation λ=5 
Perpendicular rotator (J,B)=π/2

Field lines in the inner 600 AU

without magnetic effects
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Numerical models : rotating collapsing core

The magnetic braking is very faint and the 
rotation acts in wrapping powerfully the 
field lines. The region with ζCR < 10-18 s-1 
broadens out along the rotation axis where 
field line tangling up is very marked.

Weak magnetisation λ=17 
Aligned rotator (J,B)=0

Field lines in the inner 600 AU

including magnetic effects
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Numerical models : rotating collapsing core
Weak magnetisation λ=17 
Aligned rotator (J,B)=0

Field lines in the inner 600 AU

The magnetic braking is very faint and the 
rotation acts in wrapping powerfully the 
field lines. The region with ζCR < 10-18 s-1 
broadens out along the rotation axis where 
field line tangling up is very marked.

without magnetic effects
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A useful fitting formula

When in presence of a magnetic field, the effective column density, 
Neff, seen by a CR can be much larger than that obtained through 
a rectilinear propagation.
N(H2) = average column density seen by an isotropic flux of CRs

Ne↵ = (1 + 2⇡Fs) N(H2)
F = F(|B|, |B�/Bp|) , s = s(n)

⇣H2
e↵ / ⇣H2(Ne↵)
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Cosmic rays and magnetic diffusion
Drifts of charged species with respect to neutrals 

 determines different regimes of magnetic diffusivity.
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The degree of diffusion is determined by the ionisation fractions that, 
in turn, are determined by ζH2.

(PM, Galli, Hennebelle,  
Commerçon & Joos 2014)

@ ~B

@t
+r⇥ ( ~B ⇥ ~U) = r⇥

(
⌘Or⇥ ~B + ⌘H(r⇥ ~B)⇥

~B

|B| + ⌘AD

"
(r⇥ ~B)⇥

~B

|B|

#
⇥

~B

|B|

)



Marco Padovani
Cosmic Rays and Protostellar Discs

CRIME - APC Paris, Nov 14th 2014

Abundance of charged species
We adopted a simplified chemical network that computes the steady-state 
abundance of H+, H3+, a typical molecular ion mH+ (e.g. HCO+), a typical 
metal ion M+ (e.g. Mg+), e- and dust grains (g0, g–) as a function of:

— H2 density ; 
— Temperature ; 
— Cosmic-ray ionisation rate. } computed at each spatial position 

in our models.

Padovani+ 2014
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Effects of the grain size distribution
Grains play a decisive role in determining the degree of 
coupling between gas and B.

Three grain size distribution

amin = 10–5 cm

amin = 10–6 cm (the minimum grain radius of a MRN size distribution 
Mathis et al. 1977 that gives the same grain opacity 
found by Flower et al. 2005)

(representative of large grains formed by compression 
and coagulation during collapse; Flower et al. 2005)

amin = 10–7 cm (typical size of very small grains)

amax = 3×10–5 cm (Nakano et al. 2002)

larger grains ➝ less number of grains  
➝ more free electrons (one electron per grain)
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Dependence of chemical abundances on ζH2

Density of charged species usually parameterised as 
(e.g. Ciolek & Mouschovias 1994, 1995), but… it depends on the grain size!

n(i) /
�
⇣H2

�k0

with k0 ⇡ 1/2

Padovani+ 2014

n(H2)=106 cm-3 
amin = 10–5 cm (solid lines) 
amin = 10–7 cm (dotted lines)

k´ 10-5 10-7

e– 1/2 1

M+ 1/2 0

g– 0 1/2
H3+, H+, 
mH+ 1/2 1/2
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ζH2 and the gas-magnetic field decoupling
Drift velocity of magnetic field UB : it can be represented by the velocity of the 
charged species (frozen with the field lines) with respect to neutrals.  

By comparing UB with the fluid velocity, it is possible:

  — to assess the degree of diffusion of the field; 
  — to estimate the size of the region where gas and B are decoupled.

Following Nakano et al. (2002), UB can be written as a function of the resistivities. 

~UB = ~UAD + ~UH + ~UO =
4⇡

cB2

"
(⌘AD + ⌘O)~j ⇥ ~B + ⌘H

⇣
~j ⇥ ~B

⌘
⇥
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+
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tk = R/Uk , (k = AD,H,O)
R is the typical length scale of the region 

(assumed as the distance from the density peak)
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ζH2 and the gas-magnetic field decoupling
1

tB
=

1

tAD
+

1

tH
+

1

tO

tk = R/Uk , (k = AD,H,O)
R is the typical length scale of the region 

(assumed as the distance from the density peak)

Nakano et al. (2002): comparison between tB and the free-fall time scale. 
Here we compare tB with the tdyn = R/U (U = fluid velocity including infall and rotation).

In regions where: 
  — tB<tdyn : B is partially decoupled and it has less influence on gas dynamics; 
  — tB>tdyn : diffusion is not efficient and B remains well coupled to the gas.

Is there a relevant variation in tB using a constant ζH2 ≈ 10–17 s–1 or accounting 
correctly for the dependence of ζH2 on N(H2) and B?

YES!
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Cosmic-ray ionisation rate 
and diffusion time scale

LOW-MASS CASEtB>tdyn

tB<tdyn

The region of decoupling decreases 
with decreasing amin (from ≈50 AU 
to ≈20 AU of radius), but it is still 
present.

The correct evaluation of the CR 
ionisation rate as a function of 
density and magnetic field allows 
the diffusion time to decrease up 
to three order of magnitudes.

Padovani+ 2014
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Cosmic-ray ionisation rate 
and diffusion time scale

HIGH-MASS CASEtB>tdyn

tB<tdyn

For amin=10–5 cm the decoupling 
region has a radius of ≈100 AU, but 
for amin=10–7 cm it vanishes.

Different behaviour wrt low-mass case: 
the field diffuses faster in the HM case 
(turbulent nature of the flow). 
Problems with limited resolution? 
Numerical diffusion (Hennebelle+ 2013; 
Joos+ 2013).

Padovani+ 2014

The turbulent diffusion present in the 
HM model reduces the field strength 
making the microscopic resistivities 
smaller (no decoupling).
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Conclusions
•  The study of low energy (E < 1 GeV) cosmic rays is fundamental for correctly 
dealing with chemical modelling and non-ideal MHD simulations; 

• In order to study the cosmic-ray propagation we accounted for energy losses and 
magnetic field effects: an increment of the toroidal component, and in general a more 
tangled magnetic field, corresponds to a decrease of ζH2 because of the growing 
preponderance of the mirroring effect; 

• The extent to which density and magnetic effects make ζH2 decrease can be ascribed to 
the degree of magnetisation; ζH2 < 10-18 s-1 is attained in the central 300-400 AU, 
where n>109 cm-3, for toroidal fields larger than about 40% of the total field in the cases 
of intermediate and low magnetisation (λ=5 and 17, respectively); 

• We found an increase in η in the innermost region of a cloud after the collapse onset:   
(1) field has to be considerably twisted; (2) dust grains had time to grow by coagulation. 

A correct treatment of CR propagation can explain the occurrence of a decoupling 
region between gas and magnetic field that in turn affects the disc formation.


