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Cosmic-ray propagation 
 in molecular clouds

Padovani, Galli & Glassgold (2009)
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and in circumstellar discs
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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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ζ key–brick parameter: 

— chemical models (interpretation of 
observed abundances); 

— non-ideal MHD simulations (study of 
the collapse of a molecular cloud core 
and the formation of a protostellar 
disc);

Cosmic-ray ionisation rate
(number of ionisation per second)

[s–1]
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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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Guélin (1977) 
Caselli+ (1998) 
Maret & Bergin (2007)

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+ (2009,2012,2015) 

(OH+, H2O+) 
Neufeld+ (2010), Gerin+ (2010)
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Cleeves+ 2013; 2015

H3+, OH+, H2O+HCO+, DCO+

Guélin+ 1977 
Caselli+ 1998 

Maret & Bergin 2007
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HOW TO RECONCILE THE HIGH VALUES OF ζ IN DIFFUSE CLOUDS  
WITH THE LOWER VALUES IN DENSER ENVIRONMENTS?

⇡ 10�19

10�22
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CR propagation inside a cloud
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electronic levels
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E

Theoretical model (Padovani, 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.
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Courtesy of T. Grassi
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Field lines in the inner 600 AU

PM, Hennebelle & Galli 2013a

Numerical models : rotating collapsing core
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Theoretical model (Padovani, 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.
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www.nature.com

August, 25th 2012 
Voyager 1 crossed the heliopause
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Magnetic field: 
- in the ISM (black lines);
- from the Sun (white lines).

Next expected signature:
variation in the magnetic 

field direction

www.jpl.nasa.gov
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Galactic Cosmic Rays in the LISM 3
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Figure 3. (Top row) Differential energy spectra of H (left) and He (right) from V1 for the period 2012/342-2015/181, and solar-modulated
spectra at 1 AU from a BESS balloon flight in 1997 (Shikaze et al. 2007) and from IMP8 in the latter part of 1996 (McDonald 1998).
The three different symbols for the V1 data correspond to different telescope types described in the Appendix. All data are plotted with
their statistical and systematic uncertainties added in quadrature. Also shown are estimated spectra in the LISM from a leaky-box model
and three GALPROP models as described in the text. Middle row) Ratio of model intensities to V1 observations below ∼600 MeV nuc−1

and to BESS observations above ∼10 GeV nuc−1. Bottom row) Ratio of models to GALPROP DR model. Note that for H and He, the
GALPROP PD1 and PD2 models are essentially identical. Data analysis techniques used to derive the Voyager data are described in the
Appendix and the Voyager data are listed in Tables 7 and 8.

Table 1
Radial gradients of protons from V1 for

the period 2012/342-2015/181

Energy Range, MeV Gradient, %/AU

3.0 – 7.7 0.09 ± 0.11
7.7 – 22.3 0.10 ± 0.17
22.3 – 56.0 –0.01 ± 0.10
133 – 346 –0.12 ± 0.10

56 MeV and found that the biggest intensity difference
in any energy interval was 2%, well below our estimate
of systematic uncertainty.

In Figure 3 we show the elemental H and He en-
ergy spectra from the V1 CRS instrument for the period
2012/342–2015/181, as well as energy spectra from other
missions at 1 AU during a solar minimum time period.
The V1 energy spectra of both H and He have a broad
peak in the 10–50 MeV nuc−1 energy range. The roll
over of the energy spectra at low energies from a power-

CR protons CR electrons

Cummings+ (2016)

Galactic Cosmic Rays in the LISM 7

Figure 8. Left panel: Energy spectrum of electrons as derived from TET and HET BSe data from the CRS instrument on V1 (e− + e+)
for the period 2012/342-2015/181 (see Appendix for more information). Results from the TET telescope are shown as the open circles and
are derived using response functions based on simulations using the GEANT4 code (Agostinelli et al. 2003; Allison et al. 2006) (also see
www.geant4.cern.ch). Results from the HET telescope are shown with the closed circles, which were also derived using response functions
from GEANT4 simulations. A power-law function was fit to the data and the resulting fit is shown as the solid line. The data points are
placed at the appropriate energies based on the response functions used in the procedure. Five different estimates of the interstellar energy
spectra of electrons are also shown: Strong et al. (2011); Potgieter et al. (2015); Ip & Axford (1985); Langner et al. (2001), and Webber &
Higbie (2008). The data at higher energies (e− + e+, open squares) are from the AMS-02 mission at 1 AU from 19 May 2011 through 26
November 2013 (Aguilar et al. 2014b). The Voyager data are tabulated in Table 10. Right panel: The V1 electron and proton data are
repeated from the left panel (electrons) and from Figure 3 (protons). At higher energies data are also repeated and the proton data from
BESS is further restricted to show only the region that is not significantly modulated. The dotted curve is the estimated LISM electron
spectrum from Potgieter et al. (2015). The solid curve is the calculated LISM proton spectrum from the GALPROP DR model.
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Figure 9. Ratio of B to C from V1 (this work), HEAO-3 (Engelmann et al. 1990), and PAMELA (Adriani et al. 2014), together with
results from three of the models. For the Voyager data, the uncertainties reflect statistical uncertainty and the 5% point-to-point systematic
uncertainty added in quadrature.

Cummings+ (2016)
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Hezareh+ (2008)

Voyager-like spectrum
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CR ionisation in circumstellar discs



M. Padovani — Protostars: Forges of cosmic rays? — Roma, Jun 25th 2018

CR ionisation in circumstellar discs
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Protostars: forge 
of cosmic rays

Padovani, Hennebelle, Marcowith & Ferrière (2015)

Padovani, Marcowith, Hennebelle & Ferrière (2016,2017)
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ζ~3×10—16 s—1 in L1157-B1 (Podio+ 2014)

ζ~4×10—14  s-1 and 8×10—12 s-1 in OMC-2 FIR 4 (Ceccarelli+ 2014)

Sν∝ν—0.89±0.07 in the bow shock of DG Tau (Ainsworth+ 2014)

1-10 pc0.1 pc<400 AU
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ESO 

protostar
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What are the possible 
sources of energetic 

particles?

ζ~3×10—16 s—1 in L1157-B1 (Podio+ 2014)

Sν∝ν—0.89±0.07 in the bow shock of DG Tau (Ainsworth+ 2014)

ζ~4×10—14  s-1 and 8×10—12 s-1 in OMC-2 FIR 4 (Ceccarelli+ 2014)
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(1)accretion flows; 
(2)protostellar surface; 
(3)jet shock;

7

z

upstream downstream

uu
21

FIG. 2: Diffusive shock acceleration is illustrated: the shaded vertical region is the shock, the circular blobs denote idealized
scattering centers, and the solid line with arrows denotes the path of an idealized fast particle. The coordinate z and the
velocities u1 and u2 introduced in (14) are shown for the case of a parallel shock.

side 1. On doing so, it sees the scattering centers on side 1 approaching it head on at |u1 − u2|. Again it gains energy
on being scattered. DSA requires efficient scattering, and this can be achieved only by resonant scattering. Upstream
of the shock the density of the fast particles decreases with distance from the shock, and the spatial gradient can
cause the resonant waves to grow. Analogous to the scattering of streaming CRs, the growth of the resonant waves
decreases rapidly with increasing particle energy, and some other source of resonant waves is required for higher energy
particles. Scattering downstream of the shock is less problematic, with several possible sources of resonant waves,
including waves generated in the upstream region and swept back across the shock.

The treatment of DSA given below is a nonrelativistic, single-particle theory. The assumption that collective effects
of the fast particles can be neglected is not necessarily valid: DSA is so efficient that the fast particles can become
an important component of the upstream plasma. Once the pressure associated with the fast particles becomes
comparable with the thermal pressure, the structure of the shock is modified by this pressure. This can result in the
stresses being transferred from the downstream to the upstream plasma primarily through the fast particles, with no
discontinuity in the density of the thermal gas [MD01]. Such nonlinear effects provide a constraint on DSA.

B. Diffusive treatment of DSA

Consider a distribution of particles f(p, z) that is averaged over pitch angle and is a function of distance z from
a shock in a frame in which the shock is at rest. It is assumed that scattering causes the particles to diffuse in the
z direction with diffusion coefficient κ(z). The particles are also assumed to be streaming with the streaming speed
u. The diffusion is described by

df(p, z)

dt
=

∂

∂z

(

κ(z)
∂f(p, z)

∂z

)

+ Q(p, z) − fesc(p),

df(p, z)

dt
=
∂f(p, z)

∂t
+ u

∂f(p, z)

∂z
+ ṗ

∂f(p, z)

∂p
, ṗ = −

1

3
p
∂u

∂z
, (13)

where Q(p, z) is a source term, and where the sink term fesc(p) takes account of escape of particles downstream from
the shock. The term involving a partial derivative with respect to p determines the energy changes. It is assumed
that the speed u changes abruptly across the shock:

u =

{

u1 for z < 0 (upstream),

u2 for z > 0 (downstream),

∂u

∂z
= (u1 − u2) δ(z). (14)

A stationary solution of (13) exists when both the source and the sink term are neglected, such that the equation
reduces to u ∂f/∂z = (∂/∂z)(κ ∂f/∂z); a general solution is

f(p, z) = A + B exp

[

u

∫

dz
1

κ(z)

]

, (15)

Melrose (2009)

Diffusive Shock Acceleration (DSA) or 
First-order Fermi acceleration

Padovani+ (2016) Acceleration sites
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• DSA works only for protons (electrons lose energy too fast, Emax(e)<300 MeV); 

• DSA is effective only in jet and protostellar surface shocks (in accretion flows, 
x and Ush are too small, quenching the particle acceleration; B is as large as to 
produce a sub-Alfvénic shock).

M. Padovani et al.: In-situ particle (re-)acceleration and induced ionisation in protostars

Since jet shocks have a small transverse dimension with re-
spect to shocks in supernovae, the energy limit due to down-
stream escape losses, Eesc,d, is found when the acceleration time,
inverse of Eq. (3), is equal to the downstream di↵usion time,
tdi↵,d, which is given by2

tdi↵,d =
R2
?

4d
. (18)

Then, Eesc,d derives from

��2(� � 1) = 5.8
(kukd)↵(r � 1)
r(1 + rkd/ku)

µ̃�1 (19)

⇥
✓ Ush

102 km s�1

◆2  
B

10 µG

!2 ✓ R?
102 AU

◆2
.

Finally, if the shock is supersonic and super-Alfvénic (Eq. 2) and
if R > 1 (Eq. 15), the maximum energy reached by a particle is

Emax = min[Eloss, Edamp, Eage, Eesc,u, Eesc,d]. (20)

2.1.5. Condition on particle pressure

At relativistic energies, in the context of supernova remnants, it
is assumed that at least 10% of the ram pressure is channeled
in particle pressure (Berezhko & Ellison 1999), while in proto-
stars one expects P0 < 0.1, since supernovae are more energetic
events. P0 is proportional to the shock e�ciency ⌘ 2 [10�6, 10�3]
(Bykov 2004), which represents the fraction of particles ex-
tracted from the thermal plasma and injected into the acceler-
ation process by a shock. We predict both non-relativistic and
mildly relativistic accelerated particles and we checked a poste-
riori that there is no strong back-reaction. This means that the
upstream medium is not warn by these particles that a shock is
coming and we can safely assume that the shock and the DSA
process are unmodified. For this reason, we can describe the
particle distribution function in the test-particle regime with a
power law of the momentum, f (p) / p�3r/(r�1). Berezhko &
Ellison (1999) give the expressions for the normalised particle
pressure in non-relativistic and relativistic regimes as well as in
the transition region. The sum of these pressures gives

P0 = ⌘r
 

c
Ush

!2

ep a
inj

0
BBBBBB@

1 � ep b1
inj

2r � 5
+

ep b2
max � 1
r � 4

1
CCCCCCA , (21)

where epk = pk(mc)�1 (k = inj,max) is the normalised momen-
tum, a = 3/(r � 1), b1 = (2r � 5)/(r � 1), b2 = (r � 4)/(r � 1),
and c is the light speed. Following Blasi et al. (2005), the min-
imum (or injection) momentum, pinj, of a particle able to cross
the shock, which enters the acceleration process, is related to the
thermal particle momentum, pth, by

pinj = �pth = �mcs,d , (22)
where cs,d is the sound speed in the downstream region defined
as (Berezhko & Ellison 1999)

cs,d =
Ush

r

p
�ad(r � 1) . (23)

The value of the parameter � depends on the shock e�ciency ⌘
and it reads

⌘ =
4

3
p
⇡

(r � 1)�3e��
2
. (24)

The maximum momentum, pmax, follows from Eq. (20).
2 The factor 4 in the denominator of Eq.18 comes from the fact that

the di↵usion process in the perpendicular direction is in two dimen-
sions.

3. Potential particle acceleration sites

In this Section, we identify and characterise possible sites of par-
ticle acceleration in protostars. In particular, we consider accre-
tion flows in Class 0 objects and jets in more evolved sources.

3.1. Accretion flows in the collapsing envelope

A number of Class 0 collapsing envelopes have been observed
and their density and temperature profile has been modelled
(e.g., Crimier et al. 2010; Ceccarelli et al. 2000). Assuming a
spherical collapse, Ush ' 1� 10 km s�1 at 100 AU. If flux freez-
ing holds and B = 10 µG at a distance of 0.1 pc, the magnetic
field at 100 AU is about 400 mG. This naive guess is comparable
within a factor of 2 with the value found by Alves et al. (2012)
who estimate B ⇠ 200 mG from observations of shock-induced
H2O masers. This is an averaged quantity, but Imai et al. (2007)
computed the position of the H2O masers, the farther one be-
ing at about 110 AU. Finally, the ionisation fraction has to be
of the order of 10�4 � 10�5 in order to justify the presence of
maser pumping (Strelnitskij 1984; Wootten 1989). Masers arise
in presence of shocks and usually they are referred to jet activ-
ity rather than accretion flows. This is to say that the values for
both magnetic field strength and ionisation fraction have to be re-
garded as upper limits in our estimates. We checked all the con-
ditions in Sect. 2.1 making a parameter study using the values
shown in the first row of Table 1 and we verified that Eq. (15) is
not fulfilled in accretion flows (R ⌧ 1). Ionisation fraction and
shock velocity are too small, quenching the particle acceleration
and the magnetic field strength is also as large as to produce a
sub-Alfvénic shock. This means that we can rule out accretion
flows as possible shock acceleration sites.

Table 1. Values of the parameters described in the text.

site⇤ Ush T nH x B
[km s�1] [K] [cm�3] [G]

E 1 � 10 50 � 100 107 � 108 . 10�6 10�3 � 10�1

J 40 � 160 104 � 105 104 � 107 0.01 � 0.9 5 ⇥ 10�5 � 10�3

P 260 9.4 ⇥ 105 1.9 ⇥ 1012 0.01 � 0.9 1 � 103

⇤E = envelope (Sect. 3.1); J = jet (Sect. 3.2);
P = protostellar surface (Sect. 10).

3.2. Jets

Jets are observed at all stages during the evolution of a proto-
star, from the main infall phase of Class 0 objects (e.g. HH 212,
McCaughrean et al. 2002), to evolved Class I protostars (e.g.
HH 111, Reipurth et al. 1997), to Class II sources (e.g. HH 30,
Watson & Stapelfeldt 2004). Jet speeds, vfl, are similar for dif-
ferent classes, between about 60 and 300 km s�1 with shock ve-
locities, vsh, of the order of 20 � 140 km s�1 (Raga et al. 2002,
2011; Hartigan & Morse 2007; Agra-Amboage et al. 2011). In
Equations of Sect. 2.1, Ush is the upstream flow velocity in the
shock reference frame, then its range is 40� 160 km s�1 (Eq. 1).
A stationary shock is seen at 20 AU in Class I and II, while for
the time being there is lack of resolution to resolve Class 0 ob-
jects. There are also moving internal shocks, spaced each other
by about 100 AU.

The neutral density is between 104 and 107 cm�3 (Lefloch et
al. 2012; Gómez-Ruiz et al. 2012) with temperatures of the order

5
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Since jet shocks have a small transverse dimension with re-
spect to shocks in supernovae, the energy limit due to down-
stream escape losses, Eesc,d, is found when the acceleration time,
inverse of Eq. (3), is equal to the downstream di↵usion time,
tdi↵,d, which is given by2
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Finally, if the shock is supersonic and super-Alfvénic (Eq. 2) and
if R > 1 (Eq. 15), the maximum energy reached by a particle is

Emax = min[Eloss, Edamp, Eage, Eesc,u, Eesc,d]. (20)

2.1.5. Condition on particle pressure

At relativistic energies, in the context of supernova remnants, it
is assumed that at least 10% of the ram pressure is channeled
in particle pressure (Berezhko & Ellison 1999), while in proto-
stars one expects P0 < 0.1, since supernovae are more energetic
events. P0 is proportional to the shock e�ciency ⌘ 2 [10�6, 10�3]
(Bykov 2004), which represents the fraction of particles ex-
tracted from the thermal plasma and injected into the acceler-
ation process by a shock. We predict both non-relativistic and
mildly relativistic accelerated particles and we checked a poste-
riori that there is no strong back-reaction. This means that the
upstream medium is not warn by these particles that a shock is
coming and we can safely assume that the shock and the DSA
process are unmodified. For this reason, we can describe the
particle distribution function in the test-particle regime with a
power law of the momentum, f (p) / p�3r/(r�1). Berezhko &
Ellison (1999) give the expressions for the normalised particle
pressure in non-relativistic and relativistic regimes as well as in
the transition region. The sum of these pressures gives
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where epk = pk(mc)�1 (k = inj,max) is the normalised momen-
tum, a = 3/(r � 1), b1 = (2r � 5)/(r � 1), b2 = (r � 4)/(r � 1),
and c is the light speed. Following Blasi et al. (2005), the min-
imum (or injection) momentum, pinj, of a particle able to cross
the shock, which enters the acceleration process, is related to the
thermal particle momentum, pth, by

pinj = �pth = �mcs,d , (22)
where cs,d is the sound speed in the downstream region defined
as (Berezhko & Ellison 1999)

cs,d =
Ush

r

p
�ad(r � 1) . (23)

The value of the parameter � depends on the shock e�ciency ⌘
and it reads

⌘ =
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The maximum momentum, pmax, follows from Eq. (20).
2 The factor 4 in the denominator of Eq.18 comes from the fact that

the di↵usion process in the perpendicular direction is in two dimen-
sions.

3. Potential particle acceleration sites

In this Section, we identify and characterise possible sites of par-
ticle acceleration in protostars. In particular, we consider accre-
tion flows in Class 0 objects and jets in more evolved sources.

3.1. Accretion flows in the collapsing envelope

A number of Class 0 collapsing envelopes have been observed
and their density and temperature profile has been modelled
(e.g., Crimier et al. 2010; Ceccarelli et al. 2000). Assuming a
spherical collapse, Ush ' 1� 10 km s�1 at 100 AU. If flux freez-
ing holds and B = 10 µG at a distance of 0.1 pc, the magnetic
field at 100 AU is about 400 mG. This naive guess is comparable
within a factor of 2 with the value found by Alves et al. (2012)
who estimate B ⇠ 200 mG from observations of shock-induced
H2O masers. This is an averaged quantity, but Imai et al. (2007)
computed the position of the H2O masers, the farther one be-
ing at about 110 AU. Finally, the ionisation fraction has to be
of the order of 10�4 � 10�5 in order to justify the presence of
maser pumping (Strelnitskij 1984; Wootten 1989). Masers arise
in presence of shocks and usually they are referred to jet activ-
ity rather than accretion flows. This is to say that the values for
both magnetic field strength and ionisation fraction have to be re-
garded as upper limits in our estimates. We checked all the con-
ditions in Sect. 2.1 making a parameter study using the values
shown in the first row of Table 1 and we verified that Eq. (15) is
not fulfilled in accretion flows (R ⌧ 1). Ionisation fraction and
shock velocity are too small, quenching the particle acceleration
and the magnetic field strength is also as large as to produce a
sub-Alfvénic shock. This means that we can rule out accretion
flows as possible shock acceleration sites.

Table 1. Values of the parameters described in the text.

site⇤ Ush T nH x B
[km s�1] [K] [cm�3] [G]

E 1 � 10 50 � 100 107 � 108 . 10�6 10�3 � 10�1

J 40 � 160 104 � 105 104 � 107 0.01 � 0.9 5 ⇥ 10�5 � 10�3

P 260 9.4 ⇥ 105 1.9 ⇥ 1012 0.01 � 0.9 1 � 103

⇤E = envelope (Sect. 3.1); J = jet (Sect. 3.2);
P = protostellar surface (Sect. 10).

3.2. Jets

Jets are observed at all stages during the evolution of a proto-
star, from the main infall phase of Class 0 objects (e.g. HH 212,
McCaughrean et al. 2002), to evolved Class I protostars (e.g.
HH 111, Reipurth et al. 1997), to Class II sources (e.g. HH 30,
Watson & Stapelfeldt 2004). Jet speeds, vfl, are similar for dif-
ferent classes, between about 60 and 300 km s�1 with shock ve-
locities, vsh, of the order of 20 � 140 km s�1 (Raga et al. 2002,
2011; Hartigan & Morse 2007; Agra-Amboage et al. 2011). In
Equations of Sect. 2.1, Ush is the upstream flow velocity in the
shock reference frame, then its range is 40� 160 km s�1 (Eq. 1).
A stationary shock is seen at 20 AU in Class I and II, while for
the time being there is lack of resolution to resolve Class 0 ob-
jects. There are also moving internal shocks, spaced each other
by about 100 AU.

The neutral density is between 104 and 107 cm�3 (Lefloch et
al. 2012; Gómez-Ruiz et al. 2012) with temperatures of the order
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Since jet shocks have a small transverse dimension with re-
spect to shocks in supernovae, the energy limit due to down-
stream escape losses, Eesc,d, is found when the acceleration time,
inverse of Eq. (3), is equal to the downstream di↵usion time,
tdi↵,d, which is given by2
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Finally, if the shock is supersonic and super-Alfvénic (Eq. 2) and
if R > 1 (Eq. 15), the maximum energy reached by a particle is

Emax = min[Eloss, Edamp, Eage, Eesc,u, Eesc,d]. (20)

2.1.5. Condition on particle pressure

At relativistic energies, in the context of supernova remnants, it
is assumed that at least 10% of the ram pressure is channeled
in particle pressure (Berezhko & Ellison 1999), while in proto-
stars one expects P0 < 0.1, since supernovae are more energetic
events. P0 is proportional to the shock e�ciency ⌘ 2 [10�6, 10�3]
(Bykov 2004), which represents the fraction of particles ex-
tracted from the thermal plasma and injected into the acceler-
ation process by a shock. We predict both non-relativistic and
mildly relativistic accelerated particles and we checked a poste-
riori that there is no strong back-reaction. This means that the
upstream medium is not warn by these particles that a shock is
coming and we can safely assume that the shock and the DSA
process are unmodified. For this reason, we can describe the
particle distribution function in the test-particle regime with a
power law of the momentum, f (p) / p�3r/(r�1). Berezhko &
Ellison (1999) give the expressions for the normalised particle
pressure in non-relativistic and relativistic regimes as well as in
the transition region. The sum of these pressures gives
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where epk = pk(mc)�1 (k = inj,max) is the normalised momen-
tum, a = 3/(r � 1), b1 = (2r � 5)/(r � 1), b2 = (r � 4)/(r � 1),
and c is the light speed. Following Blasi et al. (2005), the min-
imum (or injection) momentum, pinj, of a particle able to cross
the shock, which enters the acceleration process, is related to the
thermal particle momentum, pth, by

pinj = �pth = �mcs,d , (22)
where cs,d is the sound speed in the downstream region defined
as (Berezhko & Ellison 1999)

cs,d =
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The value of the parameter � depends on the shock e�ciency ⌘
and it reads
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The maximum momentum, pmax, follows from Eq. (20).
2 The factor 4 in the denominator of Eq.18 comes from the fact that

the di↵usion process in the perpendicular direction is in two dimen-
sions.

3. Potential particle acceleration sites

In this Section, we identify and characterise possible sites of par-
ticle acceleration in protostars. In particular, we consider accre-
tion flows in Class 0 objects and jets in more evolved sources.

3.1. Accretion flows in the collapsing envelope

A number of Class 0 collapsing envelopes have been observed
and their density and temperature profile has been modelled
(e.g., Crimier et al. 2010; Ceccarelli et al. 2000). Assuming a
spherical collapse, Ush ' 1� 10 km s�1 at 100 AU. If flux freez-
ing holds and B = 10 µG at a distance of 0.1 pc, the magnetic
field at 100 AU is about 400 mG. This naive guess is comparable
within a factor of 2 with the value found by Alves et al. (2012)
who estimate B ⇠ 200 mG from observations of shock-induced
H2O masers. This is an averaged quantity, but Imai et al. (2007)
computed the position of the H2O masers, the farther one be-
ing at about 110 AU. Finally, the ionisation fraction has to be
of the order of 10�4 � 10�5 in order to justify the presence of
maser pumping (Strelnitskij 1984; Wootten 1989). Masers arise
in presence of shocks and usually they are referred to jet activ-
ity rather than accretion flows. This is to say that the values for
both magnetic field strength and ionisation fraction have to be re-
garded as upper limits in our estimates. We checked all the con-
ditions in Sect. 2.1 making a parameter study using the values
shown in the first row of Table 1 and we verified that Eq. (15) is
not fulfilled in accretion flows (R ⌧ 1). Ionisation fraction and
shock velocity are too small, quenching the particle acceleration
and the magnetic field strength is also as large as to produce a
sub-Alfvénic shock. This means that we can rule out accretion
flows as possible shock acceleration sites.

Table 1. Values of the parameters described in the text.

site⇤ Ush T nH x B
[km s�1] [K] [cm�3] [G]

E 1 � 10 50 � 100 107 � 108 . 10�6 10�3 � 10�1

J 40 � 160 104 � 105 104 � 107 0.01 � 0.9 5 ⇥ 10�5 � 10�3

P 260 9.4 ⇥ 105 1.9 ⇥ 1012 0.01 � 0.9 1 � 103

⇤E = envelope (Sect. 3.1); J = jet (Sect. 3.2);
P = protostellar surface (Sect. 10).

3.2. Jets

Jets are observed at all stages during the evolution of a proto-
star, from the main infall phase of Class 0 objects (e.g. HH 212,
McCaughrean et al. 2002), to evolved Class I protostars (e.g.
HH 111, Reipurth et al. 1997), to Class II sources (e.g. HH 30,
Watson & Stapelfeldt 2004). Jet speeds, vfl, are similar for dif-
ferent classes, between about 60 and 300 km s�1 with shock ve-
locities, vsh, of the order of 20 � 140 km s�1 (Raga et al. 2002,
2011; Hartigan & Morse 2007; Agra-Amboage et al. 2011). In
Equations of Sect. 2.1, Ush is the upstream flow velocity in the
shock reference frame, then its range is 40� 160 km s�1 (Eq. 1).
A stationary shock is seen at 20 AU in Class I and II, while for
the time being there is lack of resolution to resolve Class 0 ob-
jects. There are also moving internal shocks, spaced each other
by about 100 AU.

The neutral density is between 104 and 107 cm�3 (Lefloch et
al. 2012; Gómez-Ruiz et al. 2012) with temperatures of the order
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Since jet shocks have a small transverse dimension with re-
spect to shocks in supernovae, the energy limit due to down-
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Finally, if the shock is supersonic and super-Alfvénic (Eq. 2) and
if R > 1 (Eq. 15), the maximum energy reached by a particle is

Emax = min[Eloss, Edamp, Eage, Eesc,u, Eesc,d]. (20)

2.1.5. Condition on particle pressure

At relativistic energies, in the context of supernova remnants, it
is assumed that at least 10% of the ram pressure is channeled
in particle pressure (Berezhko & Ellison 1999), while in proto-
stars one expects P0 < 0.1, since supernovae are more energetic
events. P0 is proportional to the shock e�ciency ⌘ 2 [10�6, 10�3]
(Bykov 2004), which represents the fraction of particles ex-
tracted from the thermal plasma and injected into the acceler-
ation process by a shock. We predict both non-relativistic and
mildly relativistic accelerated particles and we checked a poste-
riori that there is no strong back-reaction. This means that the
upstream medium is not warn by these particles that a shock is
coming and we can safely assume that the shock and the DSA
process are unmodified. For this reason, we can describe the
particle distribution function in the test-particle regime with a
power law of the momentum, f (p) / p�3r/(r�1). Berezhko &
Ellison (1999) give the expressions for the normalised particle
pressure in non-relativistic and relativistic regimes as well as in
the transition region. The sum of these pressures gives
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where epk = pk(mc)�1 (k = inj,max) is the normalised momen-
tum, a = 3/(r � 1), b1 = (2r � 5)/(r � 1), b2 = (r � 4)/(r � 1),
and c is the light speed. Following Blasi et al. (2005), the min-
imum (or injection) momentum, pinj, of a particle able to cross
the shock, which enters the acceleration process, is related to the
thermal particle momentum, pth, by

pinj = �pth = �mcs,d , (22)
where cs,d is the sound speed in the downstream region defined
as (Berezhko & Ellison 1999)
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3. Potential particle acceleration sites

In this Section, we identify and characterise possible sites of par-
ticle acceleration in protostars. In particular, we consider accre-
tion flows in Class 0 objects and jets in more evolved sources.

3.1. Accretion flows in the collapsing envelope

A number of Class 0 collapsing envelopes have been observed
and their density and temperature profile has been modelled
(e.g., Crimier et al. 2010; Ceccarelli et al. 2000). Assuming a
spherical collapse, Ush ' 1� 10 km s�1 at 100 AU. If flux freez-
ing holds and B = 10 µG at a distance of 0.1 pc, the magnetic
field at 100 AU is about 400 mG. This naive guess is comparable
within a factor of 2 with the value found by Alves et al. (2012)
who estimate B ⇠ 200 mG from observations of shock-induced
H2O masers. This is an averaged quantity, but Imai et al. (2007)
computed the position of the H2O masers, the farther one be-
ing at about 110 AU. Finally, the ionisation fraction has to be
of the order of 10�4 � 10�5 in order to justify the presence of
maser pumping (Strelnitskij 1984; Wootten 1989). Masers arise
in presence of shocks and usually they are referred to jet activ-
ity rather than accretion flows. This is to say that the values for
both magnetic field strength and ionisation fraction have to be re-
garded as upper limits in our estimates. We checked all the con-
ditions in Sect. 2.1 making a parameter study using the values
shown in the first row of Table 1 and we verified that Eq. (15) is
not fulfilled in accretion flows (R ⌧ 1). Ionisation fraction and
shock velocity are too small, quenching the particle acceleration
and the magnetic field strength is also as large as to produce a
sub-Alfvénic shock. This means that we can rule out accretion
flows as possible shock acceleration sites.

Table 1. Values of the parameters described in the text.
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⇤E = envelope (Sect. 3.1); J = jet (Sect. 3.2);
P = protostellar surface (Sect. 10).

3.2. Jets

Jets are observed at all stages during the evolution of a proto-
star, from the main infall phase of Class 0 objects (e.g. HH 212,
McCaughrean et al. 2002), to evolved Class I protostars (e.g.
HH 111, Reipurth et al. 1997), to Class II sources (e.g. HH 30,
Watson & Stapelfeldt 2004). Jet speeds, vfl, are similar for dif-
ferent classes, between about 60 and 300 km s�1 with shock ve-
locities, vsh, of the order of 20 � 140 km s�1 (Raga et al. 2002,
2011; Hartigan & Morse 2007; Agra-Amboage et al. 2011). In
Equations of Sect. 2.1, Ush is the upstream flow velocity in the
shock reference frame, then its range is 40� 160 km s�1 (Eq. 1).
A stationary shock is seen at 20 AU in Class I and II, while for
the time being there is lack of resolution to resolve Class 0 ob-
jects. There are also moving internal shocks, spaced each other
by about 100 AU.

The neutral density is between 104 and 107 cm�3 (Lefloch et
al. 2012; Gómez-Ruiz et al. 2012) with temperatures of the order
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Refs: Ush (Raga+ 2002,2011; Hartigan & Morse 2007; Agra-Amboage+ 2011); 
        T (Frank+ 2014); 
        nH (Lefloch+ 2012; Gómez-Ruiz+ 2012); 
        x (Nisini+ 2005; Podio+ 2006; Antoniucci+ 2008; Garcia López+ 2008;  
           Dionatos+ 2010; Frank+ 2014; Maurri+ 2014);  
        B (Tesileanu+ 2009, 2012) 

For protostellar surface shock, parameters from Masunaga & Inutsuka (2000)

Parameters needed for the model
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Ainsworth+ (2014) detected synchrotron emission (GMRT) towards the bow shock (knot 
C) of DG Tau, speculating that this could be due to relativistic electrons accelerated in 
the interaction between the jet and the ambient medium.– 17 –

DG Tau

Counterjet?

Knot C

Bow shock

Fig. 1.— Our GMRT observations at 325MHz (dashed contours) and 610MHz (solid con-

tours) overlaid on a composite RGB image built from I, Hα and [SII] bands from the TLS

Schmidt telescope at a similar epoch (2012.92; B. Stecklum, priv. comm.) to illustrate

detection of the bow shock driven by Knot C from Eislöffel & Mundt (1998). GMRT con-

tours are −3, 3, 4, 5, 6× σrms, where σrms = 146µJybeam−1 at 325MHz and 93µJybeam−1

at 610MHz, although we note there are no negative contours within the section of the field

shown. The synthesized beam is shown as an ellipse in the bottom left corner. All coordi-

nates are J2000.0. The EVLA positions of the bow shock at 5.4 and 8.5GHz are shown as

a plus (+) and a cross (×), respectively (see Table 1; Lynch et al. 2013). The optical stellar

position corrected for proper motion (Zacharias et al. 2013) is shown as an asterisk (∗) and

the optical jet axis and bow shock are shown as solid black lines. We note there is a 3σ

contour at 610MHz at the optical stellar position tracing the base of the jet that may be

difficult to see.

325 MHz (solid contours);  
610 MHz (dashed contours).

Ainsworth+ (2014)

observations 
α=—0.89±0.07Using results by Lynch+ (2013), EVLA obs.

Application of the modelling: comparison with available observations
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Ainsworth+ (2014) detected synchrotron emission (GMRT) towards the bow shock (knot 
C) of DG Tau, speculating that this could be due to relativistic electrons accelerated in 
the interaction between the jet and the ambient medium.

model 
α=—0.98

observations 
α=—0.89±0.07

Padovani+ (2016)
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L. Podio et al.: Molecular ions in the protostellar shock L1157-B1

Fig. 1. Top panel: integrated CO J = 2–1 emission of the L1157 bipolar
outflow (Bachiller et al. 2001). Offsets are with respect to the driving
source L1157-mm (black star), at coordinates: αJ2000 = 20h39m06.s2,
δJ2000 = +68◦02′16.′′0. The black triangles and labels indicate the main
blue- and red-shifted knots as defined by Bachiller et al. (2001). Circle
is for the largest HPBW of the present dataset (40′′), centred on the
L1157-B1 bow shock. Bottom panel: the L1157-B1 bow shock as traced
by the CH3CN J = 8–7 K = 0, 1, 2 emission at 3 mm, observed with
the IRAM PdB interferometer (Codella et al. 2009).

which cannot be resolved by our single-dish IRAM-30 m and
Herschel/HIFI observations. However, Lefloch et al. (2012)
showed that the analysis of the line profiles provides a simple
tool for identifying the different spatial and velocity components.
In particular, the CO line profiles from J = 1–0 to J = 16–15
are well fitted by a linear combination of three velocity compo-
nents (g1, g2, and g3), whose intensity-velocity relation follows
an exponential law I(V) = I(0) exp(−|V/V0|), with V0 = 12.5,
4.4, and 2.5 km s−1 for g1, g2, and g3, respectively. These ve-
locity components trace different regions in the B1 bow shock,
characterized by different sizes and physical conditions:

(i) g1: the jet impact region against the cavity (∼7−10′′) in the
L1157-B1 bow shock, with gas at Tkin ∼ 210 K, reaching
velocities up to −40 km s−1;

(ii) g2: the outflow cavity associated with B1, made of gas
at Tkin ∼ 60−80 K, reaching velocities up to −20 km s−1;

(iii) g3: the cavity associated with the older outflow shock
L1157-B2, made of colder gas (Tkin ∼ 20 K) at slower
velocities (≤−10 km s−1).

Besides the three components shown by the analysis of the
CO line profiles, a fourth hot and tenuous component (Tkin ∼
1000 K, nH2 ∼ 104 cm−3) is detected in H2O lines (Busquet et al.
2014).

Interestingly, L1157-B1 also shows emission in molec-
ular ions, such as HCO+, HCS+, and N2H+ (Bachiller &
Perez Gutierrez 1997; Codella et al. 2010, 2013; Yamaguchi
et al. 2012), making it a unique target for investigating the chem-
istry of molecular ions in protostellar shocks.

4. Results
4.1. Line identification
The ions identified down to the 3σ level (∼5 mK in the 3 mm
band) in L1157-B1 are HCO+, H13CO+, N2H+, HOCO+, SO+,
and HCS+. Thanks to the high sensitivity of our survey, several
transitions of each molecular species are detected, allowing high
accuracy in the derivation of the physical conditions. HOCO+
and SO+ are observed for the first time in L1157-B1 and, more
in general, in a protostellar shock.

The properties of the detected lines (transition, fre-
quency (ν0) in MHz, upper level energy (Eup) in K) and their
observational parameters (telescope half power beam width
(HPBW) in arcseconds, rms noise in mK, peak velocity (Vpeak)
in km s−1, peak temperature (Tpeak) in main-beam temperature
units, full width at half maximum (FWHM) in km s−1, and in-
tegrated intensity (

∫
TmbdV) in K km s−1) are summarised in

Table 1. All the transitions reported in the table are observed with
the IRAM-30 m/FTS, except those indicated by the star which
are observed with Herschel/HIFI. A Gaussian fit is applied to
estimate the line properties for most of the transitions. When the
line profile is non-Gaussian the line intensity is obtained by inte-
grating the area below the profile. For each species we also report
a 3σ upper limit for the first non-detected transition covered by
our observations. The line spectra are shown in Fig. 2. All the
detected lines peak at blue-shifted velocity, ∼0.5–3 km s−1 with
respect to systemic, and have a line width of ∼3–7 km s−1, which
is consistent with emission originating in the outflow cavities B1
and B2. A detailed analysis of the observed line profiles for each
molecular ion is presented in the following sections.

4.2. Physical conditions and abundances
The gas physical conditions and the column density and abun-
dance of each molecular species were derived from a multi-
transition analysis, by means of a radiative transfer code in the
LVG approximation whenever more than one line is detected
and the collisional coefficients are available (HCO+, HOCO+,
and HCS+), and in the hypothesis of local thermodynamic
equilibrium (LTE) otherwise (N2H+, and SO+). The Einstein
coefficients and upper level energies were retrieved from the
Jet Propulsion Laboratory (JPL) database6 (Pickett et al. 1998)
and the Cologne Database of Molecular Spectroscopy (CDMS)7

(Müller et al. 2001), whilst the collisional coefficients were
taken from the BASECOL database8 (Dubernet et al. 2013).
In particular, the references for the collisional coefficients are
Flower (1999) for HCO+, Hammami et al. (2007) for HOCO+,

6 http://spec.jpl.nasa.gov
7 http://www.astro.uni-koeln.de/cdms
8 http://basecol.obspm.fr/
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L. Podio et al.: Molecular ions in the protostellar shock L1157-B1

Fig. 1. Top panel: integrated CO J = 2–1 emission of the L1157 bipolar
outflow (Bachiller et al. 2001). Offsets are with respect to the driving
source L1157-mm (black star), at coordinates: αJ2000 = 20h39m06.s2,
δJ2000 = +68◦02′16.′′0. The black triangles and labels indicate the main
blue- and red-shifted knots as defined by Bachiller et al. (2001). Circle
is for the largest HPBW of the present dataset (40′′), centred on the
L1157-B1 bow shock. Bottom panel: the L1157-B1 bow shock as traced
by the CH3CN J = 8–7 K = 0, 1, 2 emission at 3 mm, observed with
the IRAM PdB interferometer (Codella et al. 2009).
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4.4, and 2.5 km s−1 for g1, g2, and g3, respectively. These ve-
locity components trace different regions in the B1 bow shock,
characterized by different sizes and physical conditions:

(i) g1: the jet impact region against the cavity (∼7−10′′) in the
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units, full width at half maximum (FWHM) in km s−1, and in-
tegrated intensity (

∫
TmbdV) in K km s−1) are summarised in

Table 1. All the transitions reported in the table are observed with
the IRAM-30 m/FTS, except those indicated by the star which
are observed with Herschel/HIFI. A Gaussian fit is applied to
estimate the line properties for most of the transitions. When the
line profile is non-Gaussian the line intensity is obtained by inte-
grating the area below the profile. For each species we also report
a 3σ upper limit for the first non-detected transition covered by
our observations. The line spectra are shown in Fig. 2. All the
detected lines peak at blue-shifted velocity, ∼0.5–3 km s−1 with
respect to systemic, and have a line width of ∼3–7 km s−1, which
is consistent with emission originating in the outflow cavities B1
and B2. A detailed analysis of the observed line profiles for each
molecular ion is presented in the following sections.

4.2. Physical conditions and abundances
The gas physical conditions and the column density and abun-
dance of each molecular species were derived from a multi-
transition analysis, by means of a radiative transfer code in the
LVG approximation whenever more than one line is detected
and the collisional coefficients are available (HCO+, HOCO+,
and HCS+), and in the hypothesis of local thermodynamic
equilibrium (LTE) otherwise (N2H+, and SO+). The Einstein
coefficients and upper level energies were retrieved from the
Jet Propulsion Laboratory (JPL) database6 (Pickett et al. 1998)
and the Cologne Database of Molecular Spectroscopy (CDMS)7

(Müller et al. 2001), whilst the collisional coefficients were
taken from the BASECOL database8 (Dubernet et al. 2013).
In particular, the references for the collisional coefficients are
Flower (1999) for HCO+, Hammami et al. (2007) for HOCO+,

6 http://spec.jpl.nasa.gov
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8 http://basecol.obspm.fr/
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López-Sepulcre (2013)

Application of the modelling: comparison with available observations

→ The propagation mechanism is probably neither purely diffusive nor free streaming.

Padovani+ (2016)

Protostellar surface acceleration 
model (parameters from Masunaga 
& Inutsuka 2000).

free-streaming

diffusion with Rdiff≫R
Aharonian (2004)

Padovani+ (2016)

Fontani+ (2017)

Osorio+ (2017)

OMC-2 FIR 4 : ζ=4×10-14 s-1  

(Ceccarelli+ 2014: HCO+,N2H+ ; Fontani+ 2017: HC3N,HC5N; Favre+ 2018: c-C3H2)
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Local  CRs could be responsible for the formation of short-lived radionuclei (10Be) 
contained in calcium-aluminium-inclusions of carbonaceous meteorites.

Application of the modelling: comparison with available observations

spallation reactions during the earliest phases of the protosolar nebula

Ft(Emin) = 2⇡

Z E
max

E
min

j(E)dE

p+16 O !10 Be + . . .

[10Be]meteorites ≫ [10Be]ISM
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HCO+ and N2H+ as CR ionisation tracers
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HCO+ and N2H+ as CR ionisation tracers
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CR electrons!

e–

usually [HCO+]/[N2H+] ≫ 1

in presence of CRs [HCO+]/[N2H+] ≈ 1
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Rodríguez-Kamenetzky+ (2015)
Carrasco-González+ (2013)

In high-mass YSOs it is even easier to accelerate CRs!
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Beltrán+ (2016)

In high-mass YSOs it is even easier to accelerate CRs!

G35.20-0.74N
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Rodríguez-Kamenetzky+ (2017)

In high-mass YSOs it is even easier to accelerate CRs!

G35.20-0.74N
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Rodríguez-Kamenetzky+ (2017)

In high-mass YSOs it is even easier to accelerate CRs!



M. Padovani — Protostars: Forges of cosmic rays? — Roma, Jun 25th 2018

P1: FhN/FhR
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Figure 2 Four magnetic-field configurations that may be responsible for the magnetic ac-
tivity of Class I protostars. The X rays come from the inner region of a complex structure
comprising a collapsing extended envelope (left), an inner disk and outflow (center), and a
star-disk magnetic-interaction region (right). (Courtesy of N. Grosso.)

disappear, and we enter the regime of “post-T Tauri” stars. These stars, long miss-
ing from YSO samples (Herbig 1978), are now emerging from wide-field X-ray
surveys (see Section 6). They are distinguished by their location above the ZAMS
(although absence of accurate distances frequently impedes accurate placement on
the Hertzsprung-Russell diagram) and by photospheric lithium abundances above
those seen in ZAMS stars, because the initial lithium is easily destroyed on the
way to the main sequence as a result of convective mixing (Martı́n 1997).
The interested reader can consult a number of related reviews. Broad treatments

of YSOs can be found in Annual Review of Astronomy and Astrophysics articles
by Shu et al (1987) and Bertout (1989); a monograph by Hartmann (1998); and in
conference volumes edited by Lada & Kylafis (1991), Levy & Lunine (1993), and
Mannings et al (1999). Various aspects of magnetic activity and flaring in YSOs
have been reviewed by Feigelson et al (1991), Montmerle (1991), Montmerle et al
(1993), and Glassgold et al (1999). Radio emission is reviewed by André (1996),
and recent X-ray results are summarized by Neuhäuser (1997). Some meteoritic
implications are discussed by Woolum & Hohenberg (1993).

3. EVIDENCE FORMAGNETIC ACTIVITY IN YSOs

3.1 Tracers of Magnetic Fields

It is difficult to study YSO magnetic fields directly, and in most cases, indi-
rect tracers of magnetic activity such as cool star spots or high-energy radiation

(1)

(2)
(3)

(1) ACCRETION FLOWS in the collapsing envelope

(2) shock along JETS

(3) ACCRETION COLUMNS 
from the inner disc region to 
the central protostar

Adapted from Feigelson & Montmerle (1999)

Other acceleration mechanisms…
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A number of observations can be explained by our model: synchrotron 
emission in DG Tau, very high ionisation rate in L1157-B1 and OMC-2 FIR 4.

Conclusions and Perspectives
We identified a new mechanism to accelerate CRs in protostellar shocks.

the creation of COMs on dust grains  

+ release in the gas phase

the extension of dead zone in discs

the formation of meteoric 10BeOUTCOMES
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Conclusions and Perspectives

LOCAL CR acceleration is revealed by

molecular line emission

(ionisation rate)

synchrotron and 
gamma emission

CTA 
H.E.S.S.

A number of observations can be explained by our model: synchrotron 
emission in DG Tau, very high ionisation rate in L1157-B1 and OMC-2 FIR 4.

We identified a new mechanism to accelerate CRs in protostellar shocks.
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