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The energy spectrum of cosmic-rays --- a product of particle acceleration and subsequent 
diffusion --- is generally assumed to be uniform throughout the Galaxy (Webber 1998).  As a 
result, the cosmic-ray ionization rate inferred in similar environments (e.g. in several diffuse 
clouds) should also be relatively constant.  However, current estimates of the ionization rate in 
diffuse molecular clouds vary over the range (1-8)×10-16 s-1.  In addition, there are a few sight lines 
with 3σ upper limits of ζ2 ≤ 10-16 s-1, suggesting even lower ionization rates in some clouds.  This 
roughly order of magnitude difference in the cosmic-ray ionization rate between sight lines 
contradicts the concept of a spatially uniform cosmic-ray flux.

We present cosmic-ray ionization rates derived from several published and unpublished 
spectroscopic observations of H3

+ in diffuse cloud sight lines.  These ionization rates are then 
compared with various other parameters (Galactic latitude, Galactic longitude, hydrogen column 
density) in a search for correlations.  Also, sight lines in close proximity are compared to each 
other to determine the variability of the ionization rate on small spatial scales.

ABSTRACT

The positions of our target sight lines in Galactic coordinates. Larger symbols correspond to a 
higher ionization rate.  Black squares are based on detections of H3

+ and red triangles on upper 
limits.  At present, it seems that we are more likely to detect H3

+ in the Galactic plane. It is 
interesting that most of the sight lines in the Oph-Sco region have spectra with S/N ≥ 400 and yet 
show no evidence of H3

+ absorption. However, unreduced data toward multiple sight lines in the 
Per OB2 association may soon change this preliminary finding.

Variation in the Ionization Rate with Respect to Galactic Coordinates

Cosmic-Ray Ionization Rate vs. Hydrogen Column Density Per Cloud

Ionization rate vs. hydrogen column per cloud.  Black squares and blue diamonds are derived 
from H3

+ detections and shown with 3σ error bars.  Blue diamonds, however, are sight lines with 
multiple velocity components in H3

+, and so NH has been scaled accordingly.  Red triangles are 
derived from 3σ upper limits on the H3

+ column.  Data are from McCall et al. (1998), McCall et al. 
(2002), Indriolo et al. (2007), and currently unpublished results.  As expected, the ionization rate 
tends to decrease with increasing hydrogen column.  This is because the low energy cosmic-rays 
primarily responsible for ionizing H2 cannot travel through a column much greater than a few 
times 1021 cm-2 before losing all of their energy (Cravens & Dalgarno 1978).
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Small Scale Uniformity

These two spectra (above left) show the R(1,1)u and R(1,0) absorption lines of H3
+ toward HD 

168625 and HD 168607.  These stars are separated by about 1 arcminute on the sky (above right; 
image from the Digitized Sky Survey), which corresponds to 0.4 pc at a distance of 1400 pc.  As a 
result, we expect both sight lines to probe similar material and conditions.  Both spectra indicate 2 
cloud components in velocity space, although these features are much clearer in the HD 168625 
spectrum.  The derived ionization rates for these two sight lines are consistent with each other 
within the calculated uncertainties.  On small spatial scales then, it would appear that the cosmic-
ray ionization rate may be relatively constant.

SPATIAL VARIABILITY

SUMMARY
By using observations of H3

+, we have inferred the cosmic-ray ionization rate along several 
diffuse molecular cloud sight lines.  These ionization rates were then compared to various other 
parameters, including Galactic coordinates and hydrogen column density.  As expected due to 
cosmic-ray propagation, the ionization rate tends to decline as NH increases.  While the ionization 
rate does not seem to vary significantly with Galactic longitude, sight lines probing the Galactic 
plane are more likely to have H3

+ detections than those at higher latitudes.  Because it is believed 
that cosmic rays are accelerated by energetic shocks (e.g. supernova remnants, OB associations), it 
is not surprising that the ionization rate would be higher in the Galactic plane where these 
sources are more highly concentrated.

RESULTS

The ionization rate of molecular hydrogen due to cosmic-rays can be derived from observations 
of H3

+ and various other parameters.  To demonstrate why this is so, we examine the chemistry 
associated with H3

+ formation and destruction.  First, an H2 molecule is ionized (predominantly 
by cosmic rays in diffuse and dense molecular clouds).  The H2

+ ion then collides with another H2
molecule, resulting in an H3

+ ion and H atom.  Cosmic-ray ionization occurs much more 
infrequently than collisions with H2, so the first step can be taken as the rate limiting process.  
Once created, H3

+ is predominantly destroyed by electron recombination in diffuse molecular 
clouds.  The reaction scheme surrounding H3

+ in diffuse molecular clouds can thus be 
represented by three simple processes.

Assuming steady state chemistry where the formation and destruction rates of H3
+ are set to be 

equal, the reactions above can be represented by the equation (Geballe et al. 1999):

where ζ2 is the ionization rate, ke is the H3
+-electron recombination rate coefficient, and the 

various n(X)’s are number densities of species X.  Rearranging the equation to solve for ζ2 and 
substituting in observable quantities results in

where f is the fraction of hydrogen nuclei in molecular form and the subscript H denotes the total 
hydrogen number or column density (i.e. NH=N(H)+2N(H2)).  Because the chemistry associated 
with H3

+ is so simple, this molecule is a rather robust probe of the ionization rate.

BACKGROUND

)H()()H( 322
+= nenkn eζ

⎥
⎦

⎤
⎢
⎣

⎡
= +

HH

H
32

)()H(2
n
en

N
n

f
kN eζ

pep ++→+ −+
22 HH

HHHH 322 +→+ ++

HHHor  HHH 23 +++→+ −+ e

REFERENCES
Cravens, T. E., & Dalgarno, A. 1978, ApJ, 219, 750

Geballe, T. R., McCall, B. J., Hinkle, K. H., & Oka, T. 1999, ApJ, 510, 251

Indriolo, N., Geballe, T. R., Oka, T., & McCall, B. J. 2007, ApJ, 671, 1736

McCall, B. J., Geballe, T. R., Hinkle, K. H., & Oka, T. 1998, Science, 279, 1910

McCall, B. J., et al. 2002, ApJ, 567, 391

Webber, W. R. 1998, ApJ, 506, 329



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


