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Correlation of pulsar positions and the arrival directions of 
air showers of energies 10"-101* eV observed at Chacaltaya 
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Laboratorio de Fisica Cosmica, Universidad Mayor de San Andres, La Paz, Bolivia 
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Abstract. The arrival directions of 2598 air showers of energies between 10"-10L8 eV 
observed at Mt Chacaltaya during 1964-1966 have been examined in order to search for a 
possible correlation with the known positions of pulsars. A plot of the declination against 
right ascension of the observed air showers has been divided into a grid of 5" declination 
against 5" right acension. A distribution of the number of showers along each declination 
band is then constructed. In each declination band those groups of showers (bins within 
the grid) which are above 2 standard deviations in the distribution are selected for further 
analysis. There are 36 such groups and among these 19 coincide with the known positions 
of pulsars while 7.5 are expected from accidental coincidence. The results obtained from this 
preliminary analysis d o  not rule out the possibility that some at least of the cosmic ray 
primaries in the energy range studied originate in pulsars. 

1. Introduction 

The problem of the sources of cosmic rays is well known and several attempts have so 
far been made to correlate the arrival directions of ultra-high energy particles with several 
kinds of celestial objects. In this paper we attempt to correlate the arrival directions 
of particles of energies between 10'7-10'8 eV and the known position of pulsars. These 
high energy particles are observed by the air showers they produce in the atmosphere. 

The data on air showers used here come from a three year study (1964-66) made by 
the Bolivian air shower joint experiment (BASE) at Mt Chacaltaya, Bolivia, 5200 metres 
above sea level. Although the experimental array was set up to observe showers at a 
lower energy region ( 10'4-10'6 eV) about 3500 showers were observed which had 
energies larger than l O I 7  eV. 

The data on pulsar positions and other pertinent information come from the summary 
of Terzian (1972) and IAU circulars (1972a, 1972b, 1973a, 1973b). 

The results obtained in this analysis are not strong statistically and in this sense the 
paper should be considered preliminary ; it is hoped that a more definite conclusion 
will be obtained with the analysis of large air showers (> 1017 eV) which are now being 
observed at Mt Chacaltaya with a new experimental arrangement (Aguirre et al 1973a, 
1973b, 1973~). 

2. Experimental arrangement and selection of events 

2.1. Experimental arrangement 

The general features of the experimental arrangement have been given previously 
(Suga et a1 1963). It consists basically of five concentric rings of unshielded detectors at 
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distances up to 150 m from a central 60 m2 shielded detector. The arrival directions of 
the showers (EAS) are determined by the fast timing method with the use of five detectors 
located at the centre of the array. The error in the arrival direction is less than 3" for 
EAS whose cores fall within about 100 m of the fast timing detectors and less than about 
8" for EAS whose cores fall within 250 m of the timing detectors. The 2598 showers used 
in the present analysis are selected from a total of about 3500. These selected showers 
have zenith angles less than 60" and, further, only those which give a good fit (DFIT and 
TFIT less than 3.0, see below) in both the fast timing and density systems are used. Also, 
about 90 % of the selected EAS have cores within 250 m of the centre of the array, so that 
the error in angle is less than 10" for most showers. 

2.2. Fitt ing program 

The analysis of the showers is made by a computer and the program is designed to 
calculate the best values for size, axis location and s parameter. In the computation it is 
assumed that the detectors' signals observed will not be exactly the signals calculated 
by the expression 

p = N ~ ( s ) r ' - ~ ( l +  

where N is the size and r the distance from the core, but will differ from the calculated 
value due to fluctuations in shower development and to measurement errors. The 
fluctuations are assumed to be normal, or gaussian, in nature. The values chosen for 
axis coordinates, size, and s are those which give a shower the greatest probability of 
producing the observed detectors' signals. 

To determine the reliability of the fitting process, a quantity called DFIT is calculated. 
Basically, this is the root-mean-square value of the fluctuation of the detectors signals 
from their predicted values in terms of standard deviations. Given values of shower 
size, s, and axis location (and arrival directions from the fast timing data) allow the 
computation of the signals Ai expected at all density detectors. If ni are the observed 
signals, and ui are the standard deviations of the expected fluctuations, then 

( N - 4  
DFIT = 

where N is the number of detectors. The showers selected for the present analysis are 
required to have a DFIT value less than 3.0 (obviously, DFIT may be made as large or small 
as one chooses by suitable choices of ui and here is chosen as (Ai)"2). 

As mentioned in 4 2.1 the arrival directions of the EAS are determined by the fast 
timing method. In the experimental arrangement there were five detectors. Four of 
these were in the same plane forming a square lattice of 30 m side. The fifth detector 
was located at the centre of the square and at a height of 9.6 m above the plane of the other 
four. This detector was used as the reference detector. The time differences (in ps) 
between each of the four detectors (Ti, i = 1 , .  . . ,4) and the reference detector (T,) were 
recorded for the determination of the arrival directions. Also, the signal from each 
(Ti - T5) was delayed for purposes of recording the time differences. 

For the computation of arrival directions from fast timing data a quantity called 
TFIT is constructed, as follows : 

TFIT = ( 1 " (TIMEOBS(1') - TIMECOMP(i))2) 'I2 - - ( (ERROR(i))2) 1'2 

i =  1 u-2 i = 1  u - 2  
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where U = 5 for four good time differences and TIMEOBS values are the input differences 
determined by the expression 

TIME(I') = delay@) - slope(i) x ps printout (Ti - T,) 

where slope ( i )  is a quantity depending on the calibration of the detector. 
The TIMECOMP values are the solutions obtained from the least-square iteration 

process. Here the time is allowed to vary from the absolute time of T,, for instance if 
the computed value of T, is positive it means that the zero of time is shifted upwards to 
a point above the T, detector and all times are computed from this point. This happened 
often for small showers which were centred on the array. The particles which strike T, 
are earlier than the ones which strike the outlying detectors T1-T4. If two differences 
(or more) are missing the arrival direction could not be computed and the shower was 
assumed vertical by the program. In the computer output this case had a special call 
and for the present analysis those showers were excluded. For all fast timing determina- 
tions that are usable TFIT is positive and for the showers selected in the present analysis 
it should have a value less than 3.0. 

For the computation of arrival directions the quantity TFIT has the same significance 
as DFIT in the density fitting, the main difference is that TFIT represents the root-mean- 
square value of fluctuations in a gaussian distribution, as determined from only one or 
two samples. 

3. Analysis of the arrival direction of air showers 

A plot of the declination (6) against right ascension (RA) for the 2598 EAS used in the 
analysis is made and this plot is divided into a grid of 5" 6 and 5" RA. In figure 1 a 'map' 
(in the form of a table) is presented showing the number of showers in each bin. The 
distribution of the number of showers in each bin (5" 6 x 5" RA) along each declination 
band is then constructed. In'each declination band those groups of showers (bins) which 
are above two standard deviations are then selected for further analysis. The procedure 
which defines 20 here is as follows: in the Poisson probability P = mx e-"/x!, m is taken 
as the average number of showers per bin along each declination band (ie total number of 
showers in the band/72). The probability P, from a gaussian distribution (at 2a) is 
0.02275 (Pearson 1934, table 2, pp 2-8) and the number of showers per bin x which are 
above 20 as defined above is then obtained. In order to consider the error in arrival 
direction and the deflection of particles by the galactic magnetic field, the bins are further 
enlarged so as to occupy a total area of & 5" 6 and k0.5 h RA of the sky. The bins so 
selected are shown in figure 2. There are 36 such bins (39 expected). Figure 3 shows the 
distribution of pulsars' positions used. In the case of selecting the bins directly from a 
10" x 15" plot, then are 9 bins above 2a ( - 7 expected) and of these 3 coincide with known 
position of pulsars while 1.8 are expected from accidental coincidence; in this case how- 
ever when there are only 7 (or 9) expected bins a somewhat different approach should 
probably be used to find any meaningful correlation. 

The fact that the error considered in the arrival direction is of the order of f 5", is 
equivalent to a search for particles which are not deflected by the galactic magnetic 
field (ie neutrons or protons arriving from nearby pulsars). The estimated angle between 
the arrival directions of cosmic rays of energies around 10'' eV and the earth-pulsar 
line is of the order of 7" for the closest pulsars if the primary is a proton. For the calcula- 
tion of this angle the galactic magnetic field is assumed to be 1 pG and to be perpendicular 
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Figure 3. Position of pulsars. 

to the passage of cosmic rays. Of course, the intensity of the field may not be the same 
in all given directions (see for example the work of Manchester 1972) so for a more 
accurate calculation the figure above should be revised for particular pulsar directions. 
The search for neutrons at a few times 10'' eV is also possible and has already been 
discussed (Osborne and Wolfendale 1972). 

To search for a correlation between the bins of EAS selected and the direction of 
pulsars, a tracing of figure 2 is placed over figure 3 and the number of coincidences is then 
determined. If more than one pulsar falls inside the bin or if one pulsar falls in two bins, 
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this is still counted as a single coincidence. In figure 2 those coinciding pulsars are 
marked with a cross. The number of accidental coincidences is determined by displacing 
the overlay by a phase A = + 2,4, . , . , 12 h and - 2, - 4, . . , , - 12 h RA and counting the 
number of coincidences in each case. Figure 4 shows the results obtained. It is seen 
from the figure that a significant peak appears when the phase is equal to 0, here the 
number of coincidences is 19 (21 if we consider two overlapping bins with two pulsars in 
each pair), while the number of accidental coincidences is 7.5. Also, a similar analysis 
has been carried out for 36 randomly selected bins and no correlation has been found in 
this case. 

9 
0'-1; ' -a ' -i ' 0 ' 4 i ' 1; ' 

Phase ( h )  

Figure 4. Frequency of pulsar-bin Coincidences. 

As is well known, the largest concentration of pulsars is in the RA range 17 h to 
20 h ; a plot of the distribution of the number of showers along RA is shown in figure 5. 
Fom the figure it is seen that a peak appears in the direction where the concentration of 
pulsars is largest, and, in the region of lowest concentration (about 0 h to 3 h) the number 
of showers is small. These peaks are just above (below) 20 (a = 4 ~ )  respectively. 
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Figure 5. Distribution of showers along right ascension. 
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5. Discussion 

Several attempts have been made to find a correlation between the arrival direction of 
air showers and the known position of pulsars. Many of these have been directed towards 
finding such a correlation for cosmic rays greater than 10'' eV (eg Suga 1972, Osborne 
and Wolfendale 1972) ; in both cases the approach was similar, considering (or not) the 
galactic magnetic field a one-to-one correlation was sought for. Brownlee et a1 (1 970) 
considered showers of energies greater than lo1' eV and divided the sky into boxes one 
hour wide in RA by 10" declination and looked for a statistically significant increase in 
the shower number in each box with respect to CP0950. A similar approach was taken 
by Lapikens et a1 (1971) who divided the sky into a grid 10" RA by 10" 6, its results indicated 
that no strong preferred source region existed in the northern celestial hemisphere. 

As far as the present results are concerned, for a more precise determination of the 
correlation of arrival direction and positions of pulsars the configuration of the galactic 
magnetic field should certainly be taken into consideration. It should be noted however 
that of the total number of coincident bins of showers 16 (or 18) coincide with pulsars 
which have distances less than 110 DM, while only 3 (or 1) at distances greater than 
200 DM (DM stands for 'dispersion measure', the earth-pulsar distance is approximately 
proportional to the quantity). In this case if particles are accelerated from these closer 
pulsars the magnetic fields will have a 'weaker' effect and these cosmic rays will be 
virtually undeflected ( &  10"). 

It is also interesting to note that a large number of bins are concentrated along the 
galactic plane where also most of the pulsars lie. 

Furthermore, according to Gunn and Ostriker (1969), the flux of cosmic rays at the 
earth is proportional to ( D M ) - ~  (period)-2. In the present analysis, 10 bins of showers 
coincide with 10 of the 20 most 'intense' pulsars while 16 coincide with 16 of the 40 most 
intense. 

A very crude estimate of the observed intensity from each pulsar gives 10- ' m-' s-  '. 
The significance of this value will be discussed together with some refinements of the 
analysis procedure in a future paper. 

In conclusion, the present preliminary analysis suggests that some at least of the 
cosmic rays in the energy range 10'7-10'8 eV may originate in pulsars. 
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