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Abstract: The Milagro TeV ground-level y-ray telescope detects Forbush decreases in several of its
data channels. To understand how the instrument responds to Forbush decreases, one must calculate,
through simulations, its behavior with respect to a changing galactic cosmic-ray background, as that
background is modulated by heliospheric activity. To this end, we have been modeling the response
of the instrument as a function of the Gleeson and Axford (1968) heliospheric electrostatic retarding
potential. We will present ongoing progress in modeling the October and November 2003 Forbush
decreases using several independent data channels. We will compare the results to the predicted re-
sponse of the Climax neutron monitor in nearby Colorado.

Introduction

The Milagro instrument is a ground-based TeV -
ray telescope, designed and built to measure ga-
lactic and extragalactic y-ray sources, such as
quasars and pulsar nebulae. It does this by meas-
uring the spatial and temporal signatures from
extensive air showers in a large pond of water,
located at 2650 m altitude in the Jemez Moun-
tains near Los Alamos, New Mexico, USA (Fig.
1). However, it is also sensitive to hadronic
showers produced by galactic and solar cosmic
rays, i.e., protons and alphas. Most applicable
here is the fact that it also responds to single
penetrating particles and the soft component that
accompanies it to the ground. As such, Forbush
decreases are registered by the instrument, show-
ing up in several data channels that are energy or
rigidity dependent. Within a single instrument,
we can measure the precursor, magnitude and
recovery time of a decrease at a variety of particle
rigidities, ranging from the geomagnetic and
atmospheric cutoffs (~4 GV) to as much as 50-
100 GV.

The Milagro instrument detects muons generated
by solar and galactic protons with two layers of
photomultipliers submerged in an 8-m deep water
pond. The Cerenkov light from the relativistic
muon illuminates one or several PMTs triggering
them if the light intensity is sufficient. Most
threshold triggers are of this type. The basic data

channel for recording the effect of modulated
galactic cosmic-ray protons is the High Threshold
(HT) scaler, in which only a single PMT need
trigger in a sub-us resolving time. Other scaler
data are available, including those of external
particle detectors (outriggers) and higher levels of
PMT multiplicity.

Fig. 1 Aerial Vie of ilagro.

Ten such scalers are currently available, but not
all of these have been present since the commis-
sioning of the instrument in 1999. The greatest
multiplicity requirement is 40 PMTs and the
smallest is one. When enough PMTs are trig-
gered the instrument records the individual event.
Such events are interpreted as potential y-ray
showers, but with software under construction,
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they can also be interpreted as muon-related had-

ronic showers. For either case the incident direc-

tion, both in azimuth and elevation can be deter-

mined. These events have the highest instrumen-
[ High Thres Scaler (Outriggers) |

energy. The Milagro data allow us to examine
this effect well above the highest threshold neu-
tron monitor, i.e., >20 GV.
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Fig. 2. From top to bottom, the HT (outrigger) scaler rate, the triggered event rate and HT (pond)

tal threshold and are recorded in detail. They
represent high-energy hadrons (or 7y rays) and
they too exhibit modulation in coincidence with
Forbush decreases registered in neutron monitors,
albeit at a reduced level.

As shown below, a Forbush decrease is smaller in
the Milagro instrument than in a neutron monitor
of similar geomagnetic cutoff, i.e., Climax. By
examining the decrease magnitude in different
channels (with different thresholds), we can study
the uniformity of the modulation as a function of

However, we must calibrate the signature of a
Forbush decrease in the different data channels.
To do this we will use simulations of the Milagro
instrument, adjusting the input cosmic-ray spec-
trum and recording the magnitude of the decrease
as we have calculated.

Forbush Decrease Observations

Raw Milagro rates for the period of 28-30 Octo-
ber 2003 are shown in Fig. 2. The upper panel
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and the lower panel show the rates in the outrig-
ger Cerenkov detectors and the High Threshold
(HT) scaler in the pond, respectively. The two
behaviors are similar in all respects. The middle
panel shows the raw trigger rate of individually
analyzable events in the pond. The threshold for
such an event trigger is of order 50 GeV.

During the time period shown barometric varia-
tions are small. It shows that the Forbush de-
crease is registered in the highest and lowest
threshold channels, and thus all data channels.
The recovery in the raw trigger rate may be cor-
rupted by barometric changes, but for this case,
the decrease occurs when the pressure is almost
constant. Comparing the decrease as registered
with Climax over a three-week period around this
time, we note that Climax (~280 km from Mi-
lagro) registers an initial decrease on 22 October
2003 4x larger than that registered in the Milagro
HT. The large decrease on 29 October 2003 as
shown in Fig. 2 was (not shown) for Climax as
for Milagro HT (26% vs. 13%). The smaller
decreases for Milagro are to be expected because
its effective cutoff is ~5 GV. We would also
expect the Milagro recovery to be quicker, and
we may be witnessing this in the raw trigger rate
(~50 GeV) as shown in the middle panel of Fig.
2.

The decrease as seen in the triggered event rate
on 2003 October 29 is of order 2.5%, smaller as
one would expect for the higher threshold of this
data channel.

Simulated Decreases

To estimate the effect of a Forbush decrease, we
employ the formalism of Gleeson and Axford [1]
to characterize the effect. That is, the cosmic-ray
spectrum at Earth suffers a uniform decrease in
particle energy during the transport from beyond
the heliosphere to the vicinity of Earth. The uni-
form decrease in particle energy is couched in
terms of a retarding electrostatic potential ¢.
Thus, the cosmic-ray intensity at energy E,, at
Earth is the same as that measured outside the
heliosphere at energy E,, + ¢. This implies, with
a decreasing spectrum (E™>7), that the intensity
has been diminished after passing through the
potential gap. We can apply a variable retarding
potential to the galactic cosmic-ray spectrum to
compute the count rate in different Milagro chan-
nels. Although this formalism applies to the
steady state and isotropic distribution, it provides

a basis for understanding the variation seen in the
count rates. One should not expect to treat dy-
namic situations such as recovery times or anisot-
ropies introduced by the interplanetary distur-
bances with this technique.

To estimate the magnitude of the effect, we first
compute via simulations the cutoff energy for a
given channel. The cutoff energy in the presence
of the interplanetary disturbance is (Ep, + ¢),
where Eq;, is the threshold energy for that channel.
One must integrate the cosmic-ray spectrum from
(Eq, + 0) to infinity and compare that number to
the integrated CR spectrum from the unmodulated
cutoff Evy, .

Shown in Fig. 3 is the effective area of Milagro in
several scaler channels. These simulations were
computed assuming a hemispherical flux of cos-
mic rays distributed over a planar atmosphere of
area 100 km* above the instrument. In Fig. 4 is a
subset of those channel areas weighted by a cos-
mic-ray spectrum of £,
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Fig. 3. Effective area plots for different Milagro
data channels.

Because the maximum contribution always oc-
curs at threshold, a simple linear approximation to
the effect of a retarding potential gives a reason-
able estimate to the magnitude observed (Fig. 2).

A retarding potential of order 1000 MV provides
the correct order of magnitude observed in Fig. 2.
More careful calculations are underway and will
be presented.

Although the Gleeson and Axford [1] formalism
applies to a quasi-static environment, we should
only apply this to the initial decrease and not the
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recovery where differential recovery rates may
apply.

Another complicating effect would be any anisot-
ropy introduced by the passing CME responsible
for the decrease. Detailed examination of the
individual high-energy events may shed some
light on the magnitude of this effect.

10?

10" Effective Area Weighted by 27 i
g 1000
5 't
E 1071
g2 0

10 F

10°F

10k, ] I R Lol

10’ 10° 10° 10 10°
Energy (GeV)
Fig. 4. Spectrum weighted effective areas of
Milagro.

Results and Discussion

References

[1] L. Gleeson and W.I. Axford. Solar Modula-
tion of Galactic Cosmic Rays. Astrophysical
Journal, 154:1011-1026.

uonip3 8oualajuon-aid - sbuipessoid /002 DNIDI




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


