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Gas-phase chemistry in the interstellar medium is driven by fast ion-molecule reactions. This, of course,

demands a mechanism for ionization, and cosmic rays are the ideal candidate as they can operate

throughout the majority of both diffuse and dense interstellar clouds. Aside from driving interstellar
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chemistry via ionization, cosmic rays also interact with the interstellar medium in ways that heat the
ambient gas, produce gamma rays, and produce light element isotopes. In this paper we review the

observables generated by cosmic-ray interactions with the interstellar medium, focusing primarily on

Www.rsc.org/csr the relevance to astrochemistry.

Key learning points

o Ionization of atoms and molecules by cosmic rays initiates the fast ion-molecule chemistry in the interstellar medium.

e Observed abundances of interstellar molecules are used to infer the cosmic-ray ionization rate.

e Cosmic rays provide a source of energy to the interiors of dense molecular clouds.

o Fragmentation of heavier elements by cosmic rays produces light elements such as Li, Be, and B.

e Gamma-ray observations trace the interaction of cosmic-ray protons and electrons with the interstellar medium and radiation field.

1 Introduction

The gas and dust that reside in the vast expanse of space
between stars—collectively referred to as the interstellar medium
(ISM)—have long been subjects of study for modern astronomy.
Physical conditions in the ISM vary widely, ranging from extre-
mely tenuous hot plasmas to self-gravitating clouds of cold gas.
Different phases of the ISM and some of their general character-
istics include: (i) the hot ionized medium—extremely low density
(n % 1072 em™?), hot (T & 10° K) plasma where several atomic
species are observed to be multiply ionized (e.g., C**, O>*);t
(ii) the warm ionized medium—Iow density (7 ~ 0.1 cm™>), warm
(T ~ 8000 K) partially ionized gas traced by emission following
electron recombination such as Ho;f (iii) the warm neutral
medium—Ilow density (n ~ 0.5 cm %), warm (T ~ 8000 K)
neutral gas traced by 21 cm emission of hydrogen atoms due to
electron spin flip; (iv) the cold neutral medium—moderate
density (n ~ 50 cm?), cool (T &~ 100 K) neutral gas where
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hydrogen is still predominantly in atomic form, often referred to
as diffuse atomic clouds; and (v) molecular clouds—moderate-
to-high density, cool-to-cold neutral gas where hydrogen is
predominantly in molecular form, i.e., H,. This phase is further
separated into diffuse molecular clouds (n ~ 100 em >, T =
70 K) that are partially transparent to ultraviolet photons, and
dense molecular clouds (7 > 10* em ™, T < 30 K) that are opaque
to UV photons and are generally well-defined, self-gravitating
structures. The interested reader is directed to McKee (1995),"
Ferriére (2001)” and Snow and McCall (2006)® for more detailed
information on the different ISM phases. In this review we will
focus primarily on the cold neutral medium and molecular
clouds, regions where collisional timescales are short enough
and gas is sufficiently shielded from energetic photons such that
molecular species are prevalent. Even in these regions typical
terrestrial chemistry does not apply, and ionic species that on
earth would rapidly react with almost anything survive long
enough that observable abundances are maintained, and
become important reactants in the web of interstellar chemistry.

Conditions in all of the different ISM phases are largely
determined by the heating and cooling mechanisms responsi-
ble for injecting or removing energy. Cooling occurs when
collisional excitation of ions, atoms, and molecules is followed
by emission of a photon that escapes the parcel of gas under
consideration, effectively removing kinetic energy from the
system. The species that dominate radiative cooling vary
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depending on the gas conditions, but generally the upper state
must be collisionally excitable (i.e., there must be enough
kinetic energy in the gas to populate the excited state), and
the emited photon must be able to escape the region without
being re-absorbed. Some examples include emission from fine-
structure levels of C* at 158 um (°P3,->PJ,), which dominates
cooling in the cold neutral medium, and emission from
rotational levels of CO and H,O, which dominate in dense
molecular clouds.

Heating, of course, is the reverse process where kinetic
energy is added to the system under consideration, and there
are several mechanisms for doing so in the ISM. Shock waves
from supernovae and stellar winds can directly add kinetic
energy to the gas. Energetic particles (cosmic rays) and photons
can ionize atomic and molecular species, after which the free
electron tranfers its kinetic energy to the gas via collisions.
Energetic photons can also be absorbed by small dust grains
and large molecules known as PAHs (polycyclic aromatic hydro-
carbons), thought to be ubiquitous throughout the ISM. This
energy goes into electrons that can diffuse throughout and
potentially escape from the grain/PAH, and again collisions
transfer the energy to the gas. This process, known as photo-
electric heating, dominates in diffuse atomic and diffuse molec-
ular clouds, while cosmic-ray heating becomes important in
dense clouds, as will be mentioned later.

It is the balance of these heating and cooling mechanisms
that determines conditions in the different ISM phases. By
accounting for these processes various studies*™® have found
that the warm ionized medium, warm neutral medium, and
cold neutral medium can all exist in rough pressure equili-
brium with the densities and temperatures quoted above.
Molecular clouds are not in pressure equilibrium with their
surroundings, but are instead self-gravitating structures, as
previously mentioned. Indeed, it is the collapse of these clouds
to ever higher densities that eventually results in the formation
of new stars.”” All of this introductory material on heating,
cooling, and physics in the ISM is discussed in greater detail in
several well-written textbooks, and the interested reader is
referred to The Physics and Chemistry of the Interstellar Medium
by A. G. G. M. Tielens'® and Astrophysics of Gaseous Nebulae and
Active Galactic Nuclei by D. E. Osterbrock and G. J. Ferland."*

As with physics in the ISM, interstellar chemistry can also
vary widely depending on the environment. Gas-phase reac-
tions dominate in diffuse atomic, diffuse molecular, and dense
molecular clouds,'*** and reactions on the surfaces of dust
grains increase in importance in cold, dense clouds.™ In all of
these environments, the gas phase chemistry is thought to be
driven by ion-neutral reactions, which, with no activation energy
barriers, typically have larger rate coefficients (k ~ 10~° ecm® s™),
than neutral-neutral reactions (k ~ 10™** cm® s™*). Ion-neutral
chemistry inherently requires some ionization mechanism, and
both photons and cosmic rays are potential candidates. However,
photons with E > 13.6 eV do not travel very far from their points of
origin before being absorbed due to the prevalence of neutral,
atomic hydrogen in the ISM. This means photoionization is only
efficient for species with ionization potentials below that of
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hydrogen (e.g., C, Si, Cl). For atomic hydrogen and species with
higher ionization potentials—e.g., He, O, N, H,, D—there is a lack
of ionizing photons in interstellar clouds. As a result, these
species are primarily ionized by cosmic rays, which can operate
through the entirety of the molecular ISM.

2 Cosmic-ray history and basics

In the early twentieth century, a background signal seen with
electroscopes was attributed to some source of highly penetrat-
ing radiation. It was hypothesized that this radiation was due to
the decay of radioactive nuclei in the earth and the atmosphere,
a scenario that predicts the background signal decreasing with
increased altitude. In 1912 Victor Hess discovered via balloon-
born electroscopes that the rate of ionizing radiation increased
at higher altitudes to a few times that measured on the ground,
and concluded that there must be a source of penetrating
radiation entering the atmosphere from above.'> Because of
this experiment, Hess is generally credited with the discovery of
what Robert Millikan would later dub “cosmic rays”.'®

Although originally thought to be electromagnetic radiation,
our modern understanding of cosmic rays is that they are in
fact highly energetic charged particles. The vast majority of
cosmic rays are protons, but there are also cosmic-ray electrons,
positrons, and bare nuclei of helium and heavier elements. The
cosmic-ray energy spectrum (particle flux as a function of
kinetic energy) is fit rather well by a power-law distribution
(¢ oc E>7) from 10"° eV all the way up to 10>" eV (see Fig. 1).'®
This slope and the turn-over in flux that occurs below about
10'° eV is consistent for protons and heavier nuclei (e.g., C, O,
Fe), suggesting a common origin and acceleration process."’
Below about 10° eV the cosmic-ray flux becomes more difficult
to measure as lower-energy particles are deflected from the
solar system by the magnetic field coupled to the solar wind, an
effect known as modulation. However, as spacecraft such as
Voyager and Pioneer travel farther from the sun and the influ-
ence of the solar wind, new data at lower energies (107 eV) are
continuously acquired.®

Because cosmic rays are charged particles, they are deflected
by the Galactic magnetic field and do not point back to their
places of origin. This makes it impossible to directly pinpoint
the sources responsible for particle acceleration. Mounting
indirect evidence, however—including energetics arguments
and observations tracing the effects of cosmic rays on the
ISM—suggest that most Galactic cosmic rays are likely acceler-
ated by the shock waves expanding in supernova remnants
through a process known as diffusive shock acceleration.”

As cosmic rays propagate away from their sites of accelera-
tion and through the Galaxy,§ they interact with the ISM and
the interstellar radiation field in a variety of ways. These
include excitation and ionization of atomic and molecular
species, the excitation of nuclear states, spallation (fragmenta-
tion) of ambient heavy nuclei, the production of neutral pions
(n°) through inelastic collisions, and inverse Compton (IC)

§ When capitalized, “Galaxy” generally refers to our own Milky Way.
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Fig. 1 The all particle spectrum of cosmic rays—prepared by S. P. Swordy for

Cronin et al. (1997)."7 S. P. Swordy, The Energy Spectra and Anisotropies of
Cosmic Rays, Space Sci. Rev., 2001, 99, 85-94, Fig. 1, © Springer Science +
Business Media, with kind permission from Springer Science + Business Media.

scattering (Note that some processes are unique to leptonic
species, e.g., IC, while others are unique to hadronic species,
e.g., 1° production). All of these interactions leave some obser-
vable signature that can be used to infer the presence of cosmic
rays: enhanced abundances of molecular ions (e.g., H;', OH",
HCO") from ionization; enhanced °Li, °Be, and '°B abundances
from spallation; emission of 4.44 MeV and 6.13 MeV gamma-
ray lines from the nuclear de-excitation of "*C and '°0, respec-
tively; increased gamma-ray flux near 70 MeV (about one-half of
the ° rest mass energy) from decay of neutral pions into pairs
of photons; increased gamma-ray flux from upscattering of
photons on cosmic-ray electrons (IC). The “strength” of each
observable (e.g., flux of gamma-ray emission, abundance of
H;") can be predicted given an adopted cosmic-ray spectrum.
This is because the energy dependence of the cross sections for
the aforementioned interactions are known (see Fig. 2). The
rate of a particular process R, (e.g., ionization of H,, formation
of ?Be) is given by

R, = 4nG, / J(E)o(E)E, ()

where j(E)dE is the differential spectrum in terms of protons per
unit area per unit time per unit solid angle with kinetic energy
in the range dE, o,(E) is the cross section for process x, and G, is
a coefficient specific to each process (e.g., accounting for
ionization by heavier nuclei). Some of the first determinations
of the cosmic-ray ionization rate—a parameter important to
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Fig. 2 Cross sections for select processes described in Section 2, including
ionization of atomic hydrogen,?* nuclear excitation of '®0O by protons,?® spalla-
tion of 'C by protons to form °Li,>’ and production of neutral pions from
proton—proton collisions.?®

astrochemical modeling—were made using this method.**??

These studies extrapolated the cosmic-ray spectrum observed
above ~1 GeV down to lower energies and used the Bethe cross
section for the ionization of atomic hydrogen.>* By numerically
integrating the product of both functions over energy,
Hayakawa et al. (1961)*> and Spitzer and Tomasko (1968)>
calculated the cosmic-ray ionization rate of atomic hydrogen,
finding {;; =107 s " and {; = 7 x 107 *® 577, respectively.

While the integration of eqn (1) is in principle a straight-
forward calculation, the inferred ionization rates differ by over
a factor of 100 due to differences in the authors’ extrapolation
of the particle spectrum to MeV energies. This is because the
cross section for ionization increases with decreasing energy,
making protons in the 1-10 MeV range—below the lowest
energies where the particle flux has been observed—the most
efficient at ionization. Also, these calculations ignore the fact
that the distribution of cosmic-ray energies changes as particles
propagate into a cloud due to the energy dependence of various
interaction cross sections. The larger ionization cross section
for low-energy particles means that they will lose energy faster
than high-energy particles, and so will be preferentially
removed from the spectrum. As a result, as cosmic rays pene-
trate further and further into a cloud the particles most
efficient at ionization are lost and the ionization rate will
decrease. Recent studies attempt to account for these effects
by computing the particle spectrum as a function of depth into
the cloud,” but such calculations are beyond the scope of this
review.

3 Interstellar chemistry

Of all the processes described above, cosmic-ray ionization is
the most important in terms of astrochemistry. Beyond initiat-
ing the chain of ion-molecule reactions that drives interstellar
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chemistry, ionization has several other relevant effects. Some of
these include the energy introduced by the resulting free (often
called secondary) electrons, the emission of UV photons from
the Lyman and Werner bands of H, (excited by secondary
electrons), and the desorption of molecules off of grains, as
will be discussed below. Because cosmic-ray ionization is so
important to astrochemistry, there have been a number of
studies devoted to determining the rate at which this process
occurs. Many of these studies utilize observations of molecular
species that are associated with the beginning steps of ion-
molecule chemistry in order to infer the cosmic-ray ionization
rate. To understand how this is done, it is necessary to describe
some of the relevant background chemistry for several species.
Note that the following subset of reactions is far from repre-
senting the complete chemistry that occurs in the ISM, and the
reader is directed to recent reviews*>? if interested in a deeper
understanding of ion-molecule chemistry in astrophysical
environments.

3.1 Hydrogen chemistry

Probably the simplest example of interstellar chemistry is the
purely hydrogenic chemistry surrounding the H;" molecular
ion that occurs in diffuse molecular clouds. H;" is formed in a
two-step process, beginning with the aforementioned ioniza-
tion of H, by cosmic rays,

H,+CR - H," + e + CR/, (2)
which is followed by a reaction of H," with H,,
H," +H, » Hy" + H. (3)

Cosmic-ray ionization is the rate-limiting step in this process
(see Table 1 for reaction rate coefficients) and can be taken as
the formation rate of H,*. In diffuse molecular clouds, H," is
predominantly destroyed via dissociative recombination with
electrons,

H,*+e” > H,+HorH+H +H. (4)

Reactions (2)-(4) are an excellent approximation to the com-
plete chemistry of H;" in the diffuse, molecular ISM. There are,
of course, other reactions that can be considered in this
chemical scheme, including the dissociative recombination of
H," with electrons,

H,"+e” - H+H, (5)
and charge transfer between H," and H,
H,"+H — H' + H,. (6)

However, they do not play major roles in environments where
nearly all hydrogen is in the form of H, as they are dominated
by reaction (3). Reaction (5) requires large electron abundances
(n(e)/n(H,) > 0.08) in order to compete with reaction (3), and as
long as n(H,)/n(H) > 0.31, H," will most frequently react with H,
rather than H.
Similarly,
pathways for H;" involving various neutral atoms and mole-
cules, e.g.,

there are numerous alternative destruction
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Table 1 Values below are from the periodically updated list of reaction rate
coefficients maintained in the UMIST database for astrochemistry (UDFA), avail-
able online at http://www.udfa.net/*°

Reaction # Reactants Rate coefficient (cm® s7%)

3 H,, H," 2.08 x 10°°

4 H;" e 6.7 x 10~% (1/300) %"

5 H,", e 1.6 x 10~° (7/300)"**?

6 H,', H 6.4 x 107 °

7 H;", co 1.7 x 107°

8 H;", CO 2.7 x 107

9 H,', 0 8.4 x 1071

10 H;", N, 1.8 x 107°

12 HY, 0 7.31 x 10" (7/300)"** exp(—225.9/T)

13 o', H, 1.7 x 107°

14 OH', H, 1.01 x 10°°

16 OH', e~ 3.58 x 10~% (1/300) *°

15 H,0", H, 6.4 x 1071°

17 H,0", e~ 4.3 x 1077 (1/300)7%>°

18 H;0%, e~ 4.3 x 1077 (1/300) **°

19 H', D 1.0 x 10~ ° exp(—41.0/T)

20 D', H, 2.1 x 107°

21 H;', HD 3.5 x 107

22 H,D', CO 5.7 x 107°
H; "+ CO — H, + HCO", (7)
H; "+ CO — H, + HOC", (8)

H;"+0 — H, + OH", 9)

H;" + N, —» H, + HN,". (10)

For typical electron abundances in diffuse clouds (n(e)/n(H,)
~ 10*) though, dissociative recombination of H;" with elec-
trons is much faster than reactions (7)-(10). As a result, they
can be safely omitted from an approximated diffuse cloud
chemical network. However, in regions such as dense clouds
with much lower electron abundances (n(e)/n(H,) ~ 1077),
these become the dominant pathways by which H;" is
destroyed. In fact, it is these very reactions which begin produ-
cing larger molecular ions that make H;", and thus ionization
by cosmic rays, so important to interstellar chemistry.

3.2 Oxygen chemistry

Ionization of atomic hydrogen by cosmic rays,

H+CR - H +e +CR/,

(11)

is also of great importance to interstellar chemistry. With H"
present, the chemistry of oxygen bearing species begins with
endothermic charge transfer to oxygen to form O°,

H" +0+AE & O"+H,

(12)

where AE = 226 K represents the endothermicity of the forward
reaction, and the double-sided arrow shows that the exothermic
back-reaction proceeds uninhibited. Hydrogen abstraction

from H, then forms OH",
O"+H, > OH" + H.

(13)

This chain of hydrogen abstraction reactions can proceed up to
H;07, ie.,

OH' + H, —» H,0" + H, (14)
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H,0" + H, —» H;0" + H, (15)

but at every step competes with dissociative recombination
with electrons:

OH' +e” - O+H, (16)
H,0' + e~ — products, (17)
H;0" + e~ — products. (18)

Two of the products resulting from dissociative recombination
of H;0" and H,0" include OH and H,O, both of which are
thought to be primarily formed through this process in the
diffuse ISM.

As before, this set of reactions is only an approximation to
the interstellar oxygen chemistry in diffuse clouds. Reaction
(12) is certainly not the only way in which H" is destroyed as
protons can also recombine with electrons, react with other
neutrals (e.g., reaction (19) below), and stick to small dust
grains and PAHs. The importance of these other channels will
be discussed in Section 4.1.

3.3 Deuterium chemistry

H' can also undergo charge exchange with deuterium,

H" +D+AE < D' +H, (19)

where AE = 41 K. This is similar to reaction (12) where the
forward reaction is endothermic, while the back-reaction pro-
ceeds freely. The resulting D' reacts with H,,

D'+ H, - H + HD, (20)

to form HD. Photodissociation is the primary destruction
mechanism of HD in diffuse material. In cold, dense clouds
HD reacts with H;",

H;"+ HD — H, + H,D", (21)

after which deuterium can be incorporated into more complex
species through reactions of H,D' with neutrals. One such
pathway leads to DCO",

H,D*" + CO —» DCO" + H,, (22)

which, along with its non-deuterated counterpart HCO', has
been observed in dense clouds. Because deuterated species are
linked to ionization of both H and H,, their abundances are
useful in constraining the cosmic-ray ionization rate.

3.4 Caveats

It should be apparent by now that several considerations must
be taken into account when determining which reactions are
driving interstellar chemistry. Despite the simple reaction
schemes presented above, there are numerous reactions not
given that can form and destroy all of the species under
consideration. For example, the UMIST database for astro-
chemistry®® includes almost 20 formation pathways and 50
destruction pathways for OH'. In diffuse clouds the main
channel leading to OH" is reactions (12) and (13), while in
dense clouds reaction (9) dominates.*' The key lies in knowing
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which reactions must be included and which can be ignored
under various circumstances. That said, in most cases a reason-
able approximation to interstellar chemistry for particular
conditions can be represented by a handful of the most
important reactions.

4 Inferring the cosmic-ray ionization rate

It is worth noting here that many times different studies are
actually calculating slightly different ionization rates. These
include: (i) the primary ionization rate ({,) which is the ioniza-
tion rate of atomic hydrogen due only to cosmic-ray particles
(protons and heavy nuclei); (ii) the total ionization rate of
atomic hydrogen ({y) which is the ionization rate of atomic
hydrogen due to cosmic-rays and energetic secondary electrons
produced via ionization; (iii) the total ionization rate of molec-
ular hydrogen ({,) which is the ionization rate of molecular
hydrogen due to cosmic-rays and energetic secondary electrons
produced via ionization. Approximate expressions relating the
different ionization rates are (i = 1.5, and {, = 2.3(,,.>> These
relations account for differences in the ionization cross sec-
tions for H and H,, as well as the expected contribution from
secondary electrons. When comparing ionization rates from
different studies, it is always necessary to determine which
ionization rate is being reported. This is sometimes made more
difficult by the lack of convention for notation, and the occa-
sional lack of any identifying mark beyond (.

Calculating the ionization rate from molecular abundances
is based on the chemical pathways described above. The basic
premise is that the rate of change of the abundance of any
species can be written as a differential equation that accounts
for formation and destruction mechanisms, e.g.,

%H(Hfr) = n(H2+)n(H2)k3 — n(H3+)n(e)k4,

(23)

where n(H," )n(H,)k; gives the formation rate of H;' and
n(H;")n(e)k, gives the destruction rate of H;'. Here, n(X)s are
number densities of species X, and k;s are reaction rate
coefficients.q The inclusion of other formation or destruction
mechanisms simply requires the addition of more terms (e.g.,
—n(H;")n(O)k, in the case of reaction (9)). Note that this means
expressions like these are always approximations to the com-
plete chemistry as more formation and destruction mechan-
isms can be added. For simple analytic expressions steady-state
is typically assumed, making the left-hand side of the equation
equal to 0. This sets the formation and destruction rates equal

to each other:
n(H,n(Hy)ks = n(Hs )n(e)k,. (24)

Assuming that hydrogen is predominantly in molecular form,
steady-state for H," is given by

{on(Hy) = n(Hy n(Hy)ks,

(25)

€ The subscript i denotes the reaction number in this paper.
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and ({,n(H,) can be substituted for the left-hand side of eqn (24)
resulting in

{on(H,) = n(H3+)n(e]k4, (26)

which can then be re-arranged to solve for the ionization rate.
Additionally, substitutions are made to put the equation in
terms of variables that are more easily determined, such as the
electron fraction (defined as x. = n(e)/ny, where ny = n(H) +
2n(H,)) resulting in

_ n(Hs")
OH= k4xenﬂm~

(27)
Observations cannot measure changes in these parameters
along a line-of-sight, so many times a uniform cloud with path
length L and constant x., k;, and number densities are
assumed. In this case, the H;" and H, number densities can
by definition be replaced with column densities| N(H;")/L and
N(H,)/L, respectively, such that

N(H;")

$ = kaxenyu— "

N(H) (28)

gives the cosmic-ray ionization rate in a diffuse molecular
cloud. Similar steady state analyses can be applied to other
species (e.g., OH, HD, OH", HCO', H;0") with the same intent
of inferring the ionization rate.

4.1 Diffuse clouds

The earliest estimates of the cosmic-ray ionization rate utilizing
molecular abundances were based on observations of OH and
HD in diffuse molecular clouds. Because these studies rely on
oxygen and deuterium chemistries, both of which begin with
ionization of atomic hydrogen, the ionization rates determined
therein are total ionization rates of atomic hydrogen, (5. HD
column densities were determined via observations of electro-
nic transitions out of the ground state near 106 nm using
Copernicus—a space-based UV observatory—while OH column
densities were determined from ground-based observations of
electronic transitions near 380 nm, again from the ground
state. With these measured column densities, the reaction
schemes presented above, and reaction rate coefficients from
the literature, ionization rates of typically a few times 107 s~
were inferred in the diffuse, molecular ISM.** Later studies
utilizing OH and HD continued to find ionization rates on the
order of a few times 107" s ',*® in good agreement with
updated estimates of {y = (3-4) x 10~ "7 s~ from the cosmic-
ray spectrum measured by Voyager.*® As a result, it was gen-
erally thought that the cosmic-ray ionization rate was relatively
uniform throughout the Galaxy, and a canonical value of (i =
3 x 107" s was frequently adopted in the literature when
necessary for other calculations.

| Column density is defined as N(X) = [n(X) dL, and gives the total number of
molecules (or atoms) in a pencil beam along the integrated line of sight between
the background source and observer per unit area, typically cm™2 It is a useful
quantity as it is directly related to the strength of absorption lines and easily
calculated from observations.
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Fig. 3 Reproduction of a portion of Fig. 16 in Indriolo and McCall (2012)*°
showing the distribution of cosmic-ray ionization rates. The product {>f ({) allows
one to see "by eye"” what portion of the probability density function (f((5))
carries the largest weight given the logarithmic axis. The mean ionization rate,
35 x 107'® 57", is marked by the dashed line, and the shaded region is the
smallest range of ionization rates in log space that contains 68.3% of the area
(10 equivalent) under the probability density function.

The detection of H;* in the ISM*’ brought a new, less
complicated tracer of the ionization rate of molecular hydrogen
to the stage, and initial results showed an ionization rate over
one order of magnitude larger than previously thought.*® This
was especially striking because ionization rates determined
from OH and H;"' in the same sight line** differed by a factor
of ~15.%° Most recently, a survey of H;" in 50 diffuse molecular
cloud sight lines was used to determine the distribution of
ionization rates in the local region of the Galaxy, resulting in a
mean ionization rate of {, = 3.5 x 107'® s7', and 68.3%
probability (1o equivalent) of ionization rates between 0.5 X
107" s7' and 8.8 x 107'° s7',*® as shown in Fig. 3. The two
most important findings from this study are the confirmation
of a higher mean ionization rate (a few times 10~'® s™* is now
widely accepted as a typical value in diffuse clouds), and the
wide distribution of ionization rates with values as high as
107" s7', and 3¢ upper limits as low as 3 x 107" s~ ' that
suggest variations in the underlying cosmic-ray spectrum.

This brief historical review on the cosmic-ray ionization rate
as inferred from molecular abundances (see Dalgarno 2006
for a more in-depth review on the subject) is instructive for
demonstrating the pitfalls that can arise when approximating
interstellar chemistry with simple analytical expressions. If the
chemical networks associated with hydrogen, oxygen, and
deuterium chemistry were fully described by the reactions
presented in Section 3, there should be no differences in the
ionization rates inferred from different species. As we have
already indicated though, there are many more reactions aside
from those included in this paper. Charge transfers from H' to
O and D (reactions (12) and (19), respectively) are of chief
importance to the formation of OH and HD, but neutralization
of H' on PAHs and small grains is highly competitive with these

** The sight line in question here is that toward the background star HD
24398—also commonly known as { Persei—a bright star well studied at many
wavelengths with column densities measured for several atomic and molecular
species.
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3142 The removal of H" makes the reaction network

processes.
between the ionization of atomic hydrogen and the formation
of OH and HD “leaky”, and was a mechanism not considered
by the studies utilizing these species to infer (4. It was realized
by Liszt (2003)** that accounting for neutralization of H™ on
grains could reconcile the differences in ionization rates
inferred from H;" versus OH and HD, as larger values of {y
are necessary to produce the observed OH and HD abundances
when a significant fraction of H' is removed from the chemical
network.

Recently, observations of OH" and H,O" in a diffuse cloud
toward the background source W51 made with the Herschel
Space Observatory were used in concert with H;" observations in
the same cloud so that ionization rates could be calculated
using both the hydrogen and oxygen chemical networks.** The
ionization rate inferred from H;" was about 14 times larger
than that inferred from OH" and H,O" (when H' neutralization
on grains is naively ignored), similar to the aforementioned
discrepancy found using H;" and OH, suggesting that only
about 7% of the time does cosmic-ray ionization of atomic
hydrogen lead to OH'. By calibrating the relationship between
ionization rates inferred from H;" and from other species, these
other species can then be used independently to determine
ionization rates in regions where H;" cannot be observed. This
is of particular importance given the wealth of recent OH" and
H,O" observations in diffuse, mostly atomic clouds made with
Herschel ***

4.2 Dense clouds

In regions of higher density the destruction of molecules by
photodissociation is minimized due to the severly attenuated
UV field, and timescales for collisions become much shorter,
enabling the formation of more complex species. With more
potential reaction partners, chemistry in dense clouds is more
complicated than in diffuse clouds, making it difficult to infer
the ionization rate from simple analytical expressions. Instead,
most studies rely on chemical models using different combina-
tions of input parameters (e.g., density, temperature, ionization
rate), comparing predicted abundance ratios to those observed
to determine the best-fit physical conditions. A common set of
species observed for this purpose includes HCO', DCO", and
CO, with the ratios n(HCO")/n(CO) and n(DCO")/n(HCO") being
sensitive to the ionization rate and electron fraction. Ionization
rates determined from observations of these molecules in
dense cloud cores are typically in the range 10 ® s7' < {, <
10716 s71,%547 Jower than found in diffuse clouds. This result is
consistent with the picture described in Section 2 where the
ionization rate should decrease deeper inside clouds due to the
loss of lower-energy particles. Rangestt of 1 MeV, 10 MeV, and
100 MeV protons are 2.5 x 10*° em 2, 1.6 x 10** em™?, and
1.2 x 10** em™?, respectively,’® and average column densities
in diffuse clouds are on the order of 10°" cm™?, while average

column densities in dense clouds are on the order of 10** cm 2.

1T Given here as the column density through which a particle can travel before
losing all of its energy to ionization interactions.

This journal is © The Royal Society of Chemistry 2013

As such, the difference in ionization rates between diffuse and
dense clouds is likely explained by a scenario where the inter-
iors of diffuse clouds experience a larger cosmic-ray flux than
the interiors of dense clouds which cannot be reached by low-
energy particles.

5 Further influence of cosmic-rays on
astrochemistry

We have shown above that certain molecular abundances are
highly dependent on the cosmic-ray ionization rate due to their
close association with ion-molecule chemistry. Beyond these
species though, there are more subtle effects that cosmic rays
have on astrochemistry which warrant discussion.

Although cosmic-ray ionization of hydrogen is most impor-
tant for initiating the web of ion-molecule reactions, ionization
of helium can also affect the chemistry in dense clouds. In such
regions nearly all carbon is driven into CO, effectively inhibit-
ing the development of more complex carbon-based molecules.
However, reaction of CO with He",

He'+ CO —» He + C" + O, (29)

frees some amount carbon in the form of C*, which can then
start a chain of reactions leading to methane or acetylene.*
This process can be especially important in the envelopes of gas
surrounding newly forming stars where the warm (7 ~ 200-
500 K) conditions and high densities can drive endothermic
reactions such as

Cc"+H, - CH' + H, (30)

that would not proceed in colder regions.

The interiors of dense, starless cloud cores and the mid-
planes of protoplanetary disks are some of the coldest (T ~ 10 K),
most heavily extincted astrophysical environments. Essentially no
external UV or X-ray radiation reaches these regions, and most
molecules are incorporated into ice mantles on interstellar grains
(so-called “freeze out”) inhibiting the progression of gas-phase
chemistry. As higher-energy cosmic rays can penetrate to the
interiors of dense clouds and disks, they provide an important
source of input energy. Ionization of H, releases free electrons
that—on average—have kinetic energies of about 30 eV.*® Colli-
sions between these electrons and ambient material can serve to
heat the gas and grains. Additionally, collisions with energetic
electrons can excite the Lyman and Werner bands of H,, which
then emit UV photons.*® This mechanism is expected to be the
dominant source of ionizing photons inside such dense regions,
and the induced UV field can both dissociate and desorb mole-
cules frozen onto grain surfaces. Direct cosmic-ray impacts on
grains can also desorb molecules, and both cosmic-ray desorption
and cosmic-ray induced photodesorption are two processes pos-
sibly responsible for maintaining small gas-phase populations of
some molecules in disk midplanes and dense cores.

Cosmic-ray induced photodissociation of molecules frozen
onto grains is also thought to be important for grain-surface
chemistry."* Radicals produced on the icy grain mantle can
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migrate across the surface—if the temperature is high
enough—Ileading to the formation of more complex species.
The warmer temparatures around newly forming stars facilitate
surface migration, and can vastly increase the chemical com-
plexity in these regions.

6 Observable effects of cosmic-rays

As discussed in Section 2, cosmic rays interact with the inter-
stellar medium in a multitude of ways, all of which potentially
produce observable effects. Not only do these observables
indicate the presence of cosmic rays, but they can also be
useful in constraining the cosmic-ray energy spectrum and
ionization rate.

6.1 X-ray line emission from electronic de-excitation

While cosmic rays most frequently ionize H and H,, simply
because hydrogen is so much more abundant than any other
element, they can also ionize every other species in the ISM.
When ionization frees an electron from the innermost (n = 1)
shell of an atom, the vacancy is quickly filled via electronic
transition from a higher level, resulting in the emission of a
photon. For example, the transition from n = 2 to n = 1 in
iron—known as Fe Ko—emits an X-ray photon at 6.4 keV. The
strength of this emission line can be used to determine the rate
at which Fe is ionized, although it does not differentiate
between ionization by photons, hadronic cosmic rays, and
leptonic cosmic rays. Iron is found in all phases of the ISM
(i.e., not confined to clouds shielded from X-rays), and Fe Ko
emission is most commonly seen in regions known for both
high X-ray and particle fluxes (e.g., the Galactic center), making
it difficult to disentangle the contribution from each. Still, one
recent study used observations of the Fe Ka line near the Arches
clustertt to estimate a cosmic-ray ionization rate of 10~ "% s,
much higher than found anywhere else in the Galaxy.>

6.2 Gamma-ray emission from n° decay

Inelastic collisions between hadronic cosmic rays and ambient
nuclei can result in the production of neutral pions:

p+p—>p+p+n’ (31)

The mean lifetime of a n° is incredibly short—about 10~ ¢ s—and
the dominant decay mode (99% of the time) is a pair of
gamma-ray photons,”’ meaning gamma-ray flux can be related
to cosmic-ray flux. The material in molecular clouds presents a
wealth of “targets” for cosmic-ray protons, such that molecular
clouds are expected to be sources of gamma-ray emission.
One of the most exciting recent developments in tracing the
effects of cosmic-ray interactions with the ISM has been the
detection§§ of gamma-ray sources that coincide with molecular
clouds.>

H Large cluster of young, high mass, high luminosity stars near the Galactic
center.

§§ The current generation of gamma-ray observatories operating at GeV and TeV
energies includes Fermi-LAT, MAGIC, VERITAS, and H.E.S.S.
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Gamma-ray emission is also seen from molecular clouds
that are known to be interacting with supernova remnants.
Although it is difficult to determine what portion of the gamma-
ray emission comes from n° decay, inverse Compton scattering,
and/or bremsstrahlung, many supernova remnants also show
synchrotron emission at radio wavelengths due to relativistic
electrons (see Section 6.5 for a discussion on the electron
interactions). Using models to simultaneously reproduce both
the radio and gamma-ray emission spectra, it seems clear in
many cases that the gamma-ray emission does indeed come
from n° decay, thus indicating that supernova remnants effi-
ciently accelerate both leptonic and hadronic particles.

6.3 Gamma-ray line emission from nuclear de-excitation

Just as cosmic rays can excite electronic states in atoms and
molecules, they can also excite nuclear states. The de-excitation
of these states results in gamma-ray photons emitted at specific
energies. For example, de-excitation in "*>C will emit a 4.44 MeV
photon, in *°0 will emit a 6.13 MeV photon, and in *’Ne will
emit a 1.63 MeV photon. As oxygen, carbon, and neon are the
third, fourth, and fifth most abundant atomic species in the
universe (following hydrogen and helium),”* there are ample
targets for cosmic rays. The thresholds for exciting these
nuclear states are in the few MeV range (e.g., see Fig. 2), making
observations of these gamma-ray lines potentially powerful
probes of the low-energy cosmic-ray flux. Unfortunately, to date
these gamma-ray lines have never been detected. Recent esti-
mates of the line flux expected from the inner Galaxy are below
the detection sensitivities of the International Gamma-Ray
Astrophysics Laboratory (INTEGRAL), at present the most sen-
sitive observatory that operates in this energy range.”* However,
it is likely that the next generation of gamma-ray telescopes will
be able to detect these nuclear de-excitation lines, adding a
unique constraint to the low-energy cosmic-ray flux.

6.4 Light element isotope abundances

Aside from exciting nuclear states in heavy atoms, cosmic rays
can also fragment heavy atoms into smaller pieces (a process
called spallation). The most common of these interactions are
proton and alpha particle (helium nucleus) cosmic rays spalling
carbon, nitrogen, and oxygen nuclei,

(p,®) + (C,N,0) — (°Li,’Li,’Be,'°B,"'B), (32)

resulting in different isotopes of the light elements lithium,
beryllium, and boron. Also, o particle fusion reactions,

o + *He — (°Li,’Li),

(33)

can generate either of the lithium isotopes. Despite their small
sizes, Li, Be, and B are some of the least abundant elements in
the universe—about 10 orders of magnitude less abundant
than hydrogen. While some amount of ‘Li was produced
through nucleosynthesis shortly after the big bang, and both
“Li and "B can be produced in supernova explosions, the other
three isotopes are thought to only form via cosmic-ray spalla-
tion. This means that the abundances of °Li, °Be, and '°B can
be useful in tracing the cosmic-ray flux. However, observed
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absolute abundances of these isotopes depend on many factors,
including the abundances of C, N, and O throughout the
history of the Galaxy, the cosmic-ray flux throughout the history
of the Galaxy, and the possibility for incorporation into and
destruction within stars. The relative abundances of these
species though should say something about the time-averaged
shape of the cosmic-ray spectrum near the energy thresholds at
which the relevant spallation interactions “turn on”. Indeed,
certain functional forms of the low-energy cosmic-ray spectrum
are likely ruled out because they do not reproduce the observed
°Li/’Be and '°B/°Be abundance ratios.*”

6.5 Inverse compton, synchrotron, and bremsstrahlung

Cosmic-ray electrons are also responsible for generating var-
ious observables, primarily high or low energy photons,
through mechanisms such as inverse Compton scattering,
bremsstrahlung, and synchrotron. As described above, inverse
Compton scattering is a process by which photons—primarily
photons from the Cosmic Microwave Background—interact
with relativistic electrons, gaining energy in the process. As
photons pass through a region with a high concentration of
energetic electrons, many will be upscattered to gamma-ray
energies, thus providing a signature of the cosmic-ray electrons.
Bremsstrahlung—literally “braking radiation”—results when a
charged particle, generally an electron, is deflected by the
electric field of an ambient nucleus. While all electrons emit
bremsstrahlung radiation, the resulting spectrum is different
for thermal (e.g., hot plasma) versus non-thermal (cosmic rays)
energy distributions, making it possible to distinguish the
signatures of each. Finally, synchrotron radiation is the result
of charged particles spiraling about magnetic field lines in the
ISM. Electrons lose energy to this mechanism much faster than
protons, meaning that observed synchrotron radiation is domi-
nated by electrons. Given a population of energetic electrons,
all three of the above processes will occur. Readers interested in
more details on the subject are directed to a review® that
discusses inverse Compton, bremsstrahlung, and synchrotron
radiation, how the different mechanisms depend on the under-
lying distribution of electron energies, and what radio, X-ray,
and gamma-ray observations of supernova remnants reveal
about electron acceleration.

6.6 Constraining the cosmic-ray flux

With so many observable effects revealing the presence of
energetic particles, it should be possible to use a suite of
observations in determining the cosmic-ray energy spectrum.
Molecular abundances, light element isotopes, gamma-ray flux,
X-ray flux, radio flux: all depend on the spectrum of cosmic
rays, and all in different ways because of the energy dependent
cross sections. Ionization and nuclear de-excitation trace par-
ticles with MeV energies; spallation, particles with energies
on the order of tens of MeV; pion production, particles
with energies on the order of hundreds of MeV and higher.
By observing all of these tracers, the underlying proton
spectrum can be reconstructed piece by piece. With the addi-
tion of synchrotron, bremsstrahlung, and inverse Compton
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observations, the importance of protons versus electrons can
be constrained. While no study taking advantage of all of these
tracers has yet been made, the next generation of telescopes
and instruments at relevant energies should bring such a
possiblilty to light.

7 Summary

The goal of this tutorial review has been to outline our modern
understanding of cosmic rays, examine the many ways in which
energetic particles interact with interstellar matter, describe the
potential observable signatures produced by these interactions,
and provide an overview of the effects that cosmic rays have on
the chemistry and chemical makeup in astrophysical environ-
ments. With that in mind, we briefly review some of the key
points discussed herein.

1. Chemistry in astrophysical environments is primarily
driven by fast ion-molecule reactions. Photoionization is only
efficient for species with ionization potentials below that of
atomic hydrogen (13.6 eV), while cosmic rays can ionize any
species in any location. As a result, it is thought that cosmic-ray
ionization is vital to initiating chemical reaction networks
throughout the ISM.

2. Observed abundances of certain molecular ions, such as
H,;*, OH', H,0", HCO", and DCO", can be used to infer the
cosmic-ray ionization rate. Current findings show average
ionization rates to be about 10 times larger in diffuse clouds
than in dense clouds, and both environments show distribu-
tions of ionization rates spanning 1-2 orders of magnitude.

3. In environments that photons cannot penetrate, cosmic
rays provide a source of input energy by freeing electrons and
inducing an internal UV field through the excitation of H,.
These effects can be important for driving chemistry on grain
surfaces, a process likely important to producing the chemical
diversity observed in regions where young stars are forming.

4. Isotopes of the light elements lithium, beryllium, and
boron are produced via cosmic-ray spallation of heavier nuclei
in the ISM. In the case of °Be this is thought to be the sole
production mechanism, meaning all beryllium on Earth is the
result of cosmic-ray spallation—an example of just how close to
home we can see the effects that cosmic rays have on chemistry.

5. Cosmic-ray protons and electrons can interact with inter-
stellar matter to produce gamma rays via n° decay and brems-
strahlung, respectively. Electrons can also interact with the
radiation field through inverse Compton scattering, turning
low-energy photons into high-energy photons. Gamma-ray
observations of supernova remnants indicate that all of these
processes are occuring, supporting the picture of remnants as
cosmic-ray accelerators.

As larger telescopes are built, more sensitive instruments are
designed, and new transitions are identified through laboratory
spectroscopy, the list of molecules detected in the ISM will
continue to grow. At the same time, laboratory work is improv-
ing the accuracy of reaction rate coefficients, and model
chemical reaction networks are growing ever more complex to
incorporate different physical effects. The combination of all of
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these developments presents an exciting prospect, where the

entire inventory of observed molecules is used in unison to
constrain the cosmic-ray ionization rate and other physical
parameters. Certainly, the future intertwining of astrochemistry
and particle astrophysics is looking bright.

The authors thank the anonymous referees for comments
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