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Abstract. It is largely accepted that Galactic cosmic rays, which pervade the
interstellar medium, originate by means of shock waves in supernova remnants. Cosmic
rays activate the rich chemistry that is observed in a molecular cloud and they also
regulate its collapse timescale, determining the efficiency of star and planet formation,
but they cannot penetrate up to the densest part of a molecular cloud, where the
formation of stars is expected, because of energy loss processes and magnetic field
deflections. Recently, observations towards young protostellar systems showed a
surprisingly high value of the ionisation rate, the main indicator of the presence of
cosmic rays in molecular cloud. Synchrotron emission, the typical feature of relativistic
electrons, has been also detected towards the bow shock of a T Tauri star. Nevertheless,
the origin of these signatures peculiar to accelerated particles is still puzzling. Here we
show that particle acceleration can be driven by shock waves occurring in protostars
through the first-order Fermi acceleration mechanism. We expect that shocks
in protostellar jets can be efficient accelerators of protons, which can be boosted up
to mildly relativistic energies. A strong acceleration can also take place at the
protostellar surface, where shocks produced by infalling material during
the phase of collapse are powerful enough to accelerate protons. Our model
shows that thermal particles can experience an acceleration during the first
phases of a system similar to the proto-Sun and can also be used to explain
recent observations. The presence of a local source of cosmic rays may have an
unexpected impact over the process of formation of stars and planets as well as on the
pre-biotic molecule formation.

Keywords: Cosmic Rays, Interstellar Medium: Jets and Outflows, Stars: Protostars.

1. Introduction

The evolutionary path of a molecular cloud can be described by observations at different

scales: from diffuse clouds, to dense prestellar cores, to protostellar systems. There is a
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key component whose presence, or absence, turns out to be crucial for all the physical
and chemical processes: cosmic rays (hereafter CRs). Mainly constituted by protons
and heavy nuclei accelerated in Galactic supernova remnants or in other very energetic
sources, CRs with energy below GeV cause most of the ionisation (see, e.g., Grenier
et al [20]). In particular, from the ionisation of molecular hydrogen, Hy is rapidly
formed:

CR + Hy; — Hy + e+ CR’

Hy +Hy — H + H.
Hj is a pivotal molecule leading to the formation of carbon- and nitrogen-bearing
molecular ions that are commonly observed in star-forming regions such as HCOT,
NoH*, H30%, and OH™ through the following reactions

Hi +CO — HCOT + H,

Hy + Ny — NoH™ +H,

Hi + H,O — H3;0" + H

Hi +0 — OH'+H,.
Molecular ions are then destroyed by electronic recombination bringing to the
formation of crucial molecules such as ammonia (NHj) and formaldehyde (H,CO).
Finally, slower neutral-neutral reactions create species such as hydrogen cyanide
(CHy + N — HCN + H), a critical molecule for the synthesis of amino acids and DNA
nucleotides (e.g. Ferris et al [16]). Looking at this simplified reaction network

backwards, summarised in figure 1, it is clear that CRs activate the complex chemistry
that is observed at infrared and radio wavelengths, also affecting the genesis of pre-biotic

molecules.
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Figure 1. Complex chemistry originated by CRs in molecular clouds. This sketch
represents only some of the main species created by CR ionisation.

By determining the ionisation fraction, CRs additionally set the degree of coupling
between local magnetic field and gas. In fact, while neutrals can drift towards the centre
of a collapsing dense molecular cloud core, charged particles are frozen into the magnetic
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field lines. As a consequence a frictional force creates a coupling between neutrals and
charged particles. The higher the ionisation rate, the higher the number of charges, and
the stronger the ion-neutral coupling. In this sense, CRs are responsible for the collapse
time of a molecular cloud as well as for the efficiency of star formation (Shu et al [41];
Padovani et al [31, 32]).

Part of the kinetic energy of CRs entering a molecular cloud is transformed into
heating. In fact, CRs with energy lower than the ionisation potential of molecular
hydrogen (15.4 eV) heat the gas from the dissociation of its triplet state, from the de-
excitation of its rovibrational levels, and from the reactions driven by primary CRs (a
process known as chemical heating; Glassgold et al [19]). Thus CRs play an important
role in the thermal balance of a cloud, determining the gas temperature in particular
density intervals (Galli and Padovani [17]).

Collisions between CRs and molecular hydrogen can also excite H; in
the Lyman (X'¥} — B'Yf) and Werner (X'S] — C'Il,) states. The almost
instantaneous de-excitation which follows is accompanied by the emission of
UV photons (Prasad and Tarafdar [37]). This process determines the charge
distribution on dust grains (Cecchi-Pestellini and Aiello [9]; Ivlev et al [22]). In fact,
while in absence of CRs grains are mainly negatively charged because of the high collision
rate with thermal electronsi, CR-generated UV photons remove electrons from grains
through photoelectric effect, creating a population of positively charged grains. This
process leads to the generation of large dust aggregates that is essential for the formation
of planetesimals.

In addition to these main aspects, CRs with higher energy (GeV-TeV) contribute to
the v emission observed in molecular clouds through pion production. Finally, except
for "Li, isotopes of Li, Be, and B are uniquely created by ~ 100 MeV CRs through
spallation reactions.

The presence of CRs can be indirectly proved by observing molecular species such
as Hi, OHT, and H,O" in diffuse clouds (e.g., Indriolo et al [21]; Neufeld et al [27]);
CO, HCO™ and DCO™ in prestellar cores (e.g., Caselli et al [7]) and in molecular
clouds close to supernova remnants (e.g., Vaupré et al [45]); HCO' and NoH™ in
protostellar regions (e.g., Ceccarelli et al [8]). By observing these molecular transitions
it is possible to compute the CR ionisation rate, ¢, namely the number of ionisation of
hydrogen molecules per unit time. The CR ionisation rate is the key-brick parameter
in chemical codes to interpret the abundance of the observed molecular lines as well
as in non-ideal magnetohydrodynamic simulations to study the collapse of molecular
clouds and the star formation. This rate spans over a few orders of magnitude: from
1071 — 10716 57! in diffuse regions to 10717 — 107! s=! in prestellar cores, while in
protostars one expects even lower values (¢ < 107 s7') whose minimum is fixed by
the ionisation of radioactive nuclei (Umebayashi and Nakano [44]). The decrease of ¢
with increasing Hs density is due to the attenuation of the CR flux because of energy

I The thermal speed of ions is a factor \/m;/m. smaller than that of electrons, so ion-grain collisions
are far more rare.
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loss processes (Padovani et al [28]; Padovani and Galli [30]) and mirroring and focusing
effects due to the presence of magnetic fields (Desch et al [12]; Padovani and Galli [29];
Padovani et al [31]).

However, using the Herschel telescope, high-ionisation rates have been recently
estimated in Class 0/I protostars (Ceccarelli et al [8]; Podio et al [35]). Besides,
the Giant Metrewave Radio Telescope and the Expanded Very Large Array detected
synchrotron emission in the bow shock of the T Tauri star DG Tau (Ainsworth et al [2]),
a clue for the presence of relativistic electrons. Both high values of ( and synchrotron
emission cannot be explained by the interstellar flux of CRs because it is strongly
attenuated at these high densities. Here we suggest the possibility of accelerating CRs
in the shocks present in protostellar jets as well as on the protostellar surface.

2. Energetics

Before studying any possible acceleration mechanism inside or close to a protostar, we
have to verify that some potential energy is available to be converted into particle kinetic
energy. The gravitational luminosity of a shock caused by accretion on the surface of a
protostar is given by

 GMM

Ly= "5 0

where G is the gravitational constant, M is the mass of the protostar, M is the rate
of accretion, and Ry, is the radius of the shock. If we consider the collapse of an
accreting envelope onto a protostar (also known as Class 0 phase), then we can assume
M =0.1 Mg, M =107 Mg, yr", and Ry, = 2 x 1072 AU (Shu et al [40]; Masunaga
and Inutsuka [25]), obtaining Ly, = 3 x 10%* erg s~

The luminosity due to the interstellar flux of CRs impacting a dense core in a

molecular cloud can be computed by
Ler = R2Vaecr, (2)

where R. is the radius of the dense core and V} is the Alfvén speed of the local medium.
The energy density of the interstellar CRs, ecg, is defined by
> Ej(E)
€cr = 4m / dFE, 3
o v(E) )

where j(E) is the differential CR flux, namely the number of CRs per unit area, time,

solid angle, and energy, and v is the CR velocity. Adopting the typical value for the
radius of a dense molecular cloud core, R. = 0.1 pc, surrounded by a warm neutral
medium with total hydrogen density ny = 0.5 cm™ and a magnetic field strength
B = 3 uG (Ferriere [15]), and ecg = 1.3 x 107!2 erg cm ™3 based on the most recent
observations of Voyager 1 (Stone et al [42]), then Logr = 1.2 x 10%? erg em ™ < Ly,.
From previous studies, we know that the flux of interstellar CRs is weakened during the
propagation in a molecular cloud (section 1) so that ecg is expected to be even lower
and Ly >> Lcgr getting closer to the protostar.
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This simple estimate demonstrates that a small fraction of gravitational energy can
be converted into acceleration of local thermal particles whose luminosity can prevail
over the interstellar CR luminosity. In this work we refer to low-mass protostar,
but massive stars have even larger gravitational energy since M increases up to
1073 My, yr~!. Thus, in principle, local thermal particles can be more easily accelerated
to higher energies so that it can be possible to observe their v emission. (e.g., Tavani
et al [43]; Abdo et al [1]; Araudo et al [3]; Bosch-Ramon et al [6]; Munar-Adrover
et al [26]).

3. Particle acceleration in protostars

A number of mechanisms can be responsible for the acceleration of particles when shocks
are present: turbulent second-order Fermi acceleration (Prantzos et al [36]), shear
acceleration at the interface between the jet and the outflow of a protostar (Rieger and
Duffy [38]), acceleration by shocked background turbulence (Giacalone and Jokipii [18]),
and acceleration in magnetic reconnection sites (De Gouveia Dal Pino and Lazarian [11]).

In this paper we concentrate on the first-order Fermi acceleration mechanism, also
known as diffusive shock acceleration (hereafter DSA), as proposed in Padovani et al
(33, 34]. According to DSA, charged particles gain energy each time that they cross a
shock, but an efficient acceleration takes place only if fluctuations of the magnetic field
are present around the shock. In fact, these fluctuations guarantee the scattering of
the pitch angle so that particles can cross the shock front many times, easily reaching
relativistic energies, until they escape in the downstream medium (see e.g., Drury [13];
Kirk [23]). In this sense DSA can “transform” local thermal particles of a protostellar
system into cosmic rays. In the following we only discuss the acceleration of thermal
protons. In fact, as pointed out in Padovani et al [33, 34], thermal electrons can also be
accelerated, but they are soon thermalised because of energy losses and wave damping.

3.1. lon-neutral damping

DSA is a well-studied process that takes place in supernova remnants. However, in
protostars the medium is not fully ionised and the friction between ions and neutral
particles can strongly quench the DSA. If neutrals and ions are coupled, namely if they
move coherently, then the waves generated by ions are weakly damped and particles can
be efficiently accelerated. The wave damping rate, I, is given by Drury et al [14]

2

w
= —uwn, 4

w2 _|_w12 ( )
where w; = npx(ov) and w, = nu(l — x)(ov) are the ion and neutral pulsation,
respectively; o is the sum of charge exchange and elastic cross sections, v
the collision velocity, and the mean value of their product is given by Kulsrud and

Cesarsky [24]
(ov) ~ 8.4 x 10777 em® 571, (5)
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with T the temperature in unit of 10* K. Equation (5) is valid for temperatures in the
range 10? K to 10° K. The ionisation fraction, z, is defined as the ratio between the
ion density, n;, and the total hydrogen density (neutrals plus ions), ng = n, + n;. The
resonant wave pulsation fulfils the condition w ~ V /ry o< E~!, where Vj is the Alfvén
speed of the total gas, r, the gyroradius, and E the kinetic energy of the particle.
Neutrals and ions are coupled if the wave pulsation is smaller than the momentum
transfer rate from ions to neutrals, namely when w < w;. In this regime I' o< w? o E~2,
so the wave damping decreases for larger energies. Figure 2 shows the wave damping
rate as a function of the wave pulsation. The condition w = w; provides the energy that
separates the coupled and decoupled regime, Ecoy,p, by solving

B = 8.8 x 10T (ngz) "3 B2, | (6)

where 7 is the Lorentz factor, 8 = v 11/72 — 1, ng is the total hydrogen density in unit
of 10° em™2, and B_5 is the magnetic field strength in unit of 10 uG.

The upper energy limit due to the damping of the waves, Egamp, is found by equating
the local CR flux advected downstream by the flow to the flux lost upstream due to
the damping of waves confining the particles. Following Drury et al [14] (see also
Appendix D in Padovani et al [34]), Egqamp is computed from

6% = 8.8 x 107 °ZUST, “*ng*® x (7)
(]' - :E)_lB:gP—Q )
where
== B, + 1.4 x 10223270 nia? (8)

with U, the upstream velocity of the flow in the frame of reference of the shock in
unit of 100 km s~!, and P_, the fraction of the ram pressure (num,U?) that goes into
the acceleration of local CRs in unit of 1072, Following Berezhko and Ellison [5], P is
proportional to the efficiency of the shock, 7, which is the fraction of thermal plasma
particles entering the acceleration process, and it reads

~ c 2 » 1 — ﬁbl. 'p"bQ _ 1
P — <_) a m]j max ’
T\y) P <2r—5 i r—4 (9)
where a =3/(r — 1), by = (2r —=5)/(r — 1), by = (r —4)/(r — 1), and py = pr/(myc)
is the normalised momentum. Subscripts £ = inj, max refer to the injection

(or minimum) momentum of a particle able to cross the shock that enters
the process of acceleration, and the maximum momentum reached by an
accelerated particle, respectively. While in supernova remnants it is assumed
P~ 10%, protostars are much less energetic sources and one expects P < 10%. These
values of P give n € [107%,107%]. When Eamp > Ecoup, ion and neutrals are coupled
and DSA can efficiently work.



The plasma physics of cosmic rays in star-forming regions 7

I

E

coupled decoupled

resme resime

Ldg' ()]

Figure 2. Wave damping rate as a function of wave pulsation. The dashed vertical
line separates the regime where ions and neutrals are coupled (I' o w?) or decoupled

(T o wy).

3.2. Timescales

In this section we describe the timescales of all the processes related to the local

acceleration of CRs. The acceleration time, t,.., has to be shorter than the collision

time, t.n, namely particles have to be accelerated before they start to lose energy

because of collisions. We generalise the equation to compute ¢, in Drury et al [14] in

order to account for both parallel and perpendicular shocks

r[1+ r(ka/ku)?]
ka(r—1)

tace = 2.9(y — 1) Uy;2B7; yr, (10)
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8 \: Jet, weak shock (model W) K. h\\ Jet, strong shock (model S) | " Protostar (model P)
.~ ~ .~

.\.

Enax =12.9 GeV

T~
N

7 B =27.2 GeV
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
logig [E/eV] logyg [E/eV] logig [E/eV]

Figure 3. Timescales for the processes described in section 3.2 as a function of the
particle kinetic energy for three different shocks (see parameters listed in table 1): a
weak and strong shock in the jet (left and middle panel) and a shock on the protostellar
surface (right panel). Black solid circles show the solution of equation 18 with the
corresponding values of the maximum energy reached by a proton.

where k, 4 are the upstream/downstream diffusion coeflicient normalised to the Bohm

Ry \ 3eB -
ky = — = ————ky 11
() = () )

with e the elementary charge and r the shock compression ratio. For a perpendicular
shock k, = rkq and o = 1, while for a parallel shock k, = kg and @« = —1. The

coefficient

collisional energy loss time reads

—1
tloss - 107

nglL_% yr, (12)

where L_o5 is the energy loss function in unit of 107 GeV c¢m? (Padovani et al [28]
and Appendix A in Ivlev et al [22]).

Another condition comes from the geometry of the source: acceleration must
take place before particles start to escape towards the source (upstream) and in
the perpendicular direction (both upstream and downstream). More specifically, the
diffusion length in the upstream medium has to be a fraction ¢ < 1 of the distance
between the source and the shock, Rg,, that is k,/U = €Rg,. This relation can be
translated into a timescale for the upstream particle escape, tescu, that reads
kg
v3?

where Ry o is the shock radius in unit of 100 AU. For a spherical geometry such as in

tesc,u =22.9 B,5Rsh72% yr, (13)

protostellar surface shocks # = eRy,2, but in shocks along a jet, local CRs can also
escape in the perpendicular direction and in this case Z = min(eRq 2, R 2), where R o
is the transverse jet size in unit of 100 AU.
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In the case of jet shocks, it is also possible to have particle escape in the downstream
medium in the transverse direction. The corresponding timescale§, teseq = R /(454),
can be rewritten as

€
tosed = 5.7WB_5Ri2 yT, (14)

where 6 = r? or 1 for a perpendicular or a parallel shock, respectively.

Finally, there is a further condition due to the shock age: the acceleration time has
to be shorter than the dynamical time of the system, ¢4yn, which is of the order or larger
than 103 yr for a jet shock (de Gouveia dal Pino [10]) and equal to the accretion time,
about 10° yr, in the case of a protostellar surface shock (Masunaga and Inutsuka [25]).

3.8. Mazimum energy at the shock surface

The flow has to be super-Alfvénic and supersonic in order to provide an efficient
acceleration, namely

U > max(Va,cs) , (15)
where the Alfvén speed and the ambient sound speed read

Va=22x10"%n;"B_5 km s™* (16)
and

s = 91[yaa(1 4+ 2)T4)%° km s, (17)

respectively, and 7,q is the adiabatic index. Then, once the condition Egamp > Eeoup 18
fulfilled (section 3.1), the maximum energy reached by a thermal proton is given by

tacc - min(tlos& tesc,ua tesc,da tdyn) . (18)

We analyse three acceleration sites in a protostar: shocks in the accreting envelope
still present in the early phase of the formation of a protostar, shocks along a jet,
and shocks on the surface of a protostar. Shocks in the envelope are not efficient
in accelerating particles because shock velocity and ionisation fraction are too small
(U~1=10km s™, 2 < 107%) so that Ejamp < Ecoup and the magnetic field strength
is high enough (B ~ 1 — 100 mG) to generate sub-Alfvénic shocks, then equation (15)
is not verified.

Values of shock velocity, magnetic field strength, total hydrogen density, ionisation
fraction, temperature, and shock radius for jet and surface shocks can be estimated
from observations as well as with the aid of numerical simulations. We consider two
extreme cases for jets, a weak and a strong shock (labelled “model W” and “model S”,
respectively) and the case of a shock on a protostellar surface described in Masunaga
and Inutsuka [25] (labelled “model P”). Table 1 lists the values of the parameters.

§ The factor 4 in the denominator accounts for the fact that the downstream diffusion in the transverse
direction is in two dimensions.
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The upstream diffusion coefficient can be written as (Drury [13])

- (2)- ()

In the following we assume k, = 1, namely the Bohm regime, s, = k. This also means
that the fluctuations of the magnetic field, responsible for the scattering of the pitch
angle of the particles, get their maximum value (§B = B) and in this case DSA is very
effective. In Padovani et al [34] we discussed the case of departure from the
Bohm regime. We also fix n = 1075 which fulfils the condition P < 1% (see also
Padovani et al [34]).

Figure 3 shows the maximum energy reached by a proton. We find F.x =
0.13 GeV, 12.9 GeV, and 27.2 GeV for the model W, S, and P, respectively. Also
electrons can be accelerated up to 0.3 GeV, but for a small range of the parameters.
Besides, as soon as they leave the shock, energy losses are so strong that they are
thermalised within short distance.

4. Discussion

Figure 4 recapitulates the expected trend of the CR ionisation rate in different
environments. Diffuse clouds and starless dense cores are well-characterised from both
the observational and theoretical point of view even if, for starless cores, there are still
uncertainties due to the complex chemical network, to the carbon depletion onto dust
grains, and to the actual configuration of magnetic fields. Moving from the prestellar
to the protostellar phase, one expects the ionisation degree to be fixed by short- and
long-lived radioactive nuclei (*Al and *°K, respectively; Umebayashi and Nakano [44])
since interstellar CRs cannot penetrate close to the protostar. This is what we labelled
quiescent phase in figure 4 as opposed to an active phase when strong shocks arise
and conditions for the acceleration of local thermal particles to relativistic energies are
verified.

In fact, equation 18 is highly non-linear: a variation in one or several parameters
among shock velocity, temperature, magnetic field strength, ionisation fraction, and
total hydrogen density can halt the acceleration process. For example, if requirements for
acceleration are fulfilled, the ionisation rate can locally increase by orders of magnitude
and the ionisation fraction can dramatically change. As a consequence the efficiency of
the acceleration can be deeply altered. This is why we distinguish a quiescent from an
active phase and we suppose a cyclic, intermittent acceleration rather than continuum.

5. Conclusions

In this paper we discussed the possibility of accelerating local thermal particles in
a protostellar source turning them into CRs through the diffusive shock acceleration
mechanism. We analysed three possible acceleration sites (accreting envelopes, jets,
and protostellar surface) and we identified shocks along jets and on the surface of the
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Figure 4. Values of the CR ionisation rate for different environments. Boxes show the
molecular tracers that are usually used to estimate ¢ except for the quiescent phase
of protostars where SLR/LLR stands for short- and long-lived radioactive nuclei (see
section 4 for details).

protostar to be the best candidates, while in envelopes the acceleration is quenched
because shocks are sub-Alfvénic and ionisation fraction and shock velocity are too small.
While thermal protons can be boosted up to energies of tens of GeV, thermal electrons
reach MeV energies but only for a narrow combination of the parameters. Electrons are
also quickly re-thermalised because of strong energy losses. In Padovani et al [34] we
successfully applied this modelling to explain recent observations of high ionisation rate
and synchrotron emission in protostars.

The main limiting factor to our study is related to uncertainties on the parameters
determined by observations. For this reason, our modelling represents a proof of concept,
in fact we assumed a constant value for all the parameters all along the shock front, while
for instance shock velocities are usually larger at the shock apex and decrease along the
wings. Further observations at higher resolution with new generation telescopes such
as the Atacama Large Millimeter/Submillimeter Array (ALMA) will aid to have better
constraints with a special consideration for the magnetic field configuration. In fact,
being charged particles, CRs perform a spiral motion along magnetic field lines and the
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knowledge of the magnetic structure is a key point for correctly applying the propagation
models (e.g., Padovani and Galli [29]; Padovani et al [31]). As shown in figure 3, the
most limiting condition on the maximum energy reached by a thermal proton in a jet
shock is due to the jet geometry through the condition on tes 4. In this work we focused
on shocks in low-mass protostars at a distance of 100 AU from the central source, but
in principle we can apply the same formalism to high-mass protostars that usually have
larger shock velocity at larger distance from the source. Since taee < U2 and tegcq o< R,
thermal protons may be accelerated up to 1 — 10 TeV and their v emission could be
observed by telescopes such as the High Energy Stereoscopic System (HESS) or the
Cherenkov Telescope Array (CTA). Finally, low-frequency observations with the Giant
Metrewave Radio Telescope (GMRT) and the Low-Frequency Array (LOFAR) can be
used to search for synchrotron emission in low- and high-mass protostars, revealing
the acceleration of local electrons. The synergy between molecular line observations
and (sub-)millimetre observations will help in understanding how much the process of
local CR acceleration is common during the star formation process (see also Becker
et al [4]; Schuppan et al [39] for the correlation between v emission and
ionisation).
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Table 1. Parameters to compute the maximum energy reached by a thermal proton
for a parallel shock in the Bohm regime (x, = xg) and a shock efficiency n = 107°.

Model U B nyg x T Ry, Ry Ernax
km s [G] [cm ™3] [10* K] [AU] [AU] [GeV]
2% 40 5% 1075 10° 033 1 100 10 0.13
S 160 1073 6 x 10° 0.60 1 100 10 12.9
P 260 5 1.9 x 102 0.30 94 2x1072 - 27.2




