PROCEEDINGS

OF SCIENCE

Stochasticity of cosmic rays from supernova remnants
and the ionisation rates in molecular clouds

Vo Hong Minh Phan,” Philipp Mertsch,** Sarah Recchia’‘ and Stefano Gabici?
“Institute for Theoretical Particle Physics and Cosmology (TTK), RWTH Aachen University,

52056 Aachen, Germany
b Dipartimento di Fisica, Universita di Torino,

via P. Giuria 1, 10125 Torino, Italy

¢Istituto Nazionale di Fisica Nucleare,
via P. Giuria, 1, 10125 Torino, Italy

4 Université de Paris, CNRS, Astroparticule et Cosmologie,
F-75006 Paris, France
E-mail: pmertsch@physik.rwth-aachen.de, vhmphan@physik.rwth-aachen.de,

sarah.recchia@unito.it, gabici@apc.in2p3.fr

Cosmic rays are the only agent able to penetrate into the interior of dense molecular clouds. De-
positing (part of) their energy through ionisation, cosmic rays play an essential role in determining
the physical and chemical evolution of star-forming regions. To a first approximation their effect
can be quantified by the cosmic-ray induced ionisation rate. Interestingly, theoretical estimates
of the ionisation rate assuming the cosmic-ray spectra observed in the local interstellar medium
result in an ionisation rate that is one to two orders of magnitude below the values inferred from
observations. However, due to the discrete nature of sources, the local spectra of MeV cosmic
rays are in general not representative for the spectra elsewhere in the Galaxy. Such stochasticity
effects have the potential of reconciling modelled ionisation rates with measured ones. Here, we
model the distribution of low-energy cosmic-ray spectra expected from a statistical population of
supernova remnants in the Milky Way. The corresponding distribution for the ionisation rate is
derived and confronted with data. We find that the stochastic uncertainty helps with explaining

the surprisingly high ionisation rates observed in many molecular clouds.
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1. Introduction

Supernova remnants (SNRs) are considered to be the standard sources of galactic cosmic rays
(CRs). They accelerate particles to a power law spectrum which subsequently get injected into the
interstellar medium. In the following, we will argue that if the sources of cosmic rays are SNRs
then for purposes of the transport they can be considered as burst-like and point-like, meaning they
inject the accelerated particles at one point in time and in space.

As known from measurements of nuclear ratios of stable and unstable species, CRs of GeV
energies spend a few Megayears in the extended halo around the Galactic disk before escaping.
This is very long compared to the time scales over which particles can escape from SNRs, that is
some ten thousands of years at most. Sources of GeV particle can therefore safely be approximated
as burst-like. Also, on the timescales of a few Megayears, CRs traverse kiloparsec distances across
the disk. If the sources are the results of supernova explosions, their sizes are likely limited to a few
tens of parsecs, again much smaller than the propagation distances. The sources can therefore also
assumed to be point-like.

The propagated spectrum of CRs from a single point-like and burst-like source depends very
sensitively on its age and distance. It might seem that this would lead to a spectrum with many
features. However, if enough sources contribute, by (some variant of) the central limit theorem,
such spectral features will become very small on average.

To estimate if enough sources contribute, let’s assume that sources occur as frequently as
implied by the Galactic supernova rate, that is three per hundred years. The source density rate o is
then given by the rate divided by the area of the Galactic disk: o = (3x 1072 year™!) /(7 (15kpc)?).
The number of sources that occur within a distance of, say five kiloparsecs over a time of some
ten Megayears is then o (10 Myr) m(5kpc)? =~ 3 x 10*. The density of CRs observed at any one
point in the disk is therefore contributed by a large number (some ten thousand) of sources and no
sizeable spectral features should be observable [1]. (A rough estimate would be that if 1, 100 or 10
000 sources contributed, the fluctuations should be order 1, 10% and 1%, respectively.)

The situation can be markedly different at other energies were the distances and times over
which CRs can propagate get limited, for instance by energy losses. A well-known example is the
transport of CR electrons and positrons at hundreds of GeV and beyond where radiative losses limit
the number of sources contributing to a few, the details depending on various model parameters
(e.g- [2D.

Here, we will be studying the transport of CR protons and electrons at MeV energies where
ionisation losses are the dominant transport process. While the fluxes of these particles at Earth
are significantly suppressed due to solar modulation, this energy range has recently been studied by
the Voyager probes which having left the heliosphere should not be affected by solar modulation.
MeV CRs are also responsible for the ionisation of molecular clouds. The CR-induced ionisation
rate {cr can be inferred from the observed ratios of molecular absorption lines. It has recently been
noticed, however, that the inferred ionisation rates are on average one to two orders of magnitude
above the values predicted from the Voyager data. This problem has been dubbed the “ionisation
problem”. In addition there is a markable spread in the ionisation rates for a given column depth of
molecular clouds.

In the following, we argue that the fluctuations of CR density between different positions in
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the Galaxy are responsible for the spread. If in addition, the source rate is locally enhanced, for
instance due to molecular clouds more likely to be located in a spiral arm, then the enhanced level
of ionisation can be explained.

2. Methodology

The intensity of CRs at position r and kinetic energy E for a set of N, sources at positions 7;
and times #; is given as

Ny
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where G denotes the Green’s function of the transport equation for the spectral density ¢, e.g. [3],
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The spectral density ¢ denotes the number of particles per unit volume and unit kinetic energy.
D = D(E) is the homogeneous and isotropic diffusion coefficient, u = u(z) denotes the advection
speed which we assume to be oriented in the +z direction above and below the disk. Energy losses
enter through the loss rate E.

The source density rate g is assumed to factorise into a spatio-temporal and a spectral part,
that is

q(r,1,E) = p(r,0)Q(E). 3)

Note that the distribution p is usually assumed to be continuous which as argued above is a good
approximation, e.g. for GeV CRs. At MeV energies, however, where ionisation losses limit the
transport the point-like nature needs to be taken into account, that is

N
q(r,z.E1) = ) Q(E)S(r = r)5(t =1;). @
i=1

We assume a free boundary condition at z = +H.
For the diffusion coefficient D(E), we have adopted the following form,

D(E) = Doy’ . Q)

Here, v and g are the particle’s Lorentz factor and speed, respectively. This form guarantees an
energy-independent mean free path at low energies, motivated by theoretical studies and observa-
tions in the solar system [4, 5], while showing the power law behaviour at higher energies indicated
by measurements of stable secondary-to-primary ratios. We have adopted ¢ = 0.63 [6] and chosen
Dy such that D(E = 10GeV) =~ 5 x 10?8 cm? s~! for both CR protons and electrons.

For the advection speed we have adopted the dependence u(z) = ugsgn(z) [7], with ug =
16kms~!. Adiabatic energy losses contribute to the loss rate E as E,q = pvug/(3h) where
h = 150 pc is the half-thickness of the Galactic disk. Other energy losses are ionisation, inelastic
nuclear interactions and bremsstrahlung. We adopt a mean gas density of ngy = 0.9cm™3, in

agreement with the observed surface mass density of 2mgcm™2 [8].
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The source spectrum of individual SNRs is modelled as

_ &crEsnr (L)z‘“
~ (mc2)2AB \mc

Q(E) (6)
For the acceleration efficiencies £cg of CR protons and electrons we have chosen fg g = 8.7% and
EGr = 0.55%, respectively, in order to match the observed data at high energy. The function A
is chosen to guarantee the normalisation with respect to the total kinetic energy of the supernova
explosion, Esng = 10°! erg. For the spectral index, we have adopted @ = 4.23 which is compatible
with the fit of observational data for high energy CR protons [6]. The half-height of the CR halo is
set to H = 4 kpc.

We have solved for the Green’s function of the CR transport equation by numerically solving
eq. (2) for individual sources. Their positions were drawn from the spiral distribution as modelled in
Ref. [9] and we assumed their ages to be uniformly distributed with a galactic rate of 3 per century.
For a particular distribution of sources, the intensity at a particular position was then computed
according to eq. (1). In order to study the dependence on the local source density, we consider two
scenarios: a molecular cloud at the solar position (LOC) and one in a nearby spiral arm, specifically
at a galacto-centric distance of 6.5 kpc (SPA).

To compute the ionisation rate, one needs to consider the transport of CRs into the molecular
cloud. In the literature, both ballistic and diffusive transport are considered [10-13]. Which one
is realised, likely depends on the ratio of the correlation length of magnetised turbulence to the
spatial extent of the cloud. In the following, we consider both scenarios. The ionisation rate is then
computed as a convolution of the CR intensities with the ionisation kernel. We refer the interested
reader to Ref. [14] for more details.

3. Results

In Fig. 1 we show the intensities of CR protons and electrons for the LOC and SPA positions
and indicate the stochastic uncertainties. The top panels show the proton spectra, the bottom panels
the electron spectra. The panels on the left refer to the LOC position, the panels on the right to the
SPA position. At each energy, there is a distribution of intensities due to the stochastic nature of
the sources. The black solid lines indicate the medians of these distributions, the dotted black lines
indicate the expectation values and the shaded bands indicate the ranges between the 2.5 %, and the
97.5 % quantiles. We also show measurements from Voyager 1 [15] and from AMS-02 [16, 17] for
comparison.

At high energies, the medians and expectation values agree and there is very little stochastic
uncertainty. This is in line with the arguments laid out in Sec. 1. At the LOC position (left column
of Fig. 1), the model predictions approach the AMS-02 data at the highest energies considered; note
that the measured intensities below tens of GeV are markedly affected by solar modulation which
we have not attempted to model.

Below hundreds of MeV, only a small number of sources contribute because of energy losses
and hence the stochastic uncertainties are sizeable. For protons (top panels of Fig. 1), the intensities
show a clear maximum. For the median, this maximum occurs just below hundred MeV. At lower
energies the intensities are dominated in fact by a single source and follow an E =% power law,
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Figure 1: Intensities and corresponding stochastic fluctuations of CR protons (upper panels) and electrons
(lower panels) in comparison with data from Voyager 1 [15] (blue) and AMS-02 [16, 17] (orange). Results
are presented for an observer in the local ISM (the LOC position, left column) and in a spiral arm (the SPA
position, right column). The dotted and solid black curves are respectively the expectation values and the
median of the intensities. The shaded red or green regions are the 95% uncertainty ranges of the intensities.

as can be explained by inspection of an analytic approximation to the Green’s function. Overall,
the median is in good agreement with the Voyager data. Remaining discrepancies could be due to
variations in the gas density which would broaden the maximum, rendering the proton spectrum
around tens of MeV almost energy-independent. In contrast, the expectation value appears not
representative of the distribution. This is due to the long power law tail of the non-Gaussian
distribution of intensities. For electrons, the behaviour is qualitatively the same as for protons, but
the maximum of the spectra appears at lower energies than considered here. Again, the median for
the LOC position is in reasonable agreement with Voyager data while the expectation value is not.

At the SPA position (right panels of Fig. 1), the intensities are enhanced by up to a factor of
five due to the higher local source density. The effect is biggest at energies below a few hundred
MeV. Due to the short energy loss length, intensities at these energies are particularly sensitive to
the local source density. Of course, neither the model median nor the stochastic uncertainty bands
at the SPA position are in agreement with the Voyager data which have not been taken at the SPA
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Figure 2: Stochastic fluctuations of the ionisation rate for the local ISM (left) and for the chosen point in
a spiral arm (right). The dashed and solid black lines correspond to the median intensities predicted from
the diffusive and ballistic model. Data for the ionisation rate are from [18] (filled blue circles), [19] (green
triangle), [20] (red triangles are upper limits), [21] (asterisk), and [22] (black squares are data points while
inverted yellow triangles are upper limits).

In Fig. 2, we show the ionisation rates due to CR protons and electrons at the LOC position
(left panel) and at the SPA positions (right panel), considering both ballistic transport (solid black
lines and dark coloured bands) and diffusive transport (dashed black lines and dark coloured bands).
For comparison, we also show the inferred ionisation rates and upper limits from observations of
molecular absorption lines [18-22]. The stochastic uncertainty bands represent the variation of
ionisation rates experienced by a population of molecular clouds. The 95 % uncertainty bands
span about one order of magnitude at column densities of 10?° cm~2. For diffusive transport,
the uncertainty is significantly reduced at very high column densities. At the LOC position, the
uncertainty band covers part of the scatter in the data, but is lower on average than the data. At the
SPA position, the ionisation rates are enhanced up to a factor of five which improves the agreement
with data. It is noteworthy, that the two possible modes of transport into the molecular clouds,
that is ballistic and diffusive motion, lead to disparate predictions for the ionisation rates at column
depths of 10?2 cm~2 and above. It is tempting to associate a certain degree of bi-modiality in the
observed distribution of inonisation rates, but this will require further study.

4. Summary and conclusion

We have discussed the ionisation problem, that is the underprediction of the obeserved CR
ionisations rates from molecular clouds. We have argued that two effects improve the agreement
between models and observations: First, the stochastic spread in predicted ionisation rates due to
the point-like and burst-like nature of sources of CRs, that is supernova remnants. And second
the higher rate of sources in spiral arms where also the occurrence of molecular clouds is likely
enhanced. We have investigated these effects by modelling the transport of CRs from an ensemble
of CR sources in a Monte Carlo fahsion which amounts to adding up the Green’s functions of the
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transport equation. We have found that this introduces a significant spread in CR intensities below
a GeV or so. If positions in a spiral arm are considered (SPA position), the intensities are enhanced
by a factor up to five at MeV energies. The ionisation rates depend sensitively on the position of the
molecular clouds, with predicted ionisation rates for molecular clouds at the position of the solar
system (LOC position) being in some tension with observations. For clouds in the spiral arm (SPA
position), the rates are enhanced by a factor up to five which allows for much better agreement with
the data. In addition, the spread afforded by the stochastic nature of sources largely matches the
scatter in the observed ionisation rates.

References

[1] Y. Genolini, P. Salati, P.D. Serpico and R. Taillet, Stable laws and cosmic ray physics, A&A
600 (2017) A68 [1610.02010].

[2] P. Mertsch, Stochastic cosmic ray sources and the TeV break in the all-electron spectrum, J.
Cosmology Astropart. Phys. 2018 (2018) 045 [1809.05104].

[3] V.S. Berezinskii, S.V. Bulanov, V.A. Dogiel and V.S. Ptuskin, Astrophysics of cosmic rays,
Amsterdam, North-Holland (1990).

[4] J.W. Bieber, W.H. Matthaeus, C.W. Smith, W. Wanner, M.-B. Kallenrode and G. Wibberenz,
Proton and Electron Mean Free Paths: The Palmer Consensus Revisited, ApJ 420 (1994)
294,

[5] R. Schlickeiser, M. Lazar and M. Vukcevic, The Influence of Dissipation Range Power
Spectra and Plasma-wave Polarization on Cosmic-ray Scattering Mean Free Path, ApJ 719

(2010) 1497.

[6] C. Evoli, R. Aloisio and P. Blasi, Galactic cosmic rays after the AMS-02 observations,
Phys. Rev. D 99 (2019) 103023 [1904.10220].

[7] E.J aupart, E. Parizot and D. Allard, Contribution of the Galactic centre to the local
cosmic-ray flux, A&A 619 (2018) A12 [1808.02322].

[8] K.M. Ferriere, The interstellar environment of our galaxy, Reviews of Modern Physics 73
(2001) 1031 [astro-ph/0106359].

[9] M. Ahlers, P. Mertsch and S. Sarkar, Cosmic ray acceleration in supernova remnants and the
FERMI/PAMELA data, Phys. Rev. D 80 (2009) 123017 [0909.4060].

[10] G. Morlino and S. Gabici, Cosmic ray penetration in diffuse clouds., MNRAS 451 (2015)
L100[1503.02435].

[11] V.H.M. Phan, G. Morlino and S. Gabici, What causes the ionization rates observed in diffuse
molecular clouds? The role of cosmic ray protons and electrons, MNRAS 480 (2018) 5167
[1804.10106].


https://doi.org/10.1051/0004-6361/201629903
https://doi.org/10.1051/0004-6361/201629903
https://arxiv.org/abs/1610.02010
https://doi.org/10.1088/1475-7516/2018/11/045
https://doi.org/10.1088/1475-7516/2018/11/045
https://arxiv.org/abs/1809.05104
https://doi.org/10.1086/173559
https://doi.org/10.1086/173559
https://doi.org/10.1088/0004-637X/719/2/1497
https://doi.org/10.1088/0004-637X/719/2/1497
https://doi.org/10.1103/PhysRevD.99.103023
https://arxiv.org/abs/1904.10220
https://doi.org/10.1051/0004-6361/201833683
https://arxiv.org/abs/1808.02322
https://doi.org/10.1103/RevModPhys.73.1031
https://doi.org/10.1103/RevModPhys.73.1031
https://arxiv.org/abs/astro-ph/0106359
https://doi.org/10.1103/PhysRevD.80.123017
https://arxiv.org/abs/0909.4060
https://doi.org/10.1093/mnrasl/slv074
https://doi.org/10.1093/mnrasl/slv074
https://arxiv.org/abs/1503.02435
https://doi.org/10.1093/mnras/sty2235
https://arxiv.org/abs/1804.10106

Stochasticity of cosmic rays and the ionisation rates in molecular clouds Philipp Mertsch

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

[21]

[22]

A.V. Ivlev, V.A. Dogiel, D.O. Chernyshov, P. Caselli, C.M. Ko and K.S. Cheng, Penetration
of Cosmic Rays into Dense Molecular Clouds: Role of Diffuse Envelopes, ApJ 855 (2018) 23
[1802.02612].

S. Gabici, Low-energy cosmic rays: regulators of the dense interstellar medium, A&A Rev.
30 (2022) 4.

V.H.M. Phan, S. Recchia, P. Mertsch and S. Gabici, Stochasticity of cosmic rays from
supernova remnants and the ionization rates in molecular clouds, Phys. Rev. D 107 (2023)
123006 [2209.10581].

A.C. Cummings, E.C. Stone, B.C. Heikkila, N. Lal, W.R. Webber, G. J6hannesson et al.,
Galactic Cosmic Rays in the Local Interstellar Medium: Voyager 1 Observations and Model
Results, ApJ 831 (2016) 18.

M. Aguilar et al. (AMS Collaboration), Precision Measurement of the (e*+e~ ) Flux in
Primary Cosmic Rays from 0.5 GeV to 1 TeV with the Alpha Magnetic Spectrometer on the
International Space Station, Phys. Rev. Lett. 113 (2014) 221102.

M. Aguilar et al. (AMS Collaboration), Precision Measurement of the Proton Flux in
Primary Cosmic Rays from Rigidity 1 GV to 1.8 TV with the Alpha Magnetic Spectrometer
on the International Space Station, Phys. Rev. Lett. 114 (2015) 171103.

P. Caselli, C.M. Walmsley, R. Terzieva and E. Herbst, The lonization Fraction in Dense
Cloud Cores, ApJ 499 (1998) 234,

J.P. Williams, E.A. Bergin, P. Caselli, P.C. Myers and R. Plume, The lonization Fraction in
Dense Molecular Gas. 1. Low-Mass Cores, ApJ 503 (1998) 689.

S. Bialy, S. Belli and M. Padovani, Constraining the cosmic-ray ionization rate and spectrum
with NIR spectroscopy of dense clouds. A testbed for IWST, A&A 658 (2022) L13
[2111.06900].

S. Maret and E.A. Bergin, The lonization Fraction of Barnard 68: Implications for Star and
Planet Formation, ApJ 664 (2007) 956 [0704.3188].

N. Indriolo and B.J. McCall, Investigating the Cosmic-Ray lonization Rate in the Galactic
Diffuse Interstellar Medium through Observations of H" 3, ApJ 745 (2012) 91 [1111.6936].


https://doi.org/10.3847/1538-4357/aaadb9
https://arxiv.org/abs/1802.02612
https://doi.org/10.1007/s00159-022-00141-2
https://doi.org/10.1007/s00159-022-00141-2
https://doi.org/10.1103/PhysRevD.107.123006
https://doi.org/10.1103/PhysRevD.107.123006
https://arxiv.org/abs/2209.10581
https://doi.org/10.3847/0004-637X/831/1/18
https://doi.org/10.1103/PhysRevLett.113.221102
https://doi.org/10.1103/PhysRevLett.114.171103
https://doi.org/10.1086/305624
https://doi.org/10.1086/306034
https://doi.org/10.1051/0004-6361/202142619
https://arxiv.org/abs/2111.06900
https://doi.org/10.1086/519152
https://arxiv.org/abs/0704.3188
https://doi.org/10.1088/0004-637X/745/1/91
https://arxiv.org/abs/1111.6936

	Introduction
	Methodology
	Results
	Summary and conclusion

