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Cosmic rays play a vital role in initiating the chemistry tloecurs in molecular clouds. The
ionization of H and H begins a network of ion-molecule reactions responsiblegtoarerating
many of the diatomic and small polyatomic molecules obskiwéhe interstellar medium. A few
such species—HCQ DCO*, OH*, H,O", and Hj in particular—are formed and destroyed by
rather simple processes, making them powerful probes ofdbmic-ray ionization rate. | will
discuss the current status of observations of these malemuris within our Galaxy, as well as
the conclusions that can be drawn from this ever-growingsam
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1. Introduction

The interstellar medium (ISM) is home to a rich variety ofraio and molecular species, and
the gas-phase chemistry responsible for forming many @ftineolecular species is driven by fast
ion-molecule reactions. Generation of the ions necesaahjs scheme requires a source of ioniza-
tion, and cosmic rays—which can traverse large columns d¢érnahwithout being stopped—are
widely accepted as the dominant ionizing mechanism. Bectugsformation of various molecules
and molecular ions is closely linked to the ionization of Hi &y by cosmic-rays, observations of
such species can be used to infer the cosmic-ray ionizaditendr.

The rate of ionization of any species by cosmic rays is cdietidoy the energy dependent
ionization cross section and the cosmic-ray flux as a funabioparticle energy. lonization cross
sections for H and Klincrease with decreasing energy below about 1 GeV [1, 2hwer-energy
particles are more efficient at ionizing both species. Wthikecosmic-ray flux above about 1 GeV
can be directly measured by experiments in Earth orbityett@nergies the magnetic field coupled
to the solar wind excludes such particles from the innerrseyatem. At present there is only
one direct measurement of the local interstellar cosmicspectrum down to about 2 MeV [3]—
thanks toVoyager passing beyond the solar wind termination shock—and ikedylithat this does
not represent the low-energy particle flux throughout thigealaxy. Determining the cosmic-
ray ionization rate via observations of various molecukas thus place useful constraints on the
low-energy particle spectrum.

2. Interstellar Chemistry

Conditions within the ISM such as density)(kinetic temperaturel(), and radiation field vary
widely between different environments, and determine vgpaties will be present and how they
form. Dense molecular clouds are cold€ 30 K) and, by definition, dense & 10* cm3). They
are opaque to optical and UV photons, which limits photaxiiggion processes and photoion-
izaion of metals such as C, S, and Si that are thought to berimany sources of free electrons.
This scarcity of electrons and energetic photons removesofithe main mechanisms by which
molecules are destroyed, enabling the formation of moreptaxspecies. However, the low ki-
netic temperature inhibits reactions that must overcontenpial energy barriers, blocking some
routes forward in the chemical network. Clearly, some bagant these effects—and others—will
determine the abundances of various atoms and moleculengedlouds.

Diffuse molecular clouds have lower densities~ 100 cm 3), warmer temperatured (~
70 K), and are transparent to many optical/UV photons, wkiedps metals singly ionized (i.e.,
C*, S*, Sit) and the electron abundance high. Hydrogen is still predantly in molecular (k)
rather than atomic (H) form, so that cosmic-ray ionizatidrg initiates the ion-neutral reaction
network. In slightly warmerT ~ 100 K), more tenuous(~ 10-30 cn13) gas, hydrogen remains
mostly in atomic form so that ionization of H is more impottan

2.1 Hydrogen Chemistry

To demonstrate how observations of molecular species casdzein tracing the cosmic-ray
ionization rate, consider the chemistry surrounding hgdroin diffuse molecular clouds. JHs
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first ionized by a cosmic ray,
H,+CR—Hj +e +CR, (2.1)

after which the H ion reacts with H,
H; +Hz — Hf +H, (2.2)

resulting in the formation of K. Cosmic-ray ionization is the rate-limiting step in thisopess
and can be taken as the formation rate gf.Hn diffuse molecular clouds, His predominantly
destroyed via dissociative recombination with electrons,

H +e - Hx+HorH+H+H, (2.3)

and reactions (2.1)—(2.3) are an excellent approximatiathe complete chemistry of H There
are, of course, more reactions that can be considereddinglu

H; +CO— Hp+HCO", (2.4)

Hi + 0 — Hy+OH', (2.5)
and

H3 + Nz — Ha -+ HNJ, (2.6)

which account for other routes by whichjHs destroyed, but the abundances of the reactants and
the reaction rate coefficients mean these channels argitdgicompared to dissociative recombi-
nation with electrons under typical conditions in diffuseletular clouds.

The rate of change of the abundance gf ¢ér of any molecule) can be described as a differ-
ential equation that accounts for formation and destranati@chanisms, e.g.,

%n(H}) =n(H; )n(Hz)kz2 — n(H3 )n(e)kz 3, (2.7)

wheren(HJ )n(Hz)kz» gives the formation rate of ¥ n(H3 )n(e)k.3 gives the destruction rate of
H3, n(X)s are number densities of speciksandk;s are reaction rate coefficients for reaction
herein. As stated above, reaction 2.1 is the rate-limitieg & Hj formation, and so can replace
the formation term in equation (2.7). Assuming steady stege, constant Bl abundance), the
formation and destruction rates can be set equal to each githiag,

{on(H2) = n(Hz)n(e)kas, (2.8)

where, refers to the cosmic-ray ionization rate of.HThis can be re-arranged to solve for the
ionization rate. Various substitutions (see [4] for detditlescription) for more easily determined
variables such as the electron fractioe] = n(e)/ny, whereny = n(H) + 2n(H;)) and for ob-
servable quantities such as column densities rather thab&udensities results in
N(H3)

Zz = k2_3xen 73. 2.9
Similar steady state analyses can be applied to other spéeig., OH, OH, HCO"), and the
interested reader is referred to a recent tutorial revigiglai[5] for a more lengthy discussion on
the chemical networks involved.
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3. The Cosmic-Ray lonization Rate

Estimates of the cosmic-ray ionization rate based on mt@ea@abundances have been made
for over 40 years now. Dense cloud ionization rates are g#iwesn the order of a few times
1017 s~1, while diffuse cloud ionization rates are more typicallyevftimes 1016 s~1 [6]. This
difference can be explained by the column density of mdténiaugh which cosmic rays must
travel to reach the two different environments. The lowrgpearticles most efficient at ionization
will lose all of their energy before reaching the interiofglense clouds, so that such environments
will only be influenced by higher energy particles. This ledo a lower ionization rate in dense
clouds than in regions such as diffuse clouds that low-gneagticles still affect.

3.1 Diffuse Clouds

Many of the earliest estimates of the cosmic-ray ionizatate in diffuse clouds utilized ob-
servations of OH and HD [7, 8]. More recently; Hias become regarded as the most reliable tracer
of the ionization rate as its formation and destruction raaidms are rather straightforward (see
above). Surveys searching fog Hn diffuse molecular clouds now cover over 60 sight linesd an
about half of those show Habsorption lines [4, 9]. The distribution of cosmic-rayiation rates
inferred from this sample of {observations is roughly log-normal with mean (dg) = —15.36
(¢ = 4.3x 107%® s71) and standard deviation 0.24, and is shown as a histograine itop panel of
Figure 1.

While HJ observations are considered to be the most accurate me#nfsrdahg the cosmic-
ray ionization rate, they are limited in scope due to thetiradaveakness of the absorption features
(typically only 1-2% deep), and the necessity for backgdosmurces bright at 3.@m that are free
of interfering absorption features. Thierschel Space Observatory has provided another means of
estimating by observing the related species Oknd HO™, which form following cosmic-ray
ionization of atomic hydrogen and charge transfer to oxygdmese particulaHerschel observa-
tions use bright sub-mm continuum sources that can be $dymralistant as targets, probing all
foreground gas in multiple intervening clouds via absarpspectroscopy [10, 11].

A survey targeting OH and HO™ absorption in 20 sight lines throughout the Galaxy has
detected both molecules in over 100 different velocity comgnts [12]. Cosmic-ray ionization
rates have been calculated in many of these componentshanegulting distribution is very
similar to that found via i (see bottom panel of Figure 1). Again the distribution is-fmymal,
and it has a mean value of 16&) = —15.56 ({> = 2.7 x 10716 s71) and standard deviation 0.29.
Combining both data sets, it is apparent that the cosmigenaization rate in diffuse clouds has
an average value of about3101® s~1, but can vary between about 19 s~ ! and several times
10 st

3.2 Dense Clouds

Unlike diffuse cloud observations where molecules are geabsorption toward some back-
ground continuum source, dense cloud observations relyaaaumlar emission lines. While the
analysis of emission lines is generally more complex that ¢fi absorption lines, the ability to
map molecular emission removes the need for a bright bagkdrsource, enabling observations
over larger portions of the sky.
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Figure 1: Reproduced from [12]. Histograms showing the distributiboosmic-ray ionization rates deter-
mined from observations of H(top panel) and from OH and HO™ (bottom panel). All ionization rates
above lod{») = —14.8 are inferred from gas in the Galactic center, and are naidied in the distribution
analysis.

Chemistry in dense clouds tends to be more complex thanfursditlouds, with more reaction
pathways leading to more species and larger species. Formpéxathe lower electron abundance
in dense clouds means that reactions (2.4)—(2.6) becomertamp destructions mechanisms for
H3. Beyond leading to more species though, this complexity aiskes analytical approxima-
tions highly inadequate for describing molecular abundandnstead, large systems of coupled
differential equations accounting for hundreds of spear@$thousands of reactions are often uti-
lized (e.g., [13]). Many times, simplified versions of thesemical networks (i.e., focusing only
on a subset of related species and reactions) are also esdploy

One group of molecules that has been used to infer the camyimnization rate in dense
clouds includes HCO, DCO", and CO [14]. These molecules are employed because the hso io
are formed through reactions of CO withj Hind with its deuterated isotopologues (e.gDPH),
and so linked taZ,. lonization rates inferred from this analysis range fronowbl0 8 s1 to
10716 571 [14], but results are highly dependent on the assumed Ciimplfactor (amount of
CO frozen onto dust grains). More recent studies have atehtp account for these uncertainties
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by including physical models (i.e., temperature, density depletion profiles) within the chemical
networks. Average ionization rates determined by suchiesuare a few times 137 s1 [15].
These are in good agreement with earlier findings based amati®ns of H3CO™ and physical
models of the dense envelopes surrounding massive pna¢s6].

3.3 The Atomic ISM

A recently detected molecule with the potential to constthe cosmic-ray ionization rate in
regions of almost purely atomic gas is ArH17]. This noble gas bearing molecule is formed via
the ionization of Ar by cosmic rays, and the reaction of" Avith H,. However, ArH" is also
destroyed by reactions withJ1so too much molecular hydrogen will reduce the abundanioevbe
detectable limits. For this reason, we can be certain thidt'As tracing low density, mostly atomic
(H2/H ~ 10~%) gas. Although not yet used for inferrirfy the formation process of ArHclearly
makes it a potential probe of the cosmic-ray ionization ianvironments not traced by any other
species.

4. Summary

Observations of various molecules are used to infer the icasay ionization rate in different
environments. In dense clouds HEODCO', and CO are used in tandem with both physical
models and complex chemical networks, and average iooizedies are on the order of a few times
1071 s71. In diffuse clouds H, OH", and HO" are observed in absorption, and independent
analyses of Bl and of OH" and H,O" give average ionization rates of a few times 40s-1. The
atomic ISM has now been probed via ArHand it is only a matter of time before this species is
also used to infe. Although there are large variations in the ionization satelculated in each
environment (about 1-2 orders of magnitude in each caseytrage diffuse cloud ionization rate
is clearly about a factor of 10 larger than the average delosel @onization rate. This stems from
the inability of low-energy cosmic rays—those most effitiahionization—to reach the interiors
of dense clouds, as all of their energy is used up ionizingigése outer layers of the clouds. It
will be interesting to see if the same pattern holds true égians probed by ArH versus diffuse
clouds, which would indicate a population of even lower ggguarticles incapable of penetrating
diffuse clouds. By inferring ionization rates in all of tleedifferent environments, we can hope
to determine the underlying cosmic-ray spectrum in each.cés doing so, we will learn more
about how the particle spectrum changes with environmartd,vehat this means about particle
propagation through atomic and molecular gas.
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