
OCEVU-WG Astro Workshop
IRAP — Toulouse, Mar 22th 2016

Alexandre Marcowith – Patrick Hennebelle – Katia Ferrière 

Daniele Galli – Al E. Glassgold – Paola Caselli – Alexei Ivlev

Protostars: Forges of 
Cosmic Rays?

Marco Padovani (LUPM - Montpellier)



M. Padovani — Protostars: Forges of Cosmic Rays? — Toulouse, Mar 22th 2016

CRs

chemistry heating

gas-B

coupling

grain 
coagulation


support

Glassgold & Langer (1973) 
Cravens & Dalgarno (1978) 
Dalgarno+ (1999) 
Glassgold+ (2012) 
Galli & Padovani (2015)

Nakano+ (2002) 
Padovani+ (2013,2014)

Prasad & Tarafdar (1983) 
Cecchi-Pestellini & Aiello (1992) 
Shen+ (2004) 
Ivlev+ (2015)

see e.g. Caselli & 
Ceccarelli (2012) for 
a recent review

key–brick parameter: 

— observed molecular abundances; 
— chemical models; 
— non-ideal MHD simulations.

⇣ [s�1]

Cosmic rays and interstellar medium in one slide



M. Padovani — Protostars: Forges of Cosmic Rays? — Toulouse, Mar 22th 2016

Diffuse regions

Starless cores

Massive 
protostellar 
envelopes

“Spitzer” value

PM, Galli & Glassgold (2009)



M. Padovani — Protostars: Forges of Cosmic Rays? — Toulouse, Mar 22th 2016

ESO ESO ESO 

diffusedenseprotostar

10�15

10�16

10�17

10�18

⇣ [s�1]
set by decay of short- and 

long-lived radionuclei 
Cleeves+ 2013; 2015

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

Guélin+ 1977 
Caselli+ 1998 

Maret & Bergin 2007

McCall+ 1993; Geballe+ 1999; 
McCall+ 2003; Indriolo+ 2009,2012,2015 

Gerin+ 2010; Neufeld+ 2010

⇡ 10�19

10�22



M. Padovani — Protostars: Forges of Cosmic Rays? — Toulouse, Mar 22th 2016

Recent studies suggest unexpected high ionisation rates in Class 0/I protostars 

• ζ~3×10—16 s—1 in L1157-B1 

(Podio, Lefloch, Ceccarelli, Codella & Bachiller 2014); 

• ζ~4×10—14  s-1 and 8×10—12 s-1 in OMC-2 FIR 4  
(Ceccarelli, Dominik, López-Sepulcre, Kama, Padovani, Caux & Caselli 2014);

and tentative evidence for synchrotron emission

• Sν∝ν—0.89±0.07 in the bow shock of DG Tau; 

(Ainsworth, Scaife, Ray, Taylor, Green & Buckle 2014);

What are the possible sources of energetic particles?

New results from IRAM-30m, Herschel & GMRT
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Intermediate magnetisation λ=5 
Perpendicular rotator (J,B)=π/2

Field lines in the inner 600 AU

PM, Hennebelle & Galli (2013)

CR propagation in 3D simulations 
of collapsing rotating core



M. Padovani — Protostars: Forges of Cosmic Rays? — Toulouse, Mar 22th 2016

(1)accretion flows; 
(2)protostellar surface; 
(3)jet shock;
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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)
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∂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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(1)shock acceleration rate larger than collisional loss rate; 

(2)  acceleration time shorter than dynamical time; 

(3)  shock geometry: particles have to be accelerated before 
they start to escape by diffusion processes.

Presence of an incomplete ionised medium: neutrals can decrease the 
effectiveness of the DSA mechanism damping the particle’s self-generated Alfvén 
waves that are responsible of the particle scattering back and forth the shock 
(Drury+ 1996);

Condition on flow velocity: supersonic and super-Alfvénic.
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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).

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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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)
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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

P0 = ⌘r
 

c
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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-
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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
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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
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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)
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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.
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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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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
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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
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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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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.
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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

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)
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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

P0 = ⌘r
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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

⌘ =
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
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PM, Hennebelle, Marcowith & Ferrière (2015)
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parallel 
shock

Shock along the jet

Shock on protostellar surface
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The jet morphology is far 
from being universally defined.

- jet lengths spread over orders of 
magnitudes; 

- usually there is not a single final bow 
shock, but innermost knots are resolved 
into bow shocks (time-variable jet emitting 
dense-gas bullets, McCaughrean+ 2002); 

- jet angle variations due to precession 
(Devine+ 1997) or orbital motions (Noriega-
Crespo+ 2011);

For the sake of clarity we consider

- a single shock at Rsh=100 AU from the protostar; 

- follow the propagation up to the rBS and the HS.

energy losses (Padovani, Galli & Glassgold 2009) 
magnetic effects (Padovani & Galli 2011,2013; 
                           Padovani, Hennebelle & Galli 2013)

Padovani+ (2016)
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PM, Hennebelle & Marcowith (2015)Padovani+ (2016)

Padovani+ (2016) •  Thermal p acceleration in an inner shock; 
• propagation up to the rBS also accounting for the 

generation of secondary e; 
•  rBS: acceleration of new component of thermal p 

PLUS re-acceleration of previously accelerated p/e; 
•  propagation in the hot-spot region.
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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).

model 
α=—0.98

observations 
α=—0.89±0.07

Ainsworth+ (2014)

Padovani+ (2016)

Using results by Lynch+ (2013), EVLA obs.

Application of the modelling: comparison with available observations
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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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Podio+ (2014): ζ=3×10-16 s-1 in the bow shock B1 in L1157 (HCO+, N2H+).

•Youngest knot B0 at 1.2×103 AU; B1 at 1.7×104 AU with an 
hot-spot cavity radius of 1.2×103 AU (Lefloch+ 2012); 

• source distance: 250 pc (Looney+ 2007); 
• vflow≈100 km s—1, vjet=20-40 km s—1 (Bachiller+ 2001; Tafalla+ 

2015); 
•nH=105-106 cm—3 (Gómez-Ruiz+ 2015); 
•embedded source, T=60-200 K (Podio+ 2014), but hints of 

T=103 K (Busquet+ 2014) to explain water lines.

Our modelling: ζ=6.1×10-16 s-1

The values of all parameters can vary along the shock surfaces B0 
and B1, this is why our result has to be interpreted as a proof of 
concept.
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Need of polarimetric observations (ALMA) to constrain B configuration

Application of the modelling: comparison with available observations
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Podio+ (2014): ζ=3×10-16 s-1 in the bow shock B1 in L1157 (HCO+, N2H+).

Application of the modelling: comparison with available observations

• IS CRs, for a Voyager-like spectrum cannot 
explain the ionisation rate observed; 

• the contribution of the hot spot CR flux 
become negl ig ible at R<5×103 AU 
(geometric dilution factor).

Check on gas temperature, accounting 
only for the heating due to IS and locally 
generated CRs (neglecting UV from ISRF).

(Chiang+10,12)

• R<300 AU: gas-dust coupling; 
• 300 AU<R<3000 AU: Tg ↓ (IS CR heating weak); 
• R>3000 AU: Tg ↑ (hot spot CR heating).

Td(R)

K
= 300

✓
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A. López-Sepulcre et al.: Dissecting an intermediate-mass protocluster

Fig. 3. Velocity-integrated PdBI contour maps obtained towards OMC-2 FIR 4, overlaid on the naturally weighted continuum map (grey scale).
The bottom-left ellipse in each panel represents the beam size. Left: CH3OH(3, 1, +0 – 2, 1, +0) (black) and C34S(3–2) (magenta). Centre:
DCN(2–1) (black) and DCO+(2–1) (magenta). All the contours start at 3σ and increase by steps of 3σ. The 1σ rms values are 0.16, 0.14, 0.17,
and 0.08 Jy beam−1 km s−1, respectively for the CH3OH, C34S(3–2), DCN(2–1), and DCO+(2–1) integrated maps. Right: Polygons representing
the three differentiated components, main, west, and south (see text), used to extract average spectra. The white crosses mark the positions of the
three sources identified in this work (see Table 4).

Table 3. Flux loss for the PdBI molecular lines.

Line Flux loss
(%)

CH3OH 13
DCO+(2–1) 73
C34S(3–2) 60
DCN(2–1) 72

the same source (López-Sepulcre et al., in prep.), we provide
in Table 3 an estimate of the velocity-integrated flux loss for
each PdBI line. This ranges from 13% for CH3OH to 73% for
DCO+(2–1), and indicates the presence of an important contri-
bution from extended emission in these tracers that is filtered out
by the interferometer.

Given the low spectral resolution of the WIDEX spectrum
(1.95 MHz, i.e. 4 km s−1), it is not possible to analyse the shape
of the line profiles. However, this is beyond the scope of the
present work, which primarily aims at investigating the spa-
tial distribution of the emission in the different tracers. To this
end we provide, for each millimetre molecular tracer, velocity-
integrated maps in Fig. 3, and velocity channel maps in Fig. 4.
The synthesised beam size of these images is 4.′′8× 2.′′7, and is
depicted on the bottom left-hand corner of each panel in the
figures.

If we focus first on the integrated maps (Fig. 3), the morpho-
logical complexity of the source becomes evident from a com-
parison of the emission distribution in the different tracers:

– The CH3OH emission is dominated by the main source (see
Sect. 3.1 above), which displays an elongated shape, and
shows hints of a secondary component towards the west (the
above mentioned west source), mimicking the spatial dis-
tribution of the 2-mm continuum emission. This morphol-
ogy does not change when seen in the blended CH3OH lines
around 145 GHz.

– C34S(3–2) displays a more compact emission that traces both
the main and west sources.

– The DCN(2–1) emission peaks at the main source, but it
expands towards the west and the north, following the elon-
gated morphology of the west source as seen in the contin-
uum images.

– DCO+(2–1) peaks to the south of the main and west sources,
a different region that we name south source, which is not
traced well by any other line.

In summary, from the integrated maps we conclude that each
molecular line traces the region differently. We differentiate
three spatially separated emission components, which we have
named main, west, and south sources, lying ∼0.01 pc (i.e.
2000 AU) apart from each other. These regions are schematically
depicted in the right-hand panel of Fig. 3 by three magenta poly-
gons that have been manually defined to pinpoint similar central
areas for each while keeping approximately their morphological
shapes. From these we have extracted the respective continuum
and line fluxes for each tracer. The resulting fractional fluxes
with respect to the total flux, which are measured inside the 3σ
map contour for the lines and the 5σ contour for the continuum
map, are listed in Table 4. The central coordinates of each source
correspond to the emission peaks of the 2-mm continuum image
for the main and west sources, and those of the DCO+(2–1) map
for the south one. With the exception of DCO+(2–1), the sum of
fluxes is smaller than the total flux in the whole region owing
to the relatively small area of each polygon. The sum amounts
to 136% in the case of DCO+(2–1) partly because the polygons
corresponding to the main and south regions overlap around the
position of the peak emission, and partly because there is an
amount of contributing flux outside the 3σ contour. This table
reflects the predominance of the main source’s flux over that of
the other two for all the tracers except DCO+(2–1), for which the
south source dominates the overall emission.

Using Eq. (1), we have computed the mass, M, of each
source for two values of the dust temperature: 20 and 50 K.
These are listed in Table 5, together with the corresponding
source-averaged gas column densities derived from the equation:

NH2 =
M

µ mH Ω d2 (2)

where mH is the mass of the hydrogen atom, µ = 2.33 is
the mean molecular mass in units of hydrogen atom masses,
and Ω the solid angle subtended by the dust continuum emis-
sion. Assuming the depth of the region equals the projected
one (i.e. 5000 AU), we derive an average density in the range
0.9−2.6 × 107 cm−3 for OMC-2 FIR 4.
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López-Sepulcre+ (2013)

Ceccarelli+ (2014):                                               in OMC-2 FIR 4 (HCO+, N2H+).

Caveats (for the application of our modelling): 
•it contains a cluster of a few embedded intermediate- and low-mass protostars 

(Shimajiri+ 2008; López-Sepulcre+ 2013);  
•no jet activity detected so far;

Application of the modelling: comparison with available observations

ζ=1.5×10-12 s-1 at 1600 AU  

ζ=4×10-14 s-1 at 3700 AU { }

Protostellar surface acceleration model (parameters from Masunaga & Inutsuka 2000).
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López-Sepulcre (2013)

Ceccarelli+ (2014):                                               in OMC-2 FIR 4 (HCO+, N2H+).

Application of the modelling: comparison with available observations

ζ=1.5×10-12 s-1 at 1600 AU  

ζ=4×10-14 s-1 at 3700 AU { }

• Geometrical dilution factor: 
- free-streaming case → R-2 

- diffusion with Rdiff≫R → R-1 (Aharonian 2004)

Check on gas temperature: the case R-1 gives too large 
values of Tg with respect to those computed by a LVG 
analysis (Ceccarelli+ 2014).

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

[10Be]meteorites ≫ [10Be]ISM.  

Hypothesis: spallation reactions during the earliest phases of the protosolar nebula.

Ft(Emin) = 2⇡

Z E
max

E
min

j(E)dEFluence per unit time:

Emin ≃ 50 MeV: energy threshold for p+16 O !10 Be + . . .

Ft = 2⇥ 10

17
protons cm

�2
yr

�1

Ft = 8⇥ 10

18
protons cm

�2
yr

�1
(purely diffusive case)
(free-streaming case)

An irradiation of few tens of years can explain the values of the fluence derived by 
Gounelle+ (2013) equal to 1019-1020 protons cm-2.
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 Set of conditions to be fulfilled highly non-linear: small variations in one or more parameters (B, 
x, nH, T, Ush, η, ku) can make the acceleration process inefficient. Since a protostar is a highly 
dynamic system, particle acceleration can be a very intermittent process.  

E.g.: a local increase of ζ corresponds to a local variation of x, varying the efficiency of the 
acceleration mechanism.

High-resolution observations (e.g. with ALMA and NOEMA) will help to have better constraints, 
with a special consideration for the magnetic field configuration. Besides (B, x, nH, T, Ush, η, ku) 
are not constant all along the shock surface ⇒ modelling improvements.

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

The most limiting condition on Emax is the geometry of the jet, in particular R⊥. Far from the 
source, R⊥ increases and less and less particles are lost in the perpendicular directions. Particles 
can be accelerated up to 1–10 TeV (CTA targets ?).

Comparison with possible competing effects (X-ray ionisation).

Role of turbulence (Does the dilution factor goes with R—2 or R—1 ?)

We need more observations (statistics).

Conclusions


