arXiv:astro-ph/0512498 v2 15 Mar 2006

Clustering of ultra-high energy cosmic ray arrival directions on medium scales

M. Kachelrieß^a and D.V. Semikoz^{b,c}

aInstitutt for fysikk, NTNU Trondheim, N–7491 Trondheim, Norway bAPC, Collège de France, 11, pl. Marcelin Berthelot, Paris 75005, France cINR RAS, 60th October Anniversary prospect 7a, 117312 Moscow, Russia

Abstract

The two-point autocorrelation function of ultra-high energy cosmic ray (UHECR) arrival directions has a broad maximum around 25 degrees, combining the data with energies above 4 × 10^{19} eV (in the HiRes energy scale) of the HiRes stereo, AGASA, Yakutsk and SUGAR experiments. This signal is not or only marginally present analyzing events of a single experiment, but becomes significant when data from several experiments are added. Both the energy dependence of the signal and its angular scale might be interpreted as first signatures of the large-scale structure of UHECR sources and of intervening magnetic fields.

PACS: 98.70.Sa

1 Introduction

The sources of ultra-high energy cosmic rays (UHECR) are despite of more than 40 years of research still unknown. Main obstacle for doing charged particle astronomy are deflections of the primaries in the Galactic and extragalactic magnetic fields. While the magnitude and the structure of extragalactic magnetic fields are to a large extent unknown, already deflections in the Galactic magnetic field alone are large enough to prevent UHECR astronomy if the primaries are heavy nuclei [1,2]. Assuming optimistically that the primaries are protons, typical deflections in the Galactic magnetic field are around five degrees in most part of the sky at E = 4 × 10^{19} eV [2]. Therefore, it might be possible to perform charged particle astronomy, if moreover deflections in extragalactic magnetic fields are sufficiently small.

This scenario can be divided in two quite different sub-cases: In the first one, a small number of point sources results in small-scale clusters of arrival directions around or near the true source positions. Accumulating enough events,

Preprint submitted to Elsevier Science 20 December 2005 the identification of sources will become possible using e.g. correlation studies. Various studies have been pursued in this direction [3,4]. In the second subcase, the number of point sources is too large to receive two or more UHECRs from the same source with the present statistics. However, the sky density of UHECRs reflects the large-scale structure of the sources and, possibly, of the intervening magnetic fields [5,6]. Therefore, the measured UHECR distribution is anisotropic and over-/underdense regions exist that reflect the angular size of up-to 15–20 degrees of typical structures in the galaxy distribution. Obviously, Nature might have chosen a mixture of these two extreme possibilities: The vast majority of UHECR sources might produce only singlet events, while a subclass of sources with extreme luminosity might be detectable as point sources via small-scale clustering studies. Furthermore, point sources might be easier to identify at the highest energies, if the number density of sources decreases with the maximal energy E_{max} to which they can accelerate as argued in Ref. [7].

In this work, we study the arrival direction distributions of the UHECRs, putting emphasis in contrast to most earlier studies on intermediate angular scales. Since these two-dimensional distributions average three-dimensional structures (with typical scale L) over the mean free path l of UHECRs, no anisotropies reflecting the large-scale structure of sources are expected for l ≫ L. To obtain an optimal compromise between the number of events used, the mean free path l of UHECRs and deflections in magnetic fields, it is important to use a consistent energy scale when combining different experiments. Therefore, we discuss first in Sec. 2 the publicly available UHECR data and how we rescale the data of different experiments to a common energy scale. In Sec. 3, we analyze then the arrival direction distributions of the used UHECRs and discuss in Sec. 4 our results, before we summarize in Sec. 5.

2 UHECR data sets and their energy scale

The available data set of UHECR events consists of

(1) The publicly available AGASA data set until May 2000 from Ref. [8], consisting of 57 events with E ≥ 4 × 10^{19} eV and zenith angle ϑ ≤ 45^∘. The exposure of the AGASA experiment is 4.0 × 10^{16} m^2 s sr [8].

(2) The Yakutsk data as presented at the ICRC 2005 [9]: 34 events with energy E ≥ 4 × 10^{19} eV and zenith angle ϑ ≤ 60^∘. The corresponding exposure is 1.8 × 10^{16} m^2 s sr [9].

(3) The SUGAR data with energy above E ≥ 1 × 10^{19} eV and zenith angle ϑ ≤ 70^∘ from Ref. [10]. We follow Ref. [11] and use 4.0 × 10^{16} m^2 s sr as approximate exposure for ϑ = 55^∘. From this value, we rescale the exposure approximately to 3.0 × 10^{16} m^2 s sr for ϑ ≤ 45^∘ and to

5.3 × 10^{16} m^2 s sr for ϑ ≤ 70^∘, respectively.

(4) The HiRes stereo data set: We deduce the arrival directions of the events with energy E ≥ 1 × 10^{19} eV from Ref. [12]. Then we divide the data set into events with energy in the range E = (1−2)×10^{19}, E = (2−4)×10^{19} and E ≥ 4 × 10^{19} eV using Ref. [13]. Its total exposure is 4.6 × 10^{16} m^2 s sr [12].

(5) From the Volcano Ranch, Haverah Park, Flye’s Eye experiments no detailed informations are available about their events. Therefore, we can use only the events with E > 10^{20} eV for which the arrival directions are given in Ref. [14]: four events from Haverah Park, and one both from Volcano Ranch and Flye’s Eye.

We use as angular acceptance η(δ) of a ground array experiment at geographical latitude b that observes showers with maximal zenith angle ϑ_{max} (cf., e.g., Ref. [15]) η(δ) ∝ α_{max}∫

0 dα cos(ϑ) ∝ [cos(b) cos(δ) sin(α_{max}) + α_{max} sin(b) sin(δ)] , (1)

where

α_{max} = arccos(ξ) for − 1 ≤ ξ ≤ 1 , π for ξ < −1 , 0 for ξ > 1 , (2)

and ξ = cos(ϑ_{max}) − sin(b) sin(δ) cos(b) cos(δ)

. (3)

In contrast to ground arrays, the exposure of Hires in right ascension R.A. is non-uniform. Therefore, we sample the exposure of HiRes from Fig. 2 of Ref. [12].

The absolute energy scale of each experiment has a rather large uncertainty. To reproduce correctly spectral features like the dip, the energies E given by the experiments have to be shifted to new energies E^′ [16]. First, we assume that the normalization of the HiRes stereo spectrum is consistent with the one of HiRes in monocular mode, following Ref. [17]. In Ref. [19], we compared the SUGAR data given in Ref. [10] to the energy spectrum measured by the AGASA and HiRes experiments. We found that rescaling the SUGAR energies calculated with the Hillas prescription by 15% downwards, E^′ = E_{Hillas}/1.15,

Fig. 1. Skymap of the UHECR arrival directions of events with rescaled energy E^′ > 4 × 10^{19} eV in equatorial coordinates; magenta crosses–30 Agasa (A) events with E > 5.2 × 10^{19} eV, red circles–27 HiRes (H) events with E > 4 × 10^{19} eV, black stars–13 Yakutsk (Y) events with E > 6 × 10^{19} eV, blue boxes–31 Sugar (S) events with E > 6 × 10^{19} eV, magenta crosses–4 Haverah Park (HP) events with E > 10^{20} eV, red triangle–one Flye’s Eye (FY) event with E > 10^{20} eV, blue triangle–Volcano Ranch (VR) event with E > 10^{20} eV.

makes their data consistent with the ones from AGASA. The same is true for the HiRes spectrum if the energy is rescaled up-wards by 30%. In contrast to Ref. [19], we fix the energy scale by the HiRes mono data in the present work. Therefore, we have to shift the AGASA data by 30% downwards, and the SUGAR data by 50% downwards. According to Ref. [9], the Yakutsk energy scale is systematically 15-20% above the AGASA energy scale. Thus, in order to match the Yakutsk data to the HiRes energy scale we rescale all energies of UHECR events of Ref. [9] by 50% downwards.

In Fig. 1, we show a skymap in equatorial coordinates of the arrival directions of the UHECR used in the analysis below. An inspection by eye indicates an overdense region around and south the AGASA triplet as well as several underdense regions or voids. In Fig. 2, we show for comparison a skymap with events from those two experiments (Hires and SUGAR) which published also arrival directions below E^′ = 4 × 10^{19} eV. Again an inspection by eye indicates that the addition of low-energy data appears to make the sky map more isotropic. In the next section, we perform a statistical analysis to deduce the typical angular scales of excess correlations visible for E^′ = 4 × 10^{19} eV.

Fig. 2. Skymap of the UHECR arrival directions in equatorial coordinates from Hires and SUGAR in three different energy bins, E = (1 − 2) × 10^{19} (magenta, small circles), E = (2 − 4) × 10^{19} (blue, medium box) and E ≥ 4 × 10^{19} eV (red, large stars).

3 Autocorrelation analysis

We use as our statistical estimator for possible deviations from an isotropic distribution of arrival directions the angular two-point auto-correlation function w. We define w as function of the angular scale δ as w(δ) = N∑ i=1 i−1∑ j=1 Θ(δ − δ_{ij} ) , (4)

where Θ is the step function, N the number of CRs considered and δ_{ij} = acos (cos ρ_i cos ρ_j + sin ρ_i sin ρ_j cos(ϕ_i − ϕ_j )) is the angular distance between the two cosmic rays i and j with coordinates (ϕ, ρ) on the sphere. Having performed a large sample of Monte Carlo simulations, we call the (formal) chance probability P (δ) to observe a larger value of the autocorrelation function w(δ) the fraction of simulations with w > w^∗, where w^∗ is the observed value. We would like to warn the reader at this point that we have not fixed a priori our search and cut criteria. Thus the obtained probabilities are only indicative. But they can be used in particular to compare for different data sets the relative likelihood to observe the signal as chance fluctuation.

Fig. 3. Chance probability P (δ) to observe a larger value of the autocorrelation function as function of the angular scale δ for different combinations of experimental data; label of experiments as in Fig. 1.

In Fig. 3, we show the chance probability P (δ) as function of the angular scale δ for different combinations of experimental data. The chance probability P (δ) shows already a 2σ minimum around 20–30 degrees using only the 27 events of the HiRes experiments with E^′ ≥ 4 × 10^{19} eV. Adding more data, the signal around δ = 25^∘ becomes stronger, increasing from ∼ 2σ for 27 events to ∼ 3.5σ for 107 events. It is comforting that the position of the minimum of P (δ) is quite stable adding more data and every additional experimental dataset contributes to the signal. Moreover, autocorrelations at scales smaller than 25^∘ become more significant increasing the dataset. However, we warn the reader again that we have not constrained ourselves a priori to search for autocorrelations at δ = 20^∘ and hence the numerical values of the chance probability found should not be taken at face value.

To understand better how the search at arbitrary angular scales influences the significance of our signal we have calculated the penalty factor^1 for the scan of P (δ) over δ. The penalty factor increases for increasing resolution Δδ of the angular scale δ, but reaches an asymptotic value for Δδ → 0. The numerical value of the penalty factor found by us in the limit Δδ → 0 varies between 6 for the HiRes data set alone and 30 for the combination of all data. Since the energy cut we use is determined by the one chosen in Ref. [13], no additional

1 For a discussion of the use of penalty factors see e.g Ref. [20].

Fig. 4. Chance probability P (δ) to observe a larger value of the autocorrelation function as function of the angular scale δ for different cuts of the rescaled energy E^′: black E^′ ≥ 1 × 10^{19} eV, blue E^′ ≥ 2 × 10^{19} eV and red line E^′ ≥ 4 × 10^{19} eV.

penalty factor for the energy has to be included. We conclude therefore that the true probability to observe a larger autocorrelation signal by chance is P ≈ 3 × 10^{−3} for the complete data set.

In Fig. 4, we show again the chance probability P (δ) as function of the angular scale δ, but now for different values of the minimal event energy included in the analysis. Again we can use only Hires and SUGAR data, since for the other experiments no arrival directions for events below E^′ = 4 × 10^{19} eV are published. Moreover, the energy bin size we use is dictated by the one chosen in Ref. [13]. The addition of data with energy below E^′ ≈ 4×10^{19} eV reduces the significance of the minimum of P (δ). This could have various reasons: First, the interaction length of the UHECR primaries can increase with decreasing energy, as in the case of protons or nuclei. Then, the projection on the twodimensional skymap averages out more and more three-dimensional structures. Second, deflections in the Galactic and extragalactic magnetic fields destroy for lower energies more and more correlations. Note that the autocorrelation signal would not disappear lowering the energy threshold if it would be caused solely by an incorrect combination of the exposure of different experiments. In Fig. 4, there is also a prominent minimum of P (δ) around 120^∘ visible. This angular scale corresponds to the distance between overdense spots and is always for other datasets in Fig. 3 visible, but much less significant.

Fig. 5. Chance probability P (δ) to observe a larger value of the autocorrelation function as function of the angular scale δ combining the AGASA, HiRes, Yakutsk and SUGAR experiments according to the number of observed events (dashed lines labeled N_{ev}) and according to the exposure of the individual experiments (solid lines labeled Exp). Data of SUGAR zenith angles up to 45 degrees and up to 70 degrees are shown with thin and thick solid lines, respectively.

In order to combine the various experiments in a single data set as shown in Figs. 3 and 4, we have estimated the relative exposure of each experiment by the number of observed events above a chosen energy threshold. We can check this procedure for those experiments for which we can cut the data set on the same energy, i.e. for AGASA, HiRes, Yakutsk and SUGAR. For this check, we fix the total number of events to the observed one, which is 92 events using zenith angle ϑ < 45^∘ and 101 using ϑ < 70^∘ for SUGAR. Then we choose the event number of each experiment according to its exposure. For instance, for SUGAR with zenith angle ϑ < 45^∘ we use 32 HiRes, 27 AGASA, 12 Yakutsk, and 21 SUGAR events. Note that the observed numbers of events are 27 HiRes, 30 AGASA, 13 Yakutsk, and 22 SUGAR event, i.e. the differences are compatible with pure statistical (Poisson) fluctuations. The results of this comparison are presented in Fig. 5, combining the AGASA, HiRes, Yakutsk with SUGAR data with zenith angles up to 45 degrees and up to 70 degrees, respectively. The chance probability calculated with both recipes gives similar results. In one case the exposure method gives slightly stronger and in the other case slightly weaker results.

We have also checked how our result depends on the systematic energy difference between the AGASA and HiRes stereo experiments. Up to now, we have assumed that the energies of the HiRes stereo data have no systematic shift relative to the HiRes mono data [17]. However, because the normalization of the HiRes stereo spectrum is still under discussion, we have checked as extreme possibility that the HiRes stereo energy scale is shifted upwards by 20%. In this case, the AGASA data should be shifted down only by 10%, while the Yakutsk and SUGAR data should be shifted by 26.5%. The total number of events in the sample will increase from 107 to 143. The resulting probability P (δ) as function of the angle δ is similar to one shown in Fig.3. Thus we conclude that our results are not strongly sensitive to the exact value of the systematic energy difference between the AGASA and the HiRes experiments. Note also that once the relative energy scales of the experiments are fixed, our results do not depends on value of the “true” energy scale, i.e. on the global shift of all experiments together up and down in energy.

4 Discussion

Our results, if confirmed by future independent data sets, have several important consequences.

Firstly, anisotropies on intermediate angular scales constrain the chemical composition of UHECRs. Iron nuclei propagate in the Galactic magnetic field in a quasi-diffusive regime at E = 4 × 10^{19} eV and all correlations would be smeared out on scales as small as observed by us. Therefore, models with a dominating extragalactic iron component at the highest energies are disfavored by anisotropies on intermediate angular scales.

Secondly, the probability that small-scale clusters are indeed from point sources will be reduced if the clusters are in regions with an higher UHECR flux. For example, the AGASA triplet is located in an over-dense spot (cf. map in Fig. 1) and the probability to see a cluster in this region by chance is increased. In contrast, the observation of clusters in the ”voids” of Fig. 1 would be less likely by chance than in the case of an UHECR flux without medium scale anisotropies.

However, the most important consequence of our findings is the prediction that astronomy with UHECRs is possible at the highest energies. The minimal energy required seems to be around E^′ = 4 × 10^{19} eV, because, as one can see from Figs. 2 and 4, at lower energies UHECR arrive more and more isotropically. This trend is expected, because at lower energies both deflections in magnetic fields and the average distance l from which UHECRs can arrive increase. Since the two-dimensional skymap corresponds to averaging all three-dimensional structures (with typical scale L) over the distance l, no anisotropies are expected for l ≫ L. Thus, if the signal found in this analysis will be confirmed it has to be related to the local large scale structure.

Finally, we note that to check this signal an independent data set of order O(100) events with E^′ > 4 × 10^{19} eV is required. This agrees roughly with the finding of Ref. [6] that around 100 events are needed to reject the hypothesis that the UHECR sources trace the galaxy distribution.

5 Summary

We have found that the two-point autocorrelation function of UHECR arrival directions has a broad maximum around 25 degrees. Combining all publicly available data with energy E^′ > 4 × 10^{19} eV, the formal chance probability that a stronger autocorrelation is obtained from an isotropic distribution is around P ∼ 1 × 10^{−4}. Both the signal itself and the exact value of the chance probability have to be interpreted with care, since we have not fixed a priori our search and cut criteria. Taking into account a penalty factor of 30 appropriate for our search at all angles δ ∈ [0 : 180^∘], we have estimated the true probability as P ≈ 3 × 10^{−3}. We have checked that the autocorrelation signal disappears lowering the energy threshold, indicating that it is not caused solely by an incorrect combination of the exposure of different experiments. The autocorrelation signal found by us around δ = 25^∘ should be tested with future, independent data sets from HiRes, the Pierre Auger Observatory [21] and the Telescope Array [22]. If confirmed, it constrains the UHECR primary type together with the magnitude of extragalactic magnetic fields and opens the door to astronomical studies with UHECRs.

Acknowledgments

We are grateful to Günter Sigl, Igor Tkachev and Sergey Troitsky for helpful comments on the draft. We would like to thank Eric Armengaud and especially Pasquale Serpico for useful discussions.

References

[1] D. Harari, S. Mollerach and E. Roulet, JHEP 9908, 022 (1999) [astro-ph/9906309].

[2] M. Kachelrieß, P. D. Serpico and M. Teshima, astro-ph/0510444.

[3] M. Takeda et al., Astophys. J. 522, 225 (1999); Y. Uchihori et al., Astropart.

Phys. 13, 151 (2000) [astro-ph/9908193]; P. G. Tinyakov and I. I. Tkachev, JETP Lett. 74, 1 (2001).

[4] G. R. Farrar and P. L. Biermann, Phys. Rev. Lett. 81, 3579 (1998) [astro-ph/9806242]; P. G. Tinyakov and I. I. Tkachev, JETP Lett. 74, 445 (2001) [astro-ph/0102476]; D. S. Gorbunov et al., JETP Lett. 80, 145 (2004) [astro-ph/0406654]; for a summary and more references see D. S. Gorbunov and S. V. Troitsky, Astropart. Phys. 23, 175 (2005) [astro-ph/0410741].

[5] E. Waxman, K. B. Fisher and T. Piran, Astrophys. J. 483, 1 (1997) [astro-ph/9604005]; A. Smialkowski, M. Giller and W. Michalak, J. Phys. G 28, 1359 (2002) [astro-ph/0203337]; G. Sigl, F. Miniati and T. A. Enßlin, Phys. Rev. D 68, 043002 (2003) [astro-ph/0302388].

[6] A. Cuoco et al., JCAP 0601, 009 (2006) [astro-ph/0510765].

[7] M. Kachelrieß and D. V. Semikoz, Phys. Lett. 634, 143 (2006) [astro-ph/0510188]

[8] N. Hayashida et al., astro-ph/0008102.

[9] Talk of M. Pravdin at the 29th Int. Cosmic Ray Conference, Pune 2005,

http://icrc2005.tifr.res.in/htm/PAPERS/HE14/rus-pravdin-MI-abs1-he14-poster.pdf

[10] M. M. Winn et al., J. Phys. G 12, 653 (1986); ibid. 675 (1986); see also the complete catalogue of SUGAR data in “Catalogue of highest energy cosmic rays No. 2”, ed. WDC-C2 for Cosmic Rays (1986).

[11] L. A. Anchordoqui et al., Phys. Rev. D 68, 083004 (2003) [astro-ph/0305158].

[12] R. U. Abbasi et al., Astrophys. J. 610, L73 (2004) [astro-ph/0404137].

[13] Talk of S. Westerhoff at the CRIS-2004 workshop “GZK and Surrounding”, Catania, Italy, http://www.ct.infn.it/cris2004/talk/westerhoff.pdf

[14] M. Nagano and A. A. Watson, Rev. Mod. Phys. 72, 689 (2000).

[15] P. Sommers, Astropart. Phys. 14, 271 (2001) [astro-ph/0004016].

[16] V. Berezinsky, A. Z. Gazizov and S. I. Grigorieva, hep-ph/0204357; Phys. Lett.

B 612 (2005) 147 [astro-ph/0502550].

[17] Talk by Charles Jui at C2CR-2005 workshop “Latest Results from the High Resolution Fly’s Eye (HiRes) Experiment”, Prague, Czech Republic,

http://www.particle.cz/conferences/c2cr2005/talks/jui.pdf

[18] M. Ave et al., Astropart. Phys. 19, 47 (2003) [astro-ph/0112253].

[19] M. Kachelrieß and D. V. Semikoz, Phys. Lett. B 577, 1 (2003) [astro-ph/0306282].

[20] P. G. Tinyakov and I. I. Tkachev, Phys. Rev. D 69, 128301 (2004) [astro-ph/0301336]; C. B. Finley and S. Westerhoff, Astropart. Phys. 21, 359 (2004) [astro-ph/0309159].

[21] J. W. Cronin, Nucl. Phys. Proc. Suppl. 28B, 213 (1992). [22] M. Fukushima, Prog. Theor. Phys. Suppl. 151, 206 (2003).