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Abstract. Astrospheres and wind bubbles of massive stars are believed to be sources of cosmic rays with en-
ergiesE < 1TeV. These particles are not directly detectable, but their impact on surrounding matter, in par-
ticular ionisation of atomic and molecular hydrogen, can lead to observable signatures. A correlation study
of both gamma ray emission, induced by proton-proton interactions of cosmic ray protons with kinetic ener-
gies Ep > 280 MeV with ambient hydrogen, and ionisation induced by cosmic ray protons of kinetic energies
Ep < 280 MeV can be performed in order to study potential sources of (sub)TeV cosmic rays.

1 Introduction very efficient in ionising both atomic and molecular hydro-
gen. Subsequently, ionised hydrogen triggers an ion-driven

While supernova remnants are the main candidate for th hemistry network, resulting in the formation of molecu-

acceleration of Galactic cosmic rays (see, eBpade and ar ions whose abundances are directly linked with the ion
Zwicky, 1934 Ackermann et al.2013, i.e ’ cosmic rays isation rate. As a consequence, large abundances of these
with er,1ergiesE < 108eV. there are other acceleration Melecules, detected via their characteristic rotation-vibratior

sources contributing to the total diffuse flux of cosmic rays. lines, serve as a}n |.nd|c':ator of.an enhanced |qn|sat|on rate
Among these are astrospheres and wind bubbles of massi\}éompared_to the lonisation rate mduped by the diffuse photo
stars, which are capable of accelerating cosmic rays up to kiand cosmic ray fluxes in the Galactic plane. In order for as
netic energies of < 1 TeV and may, in fact, be dominant in trospheres and wind bubbles to be identified as (sub)TeV cos-

this energy domain (see, e.Gasse and Paul98q Voelk mic ray acceleration sources, cosmic ray-induced ionisatiop
and Forman1982 Binns ’et é| 2005 Scherer et al2008 needs to dominate over photoionisation at these objects and

The cosmic ray flux from a single supernova remnant Vastlylonlsatlon signatures in spatial correlation with the gammg

exceeds that from a single astrosphere or wind bubble. How!2YS must be found. A correlaiion study of this kind was per}
ever, despite the lower amount of cosmic rays from astro—fom.]ed mSphuppan et a[2014) for supernova remnants as-
ociated with molecular clouds. The model developed therei

spheres and wind bubbles, they can be measured indirectl be ad q h d wind bubbl ;
via proton-proton interactions of GeV cosmic ray protons z;nrs € adapted to astrospheres and wind bubbles of massjve

with ambient hydrogen, leading to the formation of neutral S
pions which, in turn, decay into two gamma ray photons.
Formed in sufficiently large numbers, these gamma rays can
be detected with instruments such as FermiLAT, H.E.S.5.2 Cosmic ray-induced ionisation
and CTA. When cosmic rays are accelerated to kinetic ener-

gies of several GeV, there are also particles of lower energyror a proper description of the propagation of low-energy
to be expected. Such cosmic rays, with kinetic energies be(¢E, < 280 MeV) cosmic ray protons in the vicinity of a
low the energy threshold for pion formatiof,280 MeV, are  cosmic ray accelerator with general momentum loss, the

—
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transport equation where d‘Np/ (dEpdA dt) is the differential flux of cosmic
5 ray protons,aig'rﬁ (Ep) is the direct ionisation cross-section
—D(p)Anp(r,p,t) — a—(b(p) -np(r, p, t)) of molecular hydrogen, angl ~ 0.6 denotes the number of
p secondary ionisation events per primary ionisatiéragens
=Q(r,p,t) (1)  Dalgarng 1978. The differential flux can be derived from
the differential cosmic ray proton number density (Bgby
differentiating with respect to the cosmic ray particle kinetic
energyEp and subsequent multiplication with the effective

um | te, ang . funcii hich cosmic ray particle speed, which is given by a superposi-
mentum loss rate, and(r, p. 1) Is a source function whic tion of diffusion and the relativistic, kinematic motion. This

is adapted to the astrophysical object under consideratior}.Otal speed is also used to link the space and time compo-

The low energy of the cosmic ray protons allows for a ents, leading to a description which assumes all particle

e . ) n
scalar diffusion coefficient because then there is no preferregpeeds to be equal to the statistic expectation value. Then
propagation direction, whereas in a scenario with highly rel'the time since the injection, which is usually unknown, is not ,
ativistic motion, an anisotropic diffusion coefficient is re- required ' '

;quwelt\j/ ’ (Ijn Sncr}utp: pa”n ?tral(r?mrgi’trthr's trar;spofrtneﬂui:u?rr;] In this model, the effects of magnetic fields, particu-
S solved analytically for an arbitrary source function. the larly magnetic focussing and magnetic mirroring, are not ac-

gréeniglssg:gg?lggrérsoégr’cléoiéirﬁfci%s(ils)t’irl{ e.énEhDei:;(r; ((jj?s-tri- counted for. Taking them into consideratidPadovani and
9 Galli (2011 found that in dense molecular clouds magnetic

anp(rv pa[)
ot

has to be solved, wherg, (r, p, 1) is the differential number
density of cosmic ray protond)(p) is the scalar diffusion
coefficient,A denotes the Laplace operatb(p) is the mo-

butions fields lead to a net decrease of the ionisation rate induced by
06 (r,p.1) = s3(r —r0)8(p — po)8 (1), cosmic rays by a factor of, on average, 3-4. In less dense

regions, like swept up stellar ejecta at the shocks of astro-
is given by spheres or stellar wind bubbles, the decrease of the cosmic

ray-induced ionisation rate is lower.
O (po—p)8 1+ [ b(p)*dp)

3/2
b(p)- (47 [1° D) /b(p)dp)
( )2 In Padovani et al(2009, a method taking not just ionisation
—(r—ro
p( ) . @

G(r,ro,p,po.t) = 3 Cosmic ray composition

induced by cosmic ray protons, but also by heavier nuclei
4/7° D(p")/b(p"dp’ into account was introduced using the Bethe—Bloch approxi-
mation for the direct ionisation cross-sectiddethe 1933

where®(.) is the Heaviside step function. This solution is 5 4 correction factor for the differential cosmic ray flux in
convoluted with the source functiof(ro, po, fo) of an as- Eq. @)
trosphere or a wind bubble, yielding the differential number ’
density of cosmic ray protons at any positioat timer > 0 n = Z 72 Ji

with momenta lower than the injection momentywnx pg = k- fo

np(r, p,t) wherek is the atomic number of the cosmic ray particles
heavier than hydrogen with the corresponding charge number

_ 3
- /// G(r.ro.p. po.1) @ (ro. po.t0) dio@rodpo.  (3) Z, and fi/fp is the relative abundance of cosmic ray parti-

. cles of atomic numbek with respect to cosmic ray protons.
The momentum-dependent component of the source functiog ;. rejative abundances detected in the solar syshemders

QO(ro, po, t0) can be obtained from observational gamma ray 5nq Grevessel 989 Meyer et al, 1998, the correction was
data for a hadronic formation scenario of the gamma raySg|cylated irPadovani et a(2009 andindriolo et al.(2009
(Schuppan et al2012), while the spatial dependence is con- o5 ), -~ 05, At the acceleration regions, the composition
structed reflecting the geometry of the source region, €.9., &y well differ. In order to obtain data with as little influence
spherical (shell) volume with a constant emission over a spefqm the Sun as possible, observational data of the cosmic ray

cific period of time. _ composition taken during solar minima, when the impact of
The ionisation rate of molecular hydrogen induced by the Sun on the cosmic ray flux is minimal, should be used.

low-energy cosmic ray protons can be calculated following therefore, the calculation of the correction is done for ob-
Padovani et (2009 servational data from the solar minima in 19&inipson
1983 or in 1988 Meyer et al, 1998. The resulting correc-

Emax

BNy (r, Ep,t) tions aren77 ~ 1.8 andngg ~ 1.4 (i t with the re-

Ho _ p (7, Ep, Ha en7y . 188 A4 (in agreement wi ere

R n=01+9) / dEpdAdr %ion (Ep) dEp.  (4) sults inIndriolo et al, 2009, respectively, indicating that, on
Enmin the one hand, the impact of the Sun on the composition of
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the cosmic ray spectrum at low energies cannot be neglecteDalgarno et al. 1999, and I, = 154 eV is the ionisation

and, on the other hand, that the composition of the cosmigotential of molecular hydrogen. The integral describes the

ray spectrum at the acceleration regions shows significantlyotal energy deposition by the absorbed photons per hydrg
larger abundances of nuclei with> 2 than the correspond- gen nucleus. A parametrised description of the total photoal
ing abundances in the solar system. Adapting the momensorption cross-sectiosipa(E, ) is provided as an empirical,
tum lossb(p), which for cosmic ray protons is dominated broken power-law fit to experimental data.

by Coulomb losses and adiabatic deceleration in the relevant The main issue computing the photoionisation rate is ob
kinetic energy range of 10Me¥ E, < 280MeV (see, e.g., taining a solid estimate of the photon flux at low energies
Lerche and Schlickeiset 982 to cosmic ray particles with i.e., E, <0.1keV. Since the total photoabsorption cross-

k > 2, the solution given in Eq2j can also be used to de- section increases toward lower photon energies, the corre

scribe the propagation of those heavier cosmic ray particlessponding photons can contribute significantly to the pho
resulting in an even more accurate calculation of the cosmidoionisation rate, depending on spectral shape of the photg
ray-induced ionisation rate. flux in this energy range. Hence, observing the low-energy
photon fluxes is an important task in estimating the photoin
duced ionisation. Particularly the UV component of the pho-
ton flux is very efficient in ionising ambient hydrogen close

Besides cosmic ray-induced ionisation, photoionisation is thel0 the surface of a cloud and, thus, has a great impact on th
other process capable of efficient ionisation of ambient mat{fhotoionisation rate.
ter with soft X-rays and UV radiation being particularly ef-  In contrast to the examination of, e.g., supernova remnant
ficient. Consequently, photoionisation needs to be exceede@ssociated with molecular clouds, a solid estimate of the low
by ionisation induced by hadronic low-energy cosmic rays inenergy photon fluxes in astrospheres can be provided mug
order to attribute enhanced ionisation rates to those cosmigiore reliably via the classification of the star and usage of th
rays via the suggested correlation study for astrospheres dypical corresponding black-body radiation spectrum. Sincs
stellar wind bubbles with nearby clouds acting as a target foin most situations there is only very little information about
both photons and cosmic rays. Therefore, spatially resolvedhe UV domain of the photon flux, which is a major issue
spectral measurements of photon fluxes are important for edor the estimate of photoionisation rates, astrospheres a
timates of the photoionisation rate. The attenuation of photorPromising targets for the suggested correlation study in thi
fluxes due to traversed matter can be described by means &ggard.

the Beer—Lambert law

4 Photoionisation

Fy,(r,Ey)=Fyo(E,) -exp(—t(r.Ey)). (5) 5 lonisation signatures

where F, is the differential photon fluxF,o is the differ- g tota) jonisation rate, i.e., the sum of the photoinduceq
ential photon flux at the surface of a cloud located near the, . § the cosmic ray-induced ionisation rates, can be used

source, and(r, E, ) is the optical depth inside the cloud. For o5 for astrochemistry models in order to compute signa
the special case of matter distributed homogeneously witheq indicating an enhanced ionisation rate, e.g., in the forr

densityny, the optical depth can be expressed in terms of th€y tation-vibration lines of molecular ions formed by ion-
distance from the source region as driven chemistry, detectable with instruments like ALMA.
©) While the ionisation rate is not directly detectable, its im-

pact on ambient matter, e.g., diffuse molecular clouds in staf
where opa(E,) is the total photoabsorption cross-section. forming regions containing wind bubbles of massive stars, o
This formula leads to an overestimate of the photon flux atiNtérstellar matter swept up by stellar winds, results in the
large distances from the source region, because it does nd@rmation of molecular ions that are otherwise not formed in
account for scattering, which would in effect increase theOPservable abundances. Among the molecular ions forme
distance the photons travel. Hence, the energy attenuatiolfl these environments, His especially suitable as a tracer
of the photon flux within the cloud is underestimated. The Of ionisation, because its formation scheme is rather simpl
photoionisation rate of molecular hydrogen can be calculatedd directly linked to the ionisation rate of hydrogen (see

T (r, EV)hom= Ir|-ny ’Gpa(EV)’

following Maloney et al(1996 e.g.,Indriolo et al, 2010.
An example for a tool to calculate rotation-vibration lines
. Emax of molecular ions is the radiative transfer code RADEAr{
{VHz r) = i / F, (r7 Ey) -E, .o'pa(Ey) dE,, (7) der Tak et al.2007). It allows rapid computation of, e.g.,
In, rotation-vibration emission line intensities of molecules, in-

Emin

cluding H; as was shown iBecker et al(2011) for molecu-
where f;i ~ 0.4 is the fraction of the photon energy ab- lar clouds near supernova remnants, based on input paran
sorbed by ambient matter leading to ionisatidoif, 1991, ters such as the abundances of several atomic and molecu
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