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UHE CR observation
16 24. Cosmic rays
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The di!erential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar e!ect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the di!erential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cuto! previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)
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FIG. 3: !Xmax" and RMS(Xmax) compared with air shower simulations [20] using di!erent hadronic interaction models[21].

ergy. If the properties of hadronic interactions do not
change significantly over less than two orders of magni-
tude in primary energy (< factor 10 in center of mass
energy), this change of !D10 =(82+35

!21) g/cm2/decade
would imply a change in the energy dependence of the
composition around the ankle, supporting the hypothe-
sis of a transition from galactic to extragalactic cosmic
rays in this region.

The !Xmax" result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data-sets agree well
within the quoted systematic uncertainties. The !2/Ndf
of the HiRes data with respect to the broken-line fit de-
scribed above is 20.5/14. This value reduces to 16.8/14
if a relative energy shift of 15% is applied, such as sug-
gested by a comparison of the Auger and HiRes energy
spectra [2].

The shower-to-shower fluctuations, RMS(Xmax), are
obtained by subtracting the detector resolution in
quadrature from the width of the observed Xmax dis-
tributions resulting in a correction of #6 g/cm2. As can
be seen in the right panel of Fig. 3, we observe a de-
crease in the fluctuations with energy from about 55 to
26 g/cm2 as the energy increases. Assuming again that
the hadronic interaction properties do not change much
within the observed energy range, these decreasing fluc-
tuations are an independent signature of an increasing
average mass of the primary particles.

For the interpretation of the absolute values of !Xmax"
and RMS(Xmax) a comparison to air shower simulations
is needed. As can be seen in Fig. 3, there are considerable
di"erences between the results of calculations using dif-
ferent hadronic interaction models. These di"erences are
not necessarily exhaustive, since the hadronic interaction
models do not cover the full range of possible extrapola-
tions of low energy accelerator data. If, however, these
models provide a realistic description of hadronic inter-
actions at ultra high energies, the comparison of the data
and simulations leads to the same conclusions as above,

namely a gradual increase of the average mass of cosmic
rays with energy up to 59 EeV.
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della Ricerca (MIUR), Italy; Consejo Nacional de Cien-
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FIG. 3: !Xmax" and RMS(Xmax) compared with air shower simulations [20] using di!erent hadronic interaction models[21].

ergy. If the properties of hadronic interactions do not
change significantly over less than two orders of magni-
tude in primary energy (< factor 10 in center of mass
energy), this change of !D10 =(82+35

!21) g/cm2/decade
would imply a change in the energy dependence of the
composition around the ankle, supporting the hypothe-
sis of a transition from galactic to extragalactic cosmic
rays in this region.

The !Xmax" result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data-sets agree well
within the quoted systematic uncertainties. The !2/Ndf
of the HiRes data with respect to the broken-line fit de-
scribed above is 20.5/14. This value reduces to 16.8/14
if a relative energy shift of 15% is applied, such as sug-
gested by a comparison of the Auger and HiRes energy
spectra [2].

The shower-to-shower fluctuations, RMS(Xmax), are
obtained by subtracting the detector resolution in
quadrature from the width of the observed Xmax dis-
tributions resulting in a correction of #6 g/cm2. As can
be seen in the right panel of Fig. 3, we observe a de-
crease in the fluctuations with energy from about 55 to
26 g/cm2 as the energy increases. Assuming again that
the hadronic interaction properties do not change much
within the observed energy range, these decreasing fluc-
tuations are an independent signature of an increasing
average mass of the primary particles.

For the interpretation of the absolute values of !Xmax"
and RMS(Xmax) a comparison to air shower simulations
is needed. As can be seen in Fig. 3, there are considerable
di"erences between the results of calculations using dif-
ferent hadronic interaction models. These di"erences are
not necessarily exhaustive, since the hadronic interaction
models do not cover the full range of possible extrapola-
tions of low energy accelerator data. If, however, these
models provide a realistic description of hadronic inter-
actions at ultra high energies, the comparison of the data
and simulations leads to the same conclusions as above,

namely a gradual increase of the average mass of cosmic
rays with energy up to 59 EeV.
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Figure 24.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of HiRes 1&2 [101], the Telescope Array [103], and the Auger
Observatory [104]. The HiRes stereo spectrum [112] is consistent with the HiRes
1&2 monocular results. The di!erential cosmic ray flux is multiplied by E2.6. The
red arrow indicates the change in the plotted data for a systematic shift in the
energy scale of 20%.

background [97,98]. Photo-dissociation of heavy nuclei in the mixed composition
model [99] would have a similar e!ect. UHECR experiments have detected events of
energy above 1020 eV [89,100–102]. The AGASA experiment [100] did not observe
the expected GZK feature. The HiRes fluorescence experiment [101,112] has detected
evidence of the GZK supression, and the Auger observatory [102–104] has presented
spectra showing this supression based on surface detector measurements calibrated
against its fluorescence detector using events detected in hybrid mode, i.e. with both the
surface and the fluorescence detectors. Recent observations by the Telescope Array [103]
also exhibit this supression.

Figure 24.9 gives an expanded view of the high energy end of the spectrum, showing
only the more recent data. This figure shows the di!erential flux multiplied by E2.6.
The experiments are consistent in normalization if one takes quoted systematic errors in
the energy scales into account. The continued power law type of flux beyond the GZK
cuto! previously claimed by the AGASA experiment [100] is not supported by the HiRes,
Telescope Array, and Auger data.

One half of the energy that UHECR protons lose in photoproduction interactions that
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)
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FIG. 3: HiRes stereo <Xmax> compared with the predictions for QGSJET01, QGSJET-II and

SIBYLL protons and iron after full detector simulation. The number of events in each energy bin

is displayed below the data point.

Due to detector, reconstruction, and event selection acceptance e!ects, the proton and

iron “rails” in Fig 3 are shifted relative to the raw CORSIKA predictions. However, we find

that the shift in mean Xmax for QGSJET01 and QGSJET-II protons is independent of energy

to approximately 1.8 g/cm2/decade. We assign a systematic uncertainty of 2.7 g/cm2/decade

to the elongation rate based on small variations of event selection cuts. Uncertainties in

the energy do not have a large e!ect on elongation rate results due to the logarithmic

energy scale. The choice of VAOD was the main systematic in a previous elongation rate

analysis [28], however the use of an hourly atmospheric database in the present analysis

renders this source of systematics negligible.

The phototube pointing directions have been confirmed by studies using stars [29] to

within 0.3!, corresponding to a shift in Xmax of approximately 15 g/cm2. Averaging over

mirrors, this contributes a net uncertainty of 3.3 g/cm2 to the value of <Xmax>. The

subtraction of the Cherenkov light from the phototube signal can introduce an uncertainty

in Xmax due to uncertainties in electron multiple scattering. Previous studies [28] in which

the width of the Cherenkov beam was varied by 2! (1 !) indicated negligible e!ect on the
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6 Anisotropies

The major difficulty in exploring the origin of cosmic rays
is the magnetic deflections of charged particle trajectories
from their sources to the Earth. However, anisotropies in
the cosmic ray arrival direction distribution still give impor-
tant clues, by finding hot spots of cosmic rays or correla-
tions with possible source populations. We used the TA-SD
events collected from May 2008 to April 2011, of zenith
angles smaller than 45! and angular accuracies # 1.5!.
Note that the SD event energies have been renormalized
to the FD energy scale (1/1.27) as described in the Section
3.2. The data set contains 854 events with energies greater
than 10EeV, and 49, 20 for E > 40EeV, > 57EeV, respec-
tively.
First we examined auto-correlation of the TA events, or
event clusterings as reported by the AGASA group [21],
without making any assumptions on cosmic ray sources.
The number of event pairs in a given angular window ! is
counted, and calculated a probability P (!) that the uniform
distribution of cosmic rays yields the same or a greater
number of pairs by chance than the observed one. The re-
sult is shown in Figure 7 as a function of the window size
[22]. There is a rather small P (!) region around the an-
gular scale ! # 15! for E > 57 EeV, but not statistically
significant to support a deviation from the isotropy.
Second, we searched for cross-correlation of the TA events
and active galactic nuclei (AGN), which have been consid-
ered as possible cosmic ray production sites. The proce-
dures and parameters used in this analysis are similar to
those used in the studies by PAO [24]. We consider AGNs,
QSOs and BL Lacs in the object catalog (the Veron-Cetty
& Veron (VCV) catalog [23]) with redshift smaller than
0.018, and search for correlation with the TA events of
E > 57 EeV (20 events) within an angular separation of
3.1! (Figure 8). We assumed that all the objects have the
same intrinsic cosmic ray intensities regardless of class or
distance. The number of TA events correlating with the

Figure 7: Auto-correlation analysis: the vertical axis is
probability that the uniform distribution of cosmic rays ac-
cidentally gives the same or a greater number of event pairs
than the observed number of pairs in a given angular sepa-
ration.

Figure 8: 20 TA events of E > 57 EeV and the AGN in the
VCV catalog [23]. Galactic coordinates.

VCV AGN is shown in Figure 9, as a function of the to-
tal number of events with energies greater than 57 EeV, in
an order of the detection date [22]. We found 8 correlated
events out of 20, while we expect 5 (25%) chance correla-
tion if the source distribution were isotropic in the TA sky.
The statistical significance of a deviation from the isotropy
is also small in this analysis, therefore the AGN hypothesis
on the cosmic ray origin is not supported by the present TA
data.
Lastly we investigated a correlation between the TA events
and matter distribution in the universe. We employ the flux
sampling method developed in [25], and previously applied
to the HiRes data [26]. We use 109,408 objects from the
2MASS Galaxy Redshift Catalog (XSCz) [27], which are
located at distances 5 < d < 250 Mpc from the Earth,
as tracers of the local matters in the large-scale structure
(LSS) of the universe. The expected cosmic ray density
map is constructed as a superposition of the contributions
of the individual galaxies, taking into account an angular
spreading (or smearing) as a result of the magnetic deflec-
tions by the extra-galactic and Galactic irregular fields, flux
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UHE CR observation
Auger distribution (E > 55 EeV)

Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aito!-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60!. Blue

circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pk
data(1 " pdata)

N"k(N +

1)!/k!(N " k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
"13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
"6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10! of the galactic plane, and none

of them correlates within 3.1! with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while
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TA distribution (E > 57 EeV)
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Figure 6: !Xmax" plot as a function of energy. The proton
and iron prediction lines are obtained through the TA-FD
detector simulation and the cuts exactly same for the data.

6 Anisotropies

The major difficulty in exploring the origin of cosmic rays
is the magnetic deflections of charged particle trajectories
from their sources to the Earth. However, anisotropies in
the cosmic ray arrival direction distribution still give impor-
tant clues, by finding hot spots of cosmic rays or correla-
tions with possible source populations. We used the TA-SD
events collected from May 2008 to April 2011, of zenith
angles smaller than 45! and angular accuracies # 1.5!.
Note that the SD event energies have been renormalized
to the FD energy scale (1/1.27) as described in the Section
3.2. The data set contains 854 events with energies greater
than 10EeV, and 49, 20 for E > 40EeV, > 57EeV, respec-
tively.
First we examined auto-correlation of the TA events, or
event clusterings as reported by the AGASA group [21],
without making any assumptions on cosmic ray sources.
The number of event pairs in a given angular window ! is
counted, and calculated a probability P (!) that the uniform
distribution of cosmic rays yields the same or a greater
number of pairs by chance than the observed one. The re-
sult is shown in Figure 7 as a function of the window size
[22]. There is a rather small P (!) region around the an-
gular scale ! # 15! for E > 57 EeV, but not statistically
significant to support a deviation from the isotropy.
Second, we searched for cross-correlation of the TA events
and active galactic nuclei (AGN), which have been consid-
ered as possible cosmic ray production sites. The proce-
dures and parameters used in this analysis are similar to
those used in the studies by PAO [24]. We consider AGNs,
QSOs and BL Lacs in the object catalog (the Veron-Cetty
& Veron (VCV) catalog [23]) with redshift smaller than
0.018, and search for correlation with the TA events of
E > 57 EeV (20 events) within an angular separation of
3.1! (Figure 8). We assumed that all the objects have the
same intrinsic cosmic ray intensities regardless of class or
distance. The number of TA events correlating with the

Figure 7: Auto-correlation analysis: the vertical axis is
probability that the uniform distribution of cosmic rays ac-
cidentally gives the same or a greater number of event pairs
than the observed number of pairs in a given angular sepa-
ration.

Figure 8: 20 TA events of E > 57 EeV and the AGN in the
VCV catalog [23]. Galactic coordinates.

VCV AGN is shown in Figure 9, as a function of the to-
tal number of events with energies greater than 57 EeV, in
an order of the detection date [22]. We found 8 correlated
events out of 20, while we expect 5 (25%) chance correla-
tion if the source distribution were isotropic in the TA sky.
The statistical significance of a deviation from the isotropy
is also small in this analysis, therefore the AGN hypothesis
on the cosmic ray origin is not supported by the present TA
data.
Lastly we investigated a correlation between the TA events
and matter distribution in the universe. We employ the flux
sampling method developed in [25], and previously applied
to the HiRes data [26]. We use 109,408 objects from the
2MASS Galaxy Redshift Catalog (XSCz) [27], which are
located at distances 5 < d < 250 Mpc from the Earth,
as tracers of the local matters in the large-scale structure
(LSS) of the universe. The expected cosmic ray density
map is constructed as a superposition of the contributions
of the individual galaxies, taking into account an angular
spreading (or smearing) as a result of the magnetic deflec-
tions by the extra-galactic and Galactic irregular fields, flux

Auger correlation with AGN24% is the chance expectation for an isotropic flux.3
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Fig. 2.— The most likely value of the degree of correlation pdata = k/N is plotted with black dots as a function

of the total number of time-ordered events (excluding those in period I). The 68%, 95% and 99.7% confidence

level intervals around the most likely value are shaded. The horizontal dashed line shows the isotropic value

piso = 0.21. The current estimate of the signal is (0.38+0.07
!0.06).

It has not escaped our notice that the directions of the 5 most energetic events are not part of the fraction of

events that correlate with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of astronomical objects can also be found in

(29). Further studies of the correlation exploring other parameters are currently in progress. One conjecture

often made in the literature (see e.g. (30, 31) and references therein) is that powerful radiogalaxies are the

most promising contenders for UHECR acceleration, along with gamma-ray bursts. The analysis of directional

correlations of UHECRs with positions of AGNs from the VCV catalog discussed here does not account for

any di!erences among those AGNs. Thus, a logical next step with respect to (6, 7) would consider the AGN

radio luminosity given in the VCV catalog as a fourth scan parameter to find a threshold in radio luminosity

above which the directional correlation starts to increase. Such a scan has been performed with a subset of the

data and the signal evolution with those parameters is being monitored since, similarly as presented here for

all AGNs of the VCV. These results will be reported elsewhere.

The HiRes collaboration has reported (32) an absence of a correlation with AGNs of the VCV catalog using the

parameters of the Auger prescribed test. They found two events correlating out of a set of 13 arrival directions

that have been measured stereoscopically above an energy which they estimated to be the same as the Auger

prescribed energy threshold. The 38% correlation measured by Auger suggests that approximately five arrival

directions out of 13 HiRes directions should correlate with an AGN position. The di!erence between 2 and 5

does not rule out a 38% correlation in the northern hemisphere that is observed by the HiRes detector. Also,

it is not necessarily expected that the correlating fraction should be the same in both hemispheres. The three-

3The choice of the size of the region excluded has some arbitrariness. We used 12! in (6, 7). We use 10! here for uniformity with

the analysis of the 2MRS catalog in section 4.
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TA correlation with AGN
262 D. Ikeda: Results from the Telescope Array Experiment
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Fig. 8. The preliminary result of the photon flux limit. The lines are
the results of photon search. The red line is the result of this anal-
ysis, the gray line is the previous result from TA shown in the 31st
ICRC. Other abbreviations mean as follows: A:AGASA (Shinozaki
et al., 2002), PA:Auger-SD(Abraham et al., 2009), Y:Yakutsuku
(Glushkov et al., 2010).

3.2 Photon search

To search for UHE photons, we use the modified event-
by-event method proposed earlier (Gorbunov et al., 2007)
with Linsley curvature parameter. The details of the anal-
ysis method and previous result were presented for the data
set with zenith angle below 45�from May 2008 to Novem-
ber 2008 in the 31st ICRC (Rubtsov et al., 2009). Now the
upper limit is improved to 3.3⇥10�2 km�2 sr�1 yr�1 above
1019 eV with a confidence level of 95% by increasing the
data set from May 2008 to October 2009 and by using larger
zenith angle between 45 and 60�which are more sensitive to
UHE photon search (Fig. 8).

4 AGN correlation

The Auger reported the correlations with AGN (Pierre Auger
Collaboration, 2007). This study is quite important to un-
derstand the origin of the UHECRs. Therefore, we also
checked the correlation of the events observed from TA SD
with AGN. The search condition is the same as that by Auger;
57 EeV of threshold energy, 3.1�of correlation angle, V-C
catalog (Veron-Cetty and Veron, 2006) with 0.018 of max-
imum redshift. We observed 13 events above 57 EeV, and
there are 3 events correlated with AGN (Fig. 9). On the
other hand, the prediction from the random distribution is 3.0
events. The results of AGN correlation from TA is consistent
with background.
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Fig. 9. The preliminary result of the correlation with AGN. The hor-
izontal axis is the number of observed events and the vertical axis is
the number of correlated events with AGN. The red points are data,
the light blue area shows 1� region, the green area shows 2� region,
the black dotted line is the prediction from random distribution and
the blue dotted line is the prediction from the result of Auger.

5 Conclusions

Here, we presented the preliminary results from the Tele-
scope Array: energy spectra measured by three different
methods , mass composition study with Xmax, photon search
and the study of AGN correlations. The spectra measured by
the MD station as the HiRes refurbished detector and new
two FDs and SD with hybrid technique were consistent with
the result of HiRes. As an important result, the SD spec-
trum showed evidence for the suppression above 1019.75 eV
with 3.5� away from the continued spectrum. The system-
atic error of the energy determination was estimated as 19%.
The mass composition measured by the FD stereo observa-
tion was consistent with pure proton model for energies from
1018.6 eV to 1019.3 eV. Photon search resulted in an improved
flux limit above 1019 eV. The result of AGN correlation from
TA is consistent with background.
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Candidate sources

• CR acceleration is (most
likely) a continuous process.

Ü Accelerators need to
confine the particle by
magnetic fields.

• Emax ∼ size× field strength
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Gamma-ray bursts (GRBs)
CONTENTS 7

Figure 1. Diversity of gamma-ray light curves observed by BATSE [127]

would strain a stellar origin interpretation, since from basic principles and experience

it is known that, even for the most e!cient radiation conversion schemes, a dominant

fraction of the energy should escape in the form of thermal neutrinos and gravitational

waves. The energy requirements, however, are much less severe in the case when the

emission is collimated (§2.2).

GRB afterglow light curves such as those shown in Figure 2 have been followed

up starting several hours after the trigger in X-rays by Beppo-SAX and subsequently

HETE-2, and in the optical/IR from ground-based telescopes (or in some case with

HST), and have been explained in terms of forward shock emission (for discussions

of the pre-Swift data interpretation see, e.g. [471, 298, 525, 377]). Afterglows have

been followed up at radio wavelengths in some cases over months, and the analysis and

interpretation of the radio spectra and light curves [470, 38, 136] provides important

clues for the calorimetry and the multi-waveband model fits discussed in §5.1.
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Standard Fireball Model
• collapse of massive star (long GRBs) or binary system (short GRBs)
• expanding fireball; colliding shells produce internal shocks

(Ü related to variability)
• Fermi acceleration of electrons; synchrotron radiation in internal magnetic field

(Ü burst of MeV γ-rays)
• fireball runs into external medium; external shocks (Ü afterglow emission)

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).
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Gamma-ray bursts & UHE CRs

• possible sources of UHE CRs:

4 isotropic arrival directions: cosmological sources (“one per day and 4π”)

4 comparable energy density: 1053 erg tHubble
−3 day−1 ' 1044 erg Mpc−3 yr−1

4 acceleration of UHE CRs possible, e.g., in internal or external shocks
[Vietri’95;Waxman’95]

4 fulfill necessary conditions to reach ultra-high energies (Edyn
max) [Hillas’84]

• rdis ' 6× 1013cm
1

1 + z

(
Γ

102.5

)2 ( tvar

0.01 s

)

• B′ ' 4× 104G(1 + z)
(
εB

εe

)1/2 ( Lγ
1052 erg/s

)1/2 ( tvar

0.01 s

)−1 ( Γ

102.5

)−3

Ü maximal energy with losses: Emax = min(Edyn
max,E

sync
max ,E

pγ
max,E

pp
max,E

BH
max,E

adi
max)

Ü smoking gun signal: neutrino production
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GRB neutrino emission
• Neutrino production at various stages of GRB, e.g.

Ü precursor pp and pγ interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

Ü burst pγ interactions in internal shocks [Waxman&Bahcall’97]

Ü afterglow pγ interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10#6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$, "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).
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Burst neutrino emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this c s a
“plateau” of neutrinos
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Ü Different models for absolut normalization:

CRν ωUHECR
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Burst neutrino emission
• neutrinos from meson production, e.g.

π+ → µ+νµ → e+νeν̄µνµ

• spectra shaped by burst and proton
spectrum and synchrotron loss of
pions and muons before decay

[Waxman & Bahcall’97]

• for typical burst spectra this c s a
“plateau” of neutrinos
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Ü Different models for absolut normalization:

CRν Lγ
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Normalization

• Neutrino predictions (pion fraction) depend on model and normalization:

A GRB as the source of UHE CRs?

Ü calculate the pion energy fraction fπ in pγ interactions
Ü normalize to UHE CRs [Waxman & Bahcall’97]

A’ GRB as the source of UHE CR neutrons?

Ü by construction, independent of fπ
Ü normalize to UHE CRs [Rachen & Mészáros’98; MA, Gonzalez-Garcia & Halzen’11]

B GRB as one source of (UHE) CRs?

Ü use bolometric energy arguments about internal energy densities U in shock

UB = εBUtot Uturb = εturbUtot Ue = εeUtot Up = εpUtot

Ü calculate the (average) pion energy fraction fπ in pγ interactions
Ü normalize to individual bursts [Guetta et al.’04]

Uν ' 3
K
4

fπUp = 3
K
4

fπ
εp

εe
Ue ' 3

K
4

fπ
εp

εe
Uburst
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IceCube search for burst neutrinos

50 m

1450 m

2450 m 

2820 m

IceCube In-Ice Array
86 Strings, 60 Sensors each
5160 Optical Sensors

AMANDA-II Array
Precursor to IceCube

Deep Core 
6 Strings - Optimized for lower energies
360 Optical Sensors

Eiffel Tower

324 m 

IceCube Lab

IceTop
80 Strings each with
   2 IceTop Cherenkov Detector Tanks
   2 Optical Sensors per tank
 320 Optical Sensors

Bedrock

 2010: 79 strings in operation 
 2011: Project complettion, 86 strings
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IC40+59 results
• Limits on neutrino emission coincident

with 215 (85) northern (southern) sky
GRBs between April 2008 and May
2010 (“IC40+59”). [Abbasi et al.’11;’12]

Ü Model-dependent (B) limit for prompt
emission model.

Ü Model-independent limit for general
neutrino coincidences (no spectrum
assumed) with sliding time window
±∆t from burst.

• Stacked flux below “benchmark”
prediction of burst neutrino emission by
a factor 3-4. [Guetta et al.’04]

Ü conversion to diffuse flux via cosmic
GRB rate.

“model-dependent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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“model-independent”

producing neutrinos at proton–photon (p–c) interactions in internal
shocks. The remaining parameter spaces available to each model
therefore have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic rays, or a
low efficiency of neutrino production.

In the GRB fireball, protons are believed to be accelerated
stochastically in collisions of internal shocks in the expanding GRB.
The neutrino flux is proportional to the rate of p–c interactions, and so
to the proton content of the burst by a model-dependent factor.
Assuming a model-dependent proton ejection efficiency, the proton
content can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic-ray sources. Limits on the neutrino
flux for cosmic-ray-normalized models are shown in Fig. 3; each model
prediction has been normalized to a value consistent with the observed
ultra-high-energy cosmic-ray flux. The proton density can also be
expressed as a fraction of the observed burst energy, directly limiting
the average proton content of the bursts in our catalogue (Fig. 4).

An alternative is to reduce the neutrino production efficiency, for
example by modifying the physics included in the predictions16,17 or by
increasing the bulk Lorentz boost factor, C. Increasing C increases the
proton energy threshold for pion production in the observer frame,
thereby reducing the neutrino flux owing to the lower proton density at
higher energies. Astrophysical lower limits on C are established by pair
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Figure 2 | Upper limits on E22 power-law muon neutrino fluxes. Limits
were calculated using the Feldman-Cousins method21 from the results of the
model-independent analysis. The left-hand y-axis shows the total number of
expected nm events, while the right-hand y-axis (Fn) is the same as in Fig. 1. A
time window ofDt implies observed events arriving between t seconds before the
burst and t afterward. The variation of the upper limit (solid line labelled ‘90%
Upper limit’) withDt reflects statistical fluctuations in the observed background
rate, as well as the presence of individual events of varying quality. The dashed
line labelled ‘90% Sensitivity’ shows the upper limit that would have been
obtained with exactly the mean expected background. The event at 30 s (event 1)
is consistent with background and believed to be a cosmic-ray air shower.
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Figure 1 | Comparison of results to predictions based on observed c-ray
spectra. The summed flux predictions normalized to c-ray spectra6,9,19 are
shown as a function of neutrino energy (E) in dashed lines, with the dark grey
dashed line labelled ‘IC40 Guetta et al.’ showing the flux prediction for the 40-
string portion of the analysis, and the black dashed line labelled ‘IC40159
Guetta et al.’ showing the prediction for the full two-year dataset. The cosmic
ray normalized Waxman-Bahcall flux4,20 is also shown for reference as the pale
grey dashed line. 90% confidence upper limits on these spectra are shown as
solid lines, with the grey line labelled ‘IC40 limit’ showing the previous IceCube
result6 and the black ‘IC401IC59 Combined’ line showing the result from the
full dataset (this work). The predicted neutrino flux, when normalized to the
c-rays6,9, is proportional to the ratio of energy in protons to that in electrons,
which are presumed responsible for the c-ray emission (ep/ee, here the standard
10). The flux shown is slightly modified6 from the original calculation9. Wn (left
vertical axis) is the average neutrino flux at Earth, obtained by scaling the
summed predictions from the bursts in our sample (Fn, right vertical axis) by
the global GRB rate (here 667 bursts yr21; ref. 7). The first break in the neutrino
spectrum is related to the break in the photon spectrum measured by the
satellites, and the threshold for photo-pion production, whereas the second
break corresponds to the onset of synchrotron losses of muons and pions. Not
all of the parameters used in the neutrino spectrum calculation are measurable
from every burst. In such cases, benchmark values7 were used for the
unmeasured parameters. Data shown here were taken from the result of the
model-dependent analysis.
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Figure 3 | Compatibility of some neutrino flux predictions based on cosmic
ray production in GRBs with observations. The cross-hatched area
(‘IC40159 Allowed 90% CL’) shows the 90% confidence allowed values of the
neutrino flux (vertical axes, as in Fig. 1) versus the neutrino break energy (eb) in
comparison to model predictions with estimated uncertainties (points); the
solid line labelled ‘IC50159 Allowed 95% CL’ shows the upper bound of the
95% confidence allowed region. Data were taken from the model-independent
analysis from the time window corresponding to the median duration of the
GRBs in our catalogue ( |Dt | 5 28 s). Spectra are represented here as broken
power laws (Wn?{E

21/eb, E , eb; E22, E . eb}) with a break energy eb

corresponding to the D resonance for p–c interactions in the frame of the shock.
The muon flux in IceCube is dominated by neutrinos with energies around the
first break (eb). As such, the upper break, due to synchrotron losses of p1, has
been neglected here, as its presence or absence does not contribute significantly
to the muon flux and thus does not have a significant effect on the presented
limits. eb is related to the bulk Lorentz factor C (eb / C2); all of the models
shown assume C < 300. The value of C corresponding to 107 GeV is .1,000 for
all models. Vertical axes are related to the accelerated proton flux by the model-
dependent constant of proportionality fp. For models assuming a neutron-
decay origin of cosmic rays (ref. 8 and ref. 10) fp is independent of C; for others
(ref. 4) fp / C24. Error bars on model predictions are approximate and were
taken either from the original papers, where included10, or from the best-
available source in the literature15 otherwise. The errors are due to uncertainties
in fp and in fits to the cosmic-ray spectrum. Waxman-Bahcall4 (circle)
and Rachen8 (box) fluxes were calculated using a cosmic-ray density of
(1.5–3) 3 1044 erg Mpc23 yr21, with 3 3 1044 the central value20. The Ahlers10

model is shown with a cross. CL, confidence level.
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IC40+59 results
• IceCube limit below diffuse models

(A) normalized to UHE CR data.
[Waxman&Bahcall’03; Rachen et al.’98]

Ü IceCube’s results challenge GRBs
as the sources of UHE CRs!

• Limit on burst neutrino emission
depends on neutrino break energy
“εb ∝ Γ2” (break in optical depth).

• Results from model-dependent
analysis translate into bounds of GRB
parameters. [Guetta et al.’04]

Ü Neutron emission models (A’) largely
ruled out. [MA, Gonzalez-Garcia & Halzen’11]
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FIG. 2. Limits on E�2 fluxes from the model-independent
analysis as a function of the size of the time window |�t|,
calculated using the Feldman-Cousins method17. The left y-
axis shows the total number of expected ⌫µ events while the
right-hand vertical axis is the same as the right-hand vertical
axis in Fig. 1. A time window of �t implies observed events
arriving between t seconds before the burst and t afterward.
The variation of the upper limit with �t reflects statistical
fluctuations in the observed background rate, as well as the
presence of individual events of varying quality. The event
at 30 seconds (Event 1) is consistent with background and
believed to be a cosmic-ray air shower.

E�2 muon neutrino fluxes at Earth as a function of the
size of the time window |�t|, the di↵erence between the
neutrino arrival time and the first reported satellite trig-
ger time. As a cross-check on both results, the limit from
this analysis on the average individual burst spectra6,10

during the time window corresponding to the median
duration of the bursts in the sample (28 seconds) was
0.24 times the predicted flux, within 10% of the model-
dependent analysis.

Assuming that the GRBs in our catalog are a rep-
resentative sample of a total of 667 per year7, we can
scale the emission from our catalog to the emission of
all GRBs. The resulting limits can then be compared
to the expected neutrino rates from models that assume
that GRBs are the main sources of ultra high energy cos-
mic rays4,9,11, with sampling biases of the same order
as model uncertainties in the flux predictions18,19. Lim-
its from the model-independent analysis on fluxes of this
type are shown in Fig. 3.

These limits exclude all tested models4,9–11 with their
standard parameters and uncertainties on those parame-
ters (Figs. 1, 3). The models are di↵erent formulations of
the same fireball phenomenology, producing neutrinos at
proton-photon (p�) interactions in internal shocks. The
remaining parameter spaces available to each therefore
have similar characteristics: either a low density of high-
energy protons, below that required to explain the cosmic
rays, or a low e�ciency of neutrino production.

In the fireball scenario, protons are accelerated
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FIG. 3. Limits from the model-independent analysis in
comparison to theoretical predictions relating GRB neutrino
fluxes to the cosmic ray flux. Data are taken from the time
window corresponding to the median duration of the GRBs
in our catalog (|�t| = 28 seconds). Spectra are represented
as broken power laws (�⌫ · {E�1/✏b, E < ✏b; E

�2, E > ✏b})
with a break energy ✏b corresponding to the � resonance for
p� interactions in the frame of the shock. The muon flux
in IceCube is dominated by neutrinos with energies around
the first break (✏b). As such, the upper break, due to syn-
chrotron losses of ⇡+, has been neglected, as its presence or
absence does not contribute significantly to the muon flux
and thus does not have a significant e↵ect on the presented
limits. The neutrino break energy ✏b is related to the bulk
Lorentz factor � (✏b / �2). All of the models shown assume
� ⇠ 300. The value of � corresponding to 107 GeV is > 1000
for all models. Vertical axes are related to the accelerated pro-
ton flux by the model-dependent constant of proportionality
f⇡. For models assuming a neutron-decay origin of cosmic
rays (Rachen and Ahlers) f⇡ is independent of �; for others
(Waxman-Bahcall) f⇡ / ��4. Error bars on model predic-
tions are approximate and were taken either from the original
papers, where included11, or from the best-available source in
the literature18 otherwise. The errors are due to uncertain-
ties in f⇡ and in fits to the cosmic-ray spectrum. Waxman-
Bahcall4 and Rachen et al.9 were calculated using a cosmic
ray density of 0.5 � 1 ⇥ 1044 erg Mpc�3 yr�1, with 1044 the
central value16.

stochastically in collisions of internal shocks in the ex-
panding GRB. The neutrino flux is proportional to the
rate of p� interactions, and so to the proton content of the
burst by a model-dependent factor. Assuming a model-
dependent proton ejection e�ciency, the proton content
can in turn be related to the measured flux of high-energy
cosmic rays if GRBs are the cosmic ray sources. Limits on
the neutrino flux for extragalactic cosmic ray normalized
models are shown in Fig. 3; each model prediction has
been normalized to a value consistent with the observed
ultra high-energy cosmic ray flux. The proton density
can also be expressed as a fraction of the observed burst
energy, directly limiting the average proton content of
the bursts in our catalog (Fig. 4).

An alternative is to reduce the neutrino production ef-

5

ficiency, for example by modifying the physics included
in the predictions19,20 or by increasing the bulk Lorentz
boost factor �. Increasing � increases the proton en-
ergy threshold for pion production in the observer frame,
thereby reducing the neutrino flux due to the lower pro-
ton density at higher energies. Astrophysical lower limits
on � are established by pair production arguments10, but
the upper limit is less clear. Although it is possible that
� may take values of up to 1000 in some unusual bursts,
the average value is likely lower (usually assumed to be
around 3006,10) and the non-thermal gamma-ray spectra
from the bursts set a weak constraint that � . 200021.
For all considered models, with uniform fixed proton con-
tent, very high average values of � are required to be
compatible with our limits (Figs. 3, 4).

In the case of models where cosmic rays escape from
the GRB fireball as neutrons9,11, the neutrons and neu-
trinos are created in the same p� interactions, directly
relating the cosmic ray and neutrino fluxes and remov-
ing many uncertainties in the flux calculation. In these
scenarios, � also sets the threshold energy for production
of cosmic rays. The requirement that the extragalactic
cosmic rays be produced in GRBs therefore does set a
strong upper limit on �: increasing it beyond ⇠ 3000
causes the proton flux from GRBs to disagree with the
measured cosmic ray flux above 4⇥1018 eV, where extra-
galactic cosmic rays are believed to be dominant. Limits
on � in neutron-origin models from this analysis (& 2000,
Fig. 3) are very close to this point, and as a result all
such models in which GRBs are responsible for the entire
extragalactic cosmic-ray flux are now largely ruled out.

Although the precise constraints are model dependent,
the general conclusion is the same for all the versions of
fireball phenomenology we have considered here: either
the proton density in gamma ray burst fireballs is sub-
stantially below the level required to explain the highest
energy cosmic rays or the physics in gamma ray burst
shocks is significantly di↵erent from that included in cur-
rent models. In either case, our current theories of cos-
mic ray and neutrino production in gamma ray bursts
will have to be revisited.
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Next-to-leading-order GRB spectra

Various modifications of lowest order
calculation of burst neutrinos:

- different synchrotron cooling
breaks for pions and muons

- inclusion of kaons

8 photon distribution
(instead of using peak photon)

8 normalization of spectra via
bolometric relations

4 full pγ interactions
(not just via ∆-resonance)
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FIG. 2: Reproduction of the IC-FC prediction for the neu-
trino (di↵erential) fluence E2

⌫F⌫ , compared to the correspond-
ing IC40 limit (light/blue curves; 90% CL). In addition, our
numerical prediction NFC is compared to the corresponding
IceCube limit for exactly the same bursts and assumptions
(black curves). Compare to Fig. 2 in Ref. [4].

the final (numerical) result NFC is obtained. In this case,
the normalization deviates about one order of magnitude
from the analytical prediction IC-FC, and the shape is
significantly di↵erent, shifted to higher energies. Note
that we have chosen one analytical method IC-FC for
the comparison, whereas the detailed comparison to an-
other method, such as Ref. [1], will depend on the specific
approximations of the analytical method (whereas NFC
does not depend on these).

As the next step, we reproduce the IC40 analysis from
Ref. [4], based on 117 bursts, using the same neutrino ef-
fective area and same assumptions, bursts, and parame-
ters [16]. The result is shown in Fig. 2 (light/blue curves),
where the dashed curve shows the IC-FC prediction for
the neutrino flux and the solid curve the corresponding
IC40 limit. In this case, the bound is below the predic-
tion, and the original model is under tension. Our result
is shown as black curves: the prediction is about one or-
der of magnitude below the limit corresponding to this
flux shape. This qualitatively di↵erent result means that
IceCube has not yet reached the level where it tests the
parameters chosen for the fireball model.

In order to obtain conclusions on the cosmic-ray con-
nection, or to compare the results from di↵erent experi-
ments, the extrapolation of the fluence to a quasi-di↵use
flux is needed. It depends on the number of bursts ex-
pected per year, where 667 has been used [4]. We show in
Fig. 3 our quasi-di↵use flux prediction (“GRB, all”) to-
gether with the IC40 limit, the combined IC59+40 limit
(which has a di↵erent flux shape), and an extrapolated
IC86 limit. In addition, we show di↵erent regions and
curves to illustrate the size of several model- or method-

specific additional “systematical errors”: the statistical
error coming from the extrapolation from a few bursts
to the quasi-di↵use flux (for 117 bursts, estimated and
obtained from Ref. [15]) and the “astrophysical uncer-
tainty” for this particular model (envelope of the follow-
ing independent variations around the assumptions for
the IceCube analysis: variability timescale tv by one or-
der of magnitude [0.001s . . . 0.1s for long bursts], � be-
tween 200 and 500, proton injection index between 1.8
and 2.2, and ✏e/✏B , energy in electrons versus magnetic
field, between 0.1 and 10). As one can read o↵ from this
figure, neither IC40 nor IC59+40 can reach the predicted
fluxes, even in the most optimistic cases; compared to
IC59+40, a factor of two higher statistics is needed to
reach the nominal prediction. However, the full scale
IceCube experiment, operated over about 10 years (ex-
trapolation), will finally find the GRB neutrinos or sig-
nificantly constrain the model unless, for instance, the
number ratio between � & 500 and � ⇠ 300 bursts (or
corresponding collision radii) is larger than seven for fixed
tv, as it can be easily shown. Note that our given as-
trophysical uncertainty is less model-dependent than the
one in Ref. [19], since it does not rely on the origin of the
target photons, but it includes the e↵ects of synchrotron
losses.

We have deliberately omitted one variable from this
discussion: the baryonic loading 1/fe, which directly re-
scales the neutrino flux prediction, as illustrated by the
arrow in Fig. 3 and as it can be read o↵ from Eq. (1).
The choice of this parameter is often consistent with a
coherent picture among cosmic ray, gamma-ray, and neu-
trino fluxes if the GRBs are the sources of the UHECR,
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FIG. 3: Prediction of the quasi-di↵use flux (NFC), including
the estimates for several model- or method-specific system-
atical uncertainties (see main text). In addition, the IC40
limit is shown, and two expectations are shown for com-
parison (IC59+40 from Ref. [5] and IC86 extrapolated for
AIC86

e↵ ' 3 ⇥ AIC40
e↵ from IC40; see, e.g., Ref. [18]).

[e.g. Baerwald, Hümmer & Winter’11]
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Optically thin neutron emitters
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(i) tacc < min(tsyn, tpγ , tpp, tdyn)

(efficient CR acceleration)

(ii) tpγ � tpp & tdyn < tn

(efficient emission of CR neutrons from
pγ-interactions in optically thin source)

(iii) tπ/µ < tsyn

(synchrotron loss of pions and muons
negligible)

Lall ν(z,Eν) ' η

ε
Ln(z,Eν/ε)

η =
〈Nν〉
〈Nn〉

' 3 and ε =
〈Eν〉
〈En〉

' 1
20

Markus Ahlers (UW-Madison) Cosmic Rays from GRBs May 29, 2012 16



Neutron emission (model A’)

• fit of spectrum to HiRes data above ankle: L(0,E) ∝ E−γ/(1 + (Ep,b/E))e−E/Emax

• “SFR” : evolution following star formation rate [Hopkins&Beacom’06;Yuksel et al.’08]

• “strong” : Lstrong(z,E) = (1 + z)1.4 LSFR(z,E) [Yuksel&Kistler’06]
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Neutron emission (model A’)
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• model A’ hypothesis: UHE CRs production in GRBs via neutron emission

Ü fit requires softer injection spectra [MA/Gonzalez-Garcia/Halzen’11]
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Summary
• GRBs are possible sources of UHE CRs:

4 energetics, maximal energy, isotropy

Ü UHE CR production in GRBs is constrained by neutrino observation.

• predicted neutrino emission is based on various assumption:

A GRB as the source of UHE CRs?
A’ GRB as the source of UHE CR neutrons?
B GRB as one source of (UHE) CRs?

8 Exact relation depends on individual GRB parameters (“fudge-factors”) like Γ, εp

and εe.

• Precent neutrino limits challenge GRBs as the sources of UHE CRs.

• Standard (“benchmark”) GRB neutrino predictions are ruled out by the
non-observation of neutrinos with IceCube.

8 However, model revisions predict lower neutrino yield consistent with IceCube.

Ü Constraint parameter-space of GRB fireball model.
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