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Yakutsk EAS array 10 km? (18 km? in 1973-1990)
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Yakutsk EAS array 10 km? (18 km? in 1973-1990)
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Yakutsk EAS array Estimation of shower energy E,
e

Size parameter of EAS (energy estimator)

S600 - density at a distance of 600 m from the shower core

S600(0) . S600(0) . E,

The calorimetric formula

The relation between parameters S600(0°) and primary particle energy E, for
showers close to the vertical has been determined by the calorimetric method:

E0=Ei+Eel+Ep+Eyi+Ev+Eh

E,- = K-@ is the energy lost by a shower over the observation level. It is estimated
by measurements of total Cerenkov light flux @

E

e
Eﬂ = the energy of the muon component.

For E, =10 eV :

E./E,=74%;

(E”,- + E, + E,)/EOQ0 =7.4% energy of muons losses on ionization, the
neutrino and nuclear reactions

| = the energy of cascade below the array level



Yakutsk EAS array Estimation of shower energy E,
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Ratio between shower energy E; and S;,,(0°) determined by the
calorimetric method

E,=(4.6 £ 1_2).1017.3600(0 90.98 +0.03



Yakutsk EAS array Estimation of shower energy E,
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Zenith angle dependence S600

Sgoo Versus the atmospheric depth X for different energies.



Akeno Giant Air Shower Array AGASA

Area — 100 km?

Distance between detectors —
=1000 m

Energy estimator — S600
S600(0) . S600(0.) . EO

Zenith angle dependence S600 —
from experiment

Energy formula from model
simulations

11 events > 1020 eV (2003)




The High Resolution Fly’s Eye - HiRes

Fluorescence Technique
HiRes 1 — 21 mirrors

HiRes 2 — 42 mirrors

Xmax, Nmax from EAS profile

Nmax — EO




Pierre Auger Observatory
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Pierre Auger Observatory

Energy estimator — p1000

p1000(6) . p1000(38.) . EO

Zenith angle dependence p1000 — from experiment
Energy formula from fluorescence detector data

Fluorescence Technique
Xmax, Nmax from EAS
profile

Nmax — EO




Differential energy spectrum:
Yakutsk — circles, AGASA - triangles,
Auger - asterisks, HiRes — diamondsn

1E25

m?2s’'srleV?

3
0’

JE

1E24 |-

1E17




Systematic errors E,

Yakutsk - 0 =0" 25-26%. 0 =60° 30%.
AGASA - 18%

HiRes — 15%

Auger — 22%



Energy spectrum after the energy correction: E. = K'E, :

Yakutsk — K= 0.75, AGASA - K=0.87,
Auger — K=1.5, HiRes — K=1.2.
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Calorimetric methods of energy estimation

Yakutsk — Cherenkov light detectors
Auger — Fluorescence telescopes.
Eyakutsk ! Eauger = 2

uger



Comparison of the Yakutsk array Spectrum with
accounts from AGN
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Distribution of ratios of observed and simulated muon densities at
1000 m from the shower core for iron on models SYBILL and

EPOS. E, >10" eV, 6 <45’
For EPOS fraction of iron from 95 % probability is an interval 29 -

68 % (average value of 48 %)



Density, m
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The method: event-by-event analysis
D.S. Gorbunov, G.I. Rubtsov and S.V. Troitsky, Astropart.
Phys. 28 (2007) 28

The idea of the method is the event-by-event comparison of
observed muon densities in air showers with those in simulated
gamma-ray induced showers which have the same scintillator
energy deposit (Sg,,) and the same arrival direction as the
observed ones.

The advantage of the method is its independence both on the
energy reconstruction procedure used by experiment and on the
Monte-Carlo simulation of hadronic air showers: we use simulated
gamma-induced showers and we select the simulated showers by
the observable scintillator signal.

S600 — energy estimator (E — observable)
P,(300) — the muon density at 300 m from the shower
axis — composition estimator (C — observable)



The method: event by event analysis
D.S. Gorbunov, G.I. Rubtsov and S.V. Troitsky, Astropart. Phys. 28 (2007) 28

We use the sample of events satisfying the following criteria:

- the event passed the selection cuts for the spectrum
reconstruction;

- the reconstructed core location is inside the array
boundary;

- the zenith angle 6 < 457;
- the reconstructed energy E,.. > 1078 eV;

- the reconstructed shower axis is within 300 m from an
operating muon detector.

1647 events Exposure of 7.4-1014 m2-s-sr



Limits (95% CL) of photons

Fraction:

E>10"%eV: €<0.4%
E>2-10"%eV: g, <0.8%
E> 410" eV: €£<4%
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Limits (95% CL) of photons
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Conclusions

The discrepancy in the intensities of the energy spectra
obtained in different experiments can be explained by the
presence of systematic errors in the estimated shower
energies.

Calorimetric estimations two experiments Yakutsk and
Auger different: E_, .,/ Epyger = 2

The HiRes and Auger data indicate the GZK - cutoff of the
CR spectrum

At energy >2.107° eV the muon fraction is great (the
Yakutsk data). Fraction of iron from 95 % probability is an
interval 29 - 68 % (using EPOS model)



Conclusions

 In the most inclined showers at E, >2.10"° eV, the
responses of the muon the same as surface detectors in a
wide range of distances. These results may indicate the
occurrence of new processes upon interactions of
particles with such energies. If this is true, the estimated
energy of the most intense showers may be incorrect for
all arrays.

 The analysis of the Yakutsk muon data allowed to place the
strongest (up to now) upper limits on photon fraction at E >
1078 eV and E > 21018 eV



	The Cosmic Ray Spectrum at Ultrahigh Energies
	Outline
	Yakutsk EAS array	 10 km2 (18 km2 in 1973-1990)
	Yakutsk EAS array	 10 km2 (18 km2 in 1973-1990)
	Akeno Giant Air Shower Array   AGASA
	The High Resolution Fly’s Eye - HiRes
	Pierre Auger Observatory
	Differential energy spectrum:�Yakutsk – circles, 	AGASA  – triangles,�Auger  – asterisks, 	HiRes  – diamondsn
	Systematic errors E0
	Energy spectrum after the energy correction: EC = K∙E0 :�Yakutsk – K = 0.75, 		AGASA – K =0.87,�Auger – K =1.5,		HiRes – K =1.
	Calorimetric methods of energy estimation
	Comparison of the Yakutsk array Spectrum with accounts from AGN
	The method:			event-by-event analysis� D.S. Gorbunov, G.I. Rubtsov and S.V. Troitsky, Astropart. Phys. 28 (2007) 28
	The method:			event by event analysis� D.S. Gorbunov, G.I. Rubtsov and S.V. Troitsky, Astropart. Phys. 28 (2007) 28
	Limits (95% CL) of photons
	Conclusions
	Conclusions


<<
  /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


