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Abstract. Cosmic rays are the main agents in controlling the chemical evolution and setting the ambipolar
diffusion time of a molecular cloud. We summarise the processes causing the energy degradation of cosmic
rays due to their interaction with molecular hydrogen, focusing on the magnetic effects that influence their
propagation. Making use of magnetic field configurations generated by numerical simulations, we show that
the increase of the field line density in the collapse region results in a reduction of the cosmic-ray ionisation
rate. As a consequence the ionisation fraction decreases, facilitating the decoupling between the gas and the
magnetic field.

1 Introduction 2010, enhanced CR ionisation rate (hereaft&®) in mo-
lecular clouds close to supernova remnaigsoker et al.
] ) 2011 Ceccarelli et al.2011), observations of §| in diffuse
Low-mass prestellar cores are the basic units of star formag|q,,ds {ndriolo and McCal) 2012 and towards the Galactic
tion in nearby clouds like Taurus and Perseus, where stargentre Goto et al, 2008 as well asy luminosity of mole-
like our Sun have been forming over the last few million o ar clouds Kontmerlg 2010 pose the question about how

years. The study of the physical structure and kinematics oty reconcile the high values @2 estimated in diffuse re-
these cores is therefore crucial for our understanding of th%ions ¢H2 ~ 10-15-10-16 51y with those ones measured in

star formation process. Moreover, prestellar cores are ideghanser cloudstz ~ 107171018571,
laboratories for interstellar medium chemistry which can be
modelled using observations with different tracers.
Cosmic rays (hereafter CRs) have a leading role in the2 The role of cosmic rays on physics and chemical
dynamics and chemistry of the interstellar medium (ISM).  composition of molecular clouds
The energy density of CRs with energiEs> 1 GeV is about
1 eVent 3, This value is comparable to that present in the The study of the interaction of CRs with the ISM is a glar-
Galactic magnetic field, to the energy density of the cosmicing example of a multidisciplinary task involving the analy-
microwave background radiation, and close to the local ensis of several physical and chemical processes. In a preste
ergy density in starlightWdowczyk and Wolfendale1989 lar core, the primary source of ionisation is represented by
Longair, 2002. CRs, since X-rays ionisation arises only in presence of em
We are witnessing an era of strong development of newbedded young stellar objectsrplik and Kallman 1983 Silk
telescopes with higher and higher resolution allowing newand Norman1983 and interstellar UV photons are absorbed
observing techniques so as to constrain the CR flux at enerin a thin layer of about 4 magnitudes of visual extinction
gies lower than about 1 GeV. Detections of Odnd HO™ (McKee, 1989. The key quantity that governs the interstellar
in low Hy fraction regionseufeld et al.201Q Gerin et al, chemistry, namely the creation of more and more comple
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Determiningz M2 from Earth is complicated because the
interplanetary magnetic field and the solar wind prevent low-
energy CRs from entering the heliospheselér modula-
tion). This means that Earth-based measurements of CR
fluxes provide only a lower limit on the interstellar spec-
recombination trum of protons and heavy nuclei for energies beloew
1 GeV/nucleon. Besides, the low-energy CR electron flux,
reactions among which already flgctuateg in the energy range of 10-100 GeV
NO,CN H»20, NH3, H.CO (see e.gCasadei and BindR004), is damped by solar mo-

dulation. This means that it is extremely difficult to know
Figure 1. The ionisation of molecular hydrogen due to an inter- what happens to the CR spectrum below GeV energies, rep-
action with a low-energy CR (LECR) leads to the formation of resenting the main constraint for any trustworthy estimate
more and more complex molecules that we can observe in moleculagf the CR ionisation rate in the ISM. Only when the space-
clouds. In particular, in diffuse clouds, where the visual extinction ¢rafts Voyager 1 and 2 will be far beyond the heliopause,
Ay is about 1 mag, the main reaction channel yields the trihydro-ihe gutermost boundary for solar modulation effects lying
gen cation (@) that rapidly recombines with electrons. In denser at 130-150 AU from the Sun, it will be possible to mea-
regions Ay > 3—4mag) l—g reacts with heavier elements creating ¢ e the low-energy CR spectrum. On 25 August 2012, Voy-
polyatomic ions up to neutral molecules, among which ammoniaager 1 reached the heliopause and now we have information
and water. about the CR interstellar spectrum down to energies of about

1MeV (Potgieter et a).2013 and 10 MeV Potgietey 2013

for Galactic electrons and protons, respectively, but still not
molecules in molecular clouds, is the so-cal@bmic-ray  enough to constrain the low-energy cosmic-ray flux. Since
ionisation rate that is the number of hydrogen molecule ion- Voyager 1 is escaping the solar system at a speed of about
isation per second (see eWfakelam et al.2010. CRs inter- 3.6 AU per year, in about 5years from now we will be able
act with dense molecular clouds by ionising their main com-to look at the true interstellar spectrum.
ponent, the molecular hydrogen, and this process activates
the chemistry observed in clouds. Since the ionisation cros§  gnergy losses and magnetic effects on cosmic-ray
section of K by collisions with electrons and protons has a
maximum at~ 50 eV and~ 10 keV (Padovani et aJ.2009,
respectively, the bulk of ionisation is due to low-energy CRs, While crossing a molecular cloud, CRs undergo collisions
namely particles with energy lower than about 100 MeV—with H, molecules. According to their initial energy and their
1GeV (see Figl). composition, they are slowed down due to processes that are

In turn, the ionisation fraction, that is the quantity of specific of a particular kind of particle (bremsstrahlung, syn-
charged particles with respect to neutrals that is proportionathrotron emission, and inverse Compton scattering for elec-
to v/¢Hz (McKee and Ostriker2007), controls the coupling  trons; elastic interactions, pion production, and spallation
of magnetic fields with the gas, driving the dissipation of tur- for protons) or common both to CR protons and electrons
bulence and angular momentum transfer, thus playing a cru¢Coulomb and inelastic interactions, and ionisation). he
cial role in protostellar collapse and the dynamics of accre-ergy loss functiorfor the species is defined as
tion discs (e.gBalbus and Hawley1991, Padovani et aJ. 1 dE
2013. Li(Ep) = — <—"> ,

CRs also represent an important source of heating for mo- n(Hz) \ det
lecular clouds. In fact, inelastic collisions with interstellar wheren(Hy) is the density of the medium in which the parti-
molecules and atoms convert about half of the energy of pricle of energyE; propagates andlis the path length. Figur2
mary and secondary electrons yielded by the ionisation proshows the energy loss functions for protons and electrons col-

polyatomic ions

dissociative

propagation

@

cess into heat (e.§lassgold and Langet973 Glassgold et
al,, 2012.

During the last 50years, several values¢b® ranging
from a few 1016571 to a few 1018s~1 have been obser-

liding with molecular hydrogen.

While in the past it was assumed a lower cutoff for CR
energy to compute™2 (e.g.Nath and Biermann1994, in
Padovani et al(2009 we showed that even if a local in-

vationally determined in diffuse and dense interstellar cloudsterstellar spectrum is lacking of low-energy particles, the

from measurements of the abundances of various chemi
cal species (see Fig. 6 iRadovani and Galli2013 and
references therein). Nevertheless, the lower limit Bf ~
10717s~1 computed bySpitzer Jr. and Tomask¢1968

slowing-down of CR protons and electrons during their pro-
pagation produces a low-energy tail. Our modelling is able to
explain the decrease of'"2 with increasing hydrogen column

density computed from observations. In particular, a proton

is commonly used in chemical and magnetohydrodynamiccomponent at low energies, and most likely also an electron

(hereafter MHD) as the “standard*2 in molecular clouds.
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component, could be necessary to reproduce the data.
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4 Cosmic rays in collapsing clouds

The decrease aft'2 in the densest central regions of a pro-
tostellar core may have a strong impact on the decouplin
between gas and magnetic field, leading the core towards tH
collapse Mellon and Li (2009 propose that the attenuation
of M2 down to 101851 may increase the ambipolar diffu-
sion having consequences on the formation of a rotationall
supported disc.

Following our previous studiesP@dovani et al.2009
E Padovani and Galli2011) where we accurately examined
‘e P | thecr fi ting for column density and
sl \ 1 propagation accounting for column density and mag
10 T netic effects, inPadovani et al(2013 we investigated the

10° 10® 10* 10% 10%® 10%° propagation of CRs in the inner 300-400 AU of a cloud core

L(E) [107" eV cm?]

E [eV] where the formation of a protostellar disc is expected. In part
ticular, we considered density and magnetic field configurat

Figure 2. Energy loss functionde(Ee) and Lp(Ep) for electrons  tions obtained by ideal-MHD numerical simulations related
and protons, respectively, colliding with,Hsolid curves), com-  to a rotating collapsing corel¢os et al.2012), performed
pared with NIST data (circles); dashed curves show Coulomb lossegyith the AMR code RAMSESTeyssier 2002 Fromang et
for a fractional electron abundaneg/n(Hy) = 10~7; dash-dotted al., 2006). One could deduce that magnetic effects are neg

curve labelled withr represents the energy loss by pion produc- ligible when CRs reach the inner part of a core (inside a rat

tion computed followingSchlickeiser(2002); dotted curves show
the results byPhelps(1990 andDalgarno et al(1999 for p—H»
ande—Ho, respectively.

dius of~ 500 AU). In fact they may already be in the regime
of exponential attenuationV( > 10%° cm~2) since they have

passed through a large amount of column density (see Fig.
in Padovani et al2013. On the contrary, we found that even

_ _ at very high densities magnetic fields can efficiently remove
In Padovani and Gal(2011), we studied how the presence cRs.

pf magnetic field_s affects the propagation_ofCRs. In fact, .be- It is not possible to quantify to what extent column den-
ing charged particles, CRs moves along field lines following sty effects dominate over magnetic effects since it depend
an helicoidal path. This means that they “see” a larger col-5y the field configuration considered. However, we did an
umn density of molecular hydrogen with respect to a recti- ogtimate by calculatingH2 both accounting and neglecting

linear propagation, given by magnetic effects. Figuéshows how magnetic shielding de-
termines a decrease of*2 by a factor of~ 10 at a radius
fmax(@) of 300-400 AU and how the central region, where the mini-
N(a) = / n()de, 2) mum¢ 2 is reached, increases in size frenil0 to~ 50 AU.
This example also demonstrates that the use of the consta

“standard” valug "2 = 10~17s~1 overestimates the CR ion-
isation rate in the densest region of a molecular cloud. Run
ning our code for different initial conditions (see Table 1 in
Padovani et a).2013, we found a decrease gf*2 below
108571 in the central 300-400 AU, where> 10° cm 3,
if the toroidal component is larger than about 40 % of the to
tal field and in the cases of low and intermediate ionisatiorn
(mass-to-flux ratiba = 17 and 5, respectively).
o= arccos\/l— X + x cofaucm (3) In order to avoid running the whole code, we also formu-
lated a general fitting expression to approximately computg
¢H2 as a function of the column density, toroidal-to-poloidal
magnetic field ratio, and magnetic field strength (see Sect.
in Padovani et a]2013.

where £nax is the maximum depth reached inside the core
andn(¢) is the H volume density. The angte, calledpitch
angle is the angle between the CR velocity and the direction
of the magnetic field and its evolution during the CR propa-
gation reads

wherey = B/Bycw is the ratio between the local and the in-
tercloud magnetic field. The two competing effects arising
from the presence of magnetic fields anagnetic focusing
that increases the CR flux where the field is more concen-
trated, andnagnetic mirroringaccording to which CRs are
bounced out of the cloud when the pitch angle reaetyes
namely when the CR velocity is perpendicular to the field  1litis a non-dimensional value that gives information on the level
line. of magnetisation.
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resulting in very low ionisation fractions. The consequences
of the reduced CR ionisation rate on the magnetic diffusion
coefficients are analysed in detailfadovani et al(2014).
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