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Abstract

A search for transient point sources of ultra-high-energy (UHE) ~-rays has been
performed, based on the correlation of two extensive air shower arrays, BAKSAN
(North Caucasus, 1700 m a.s.l., BAKSAN Neutrino Observatory, Russia) and EAS-
TOP (Campo Imperatore, 2005 a.s.l., Laboratori Nazionali del Gran Sasso, Italy),
which are located at very similar latitudes (¢ =~ 43° N), and separated in longitude
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by A\~ 33.7°.

The search has been conducted at primary energy E, > 5- 10" €V on the timescale of
a daily source transit over the sky observable in the northern hemisphere (19° < § <
69°), and for three sources, namely the Crab Nebula, Markarian 421 and Markarian
501, observed at TeV energies by atmospheric Cherenkov detectors.

The stability of the single detectors has been studied and verified up to high signif-
icance level.

No coincident excess not compatible with the expectations from statistical fluctua-
tions has been observed. The obtained upper limits to the rate of transient events,
N, at 90% c.l., are:

e concerning the sky survey, in the declination band corresponding to the zenith,
ny/(Q - t) < 12/(yr-sr) with ®,(E, > 5-10'% eV)> 2.0- 107" cm™2 s7! and
duration At< 8 hrs;

e concerning the candidate sources, e.g., for Markarian 421: n./t < 7.7/yr with
P (Ey>5.-101 eV) > 1.3- 107" em™2 s7! and At< 7.5 hrs.

A coincident episode from Markarian 421, observed on January 15th, 1994, with
expected chance imitation rate n., = 0.01 is discussed.



1 Introduction

The study of the high energy tail of the spectrum of y-ray sources is the main tool to
investigate the physical processes responsible for the emission and the highest energies
reached by the acceleration mechanism of charged particles.

At E, > 10" eV, direct measurements are still difficult, due to the steepness of the y-ray
spectrum. Such studies are performed by means of ground-based instruments recording
the Extensive Air Showers (EAS) produced in the interaction of y-rays with the Earth’s
atmosphere: Atmospheric Cherenkov (AC) detectors at energies E, ~ 10" eV (VHE)
and EAS arrays at E, ~ 10'* eV (UHE), the main difficulty being due to the charged
cosmic ray background.

At VHE, experiments using the AC technique have successfully detected a few ~v-ray
sources, both galactic, e.g., the Crab Nebula [1, 2, 3, 4, 5] (observed at the same energies
also by the Tibet AS-y array [6]) up to E, =~ 5-10" eV [5], PSR B1706-44 (7, 8], Vela [9],
SN1006 [10], and extragalactic, i.e., the Active Galactic Nuclei Markarian 421 [11, 12, 13],
Markarian 501 [14, 15, 16, 17], 1ES2344+4-514 [18]. As at satellite energies, AGNs are
characterized by intense sporadic activity superimposing over d.c. fluxes [19, 20, 21].

At UHE, EAS arrays, usually located at mountain altitudes, have set upper limits to
d.c. fluxes. At these energies, the most significant effect reported up to now is the
outburst observed on February 23, 1989, from the Crab Nebula by the BAKSAN [22],
Kolar Gold Field [23] and EAS-TOP [24] arrays. The combined chance imitation rate for
the observation is 3-107* and the flux ®,(E, > 210" eV) = (2+1)- 1072 cm 2 71,
i.e., about 100 times higher than the extrapolated flux from the ACT data.

Cosmic gamma-ray bursts could also be accompanied by the acceleration of extremely high
energy particles [25, 26], and therefore by gamma rays of comparable energy (although
with unpredictable time distribution), which would be attenuated by the interactions with
the cosmic background photons, while the produced radiation would pile-up at energies
E, <10 eV.

The search for y-ray transients at primary energies £, < 10'* eV is thus complementary
to the existing gamma-ray astronomies, concerning both known and unknown sources.
From this point of view, EAS arrays, characterized by very high duty cycles and long
operation times, can be informative even with respect to AC detectors, in spite of their
worse resolution and sensitivity. On the other hand, the establishment of sporadic effects
is quite hard with a single detector, due to the cosmic ray background, various sources
of noise and the required long exposure times (searches for transient emission using the
EAS technique, have been conducted by existing EAS arrays, see e.g. [27, 28, 29]).

We have therefore performed a systematic search for possible coincident excesses in the
BAKSAN and EAS-TOP arrays data. The effective energy range of the two experiments
is nearly the same due to the similarities of the altitudes and of the individual detectors
dimensions and spacings: E, ~ 5:10" eV, EAS-TOP being more sensitive due to its larger
collecting area. Their locations on the Earth (latitudes 43.3° N and 42.5° N, respectively,
i.e., very similar, and longitudes 42.7° E and 13.5° E), together with their field of view
a = 40°, provide a superposition of about 5 hours for a source culminating at their zenith,
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the time shift being At ~ 2 hours. The coincident experiment, performed on the time
basis of a daily source transit, is thus sensitive to transient phenomena, covering the
observed time variability range of Markarian 421 and Markarian 501.

The data taking of the two arrays is superimposed for 474 days between 1992 and 1995.
The correlated search has been performed over the observable sky (19° < 6 < 69°) in cells
of dimensions 4° x 4°, compatible with the angular resolution of both detectors, and for
a few candidate sources, namely the Crab Nebula, Markarian 421 and Markarian 501.

2 The arrays

2.1 The BAKSAN array

The BAKSAN air shower array is located in southern Russia, in the North Caucasus
region, near Mount Elbrus (1700 m a.s.l., BAKSAN Neutrino Observatory, lat. 43.3° N,
long. 42.7° E).

The array [30] (shown schematically in Fig. 1) consists of a large central scintillator
detector (made of 400 liquid scintillator units, total area Ac ~ 200 m?) surrounded by 6
smaller ones (each made of 18 units, A, ~ 9 m? each). The array has counting rate f ~
1 Hz, the trigger being provided by the fourfold coincidence of the detectors nearest to
the central one (30 m from the center, indicated as full rectangles in Fig. 1). Only time
of flights information are included in the data, so that only the arrival direction can be
determined for each shower. For sixfold coincidences (i.e., the ones used in the present
analysis) the angular resolution is oy &~ 1.5°. The typical triggering primary energy in
the angular window 6 < 40° is Ej,, = 5- 10'® eV for a source culminating at the zenith
(E4y, being defined as the mode of the distribution A(E) - E~7, where A(E) is the array
effective area, E is the primary ~v-ray energy, v is the differential spectrum index, see ref.
[31] for further details).

2.2 The EAS-TOP array

The EAS-TOP air shower array is located in central Italy, at Campo Imperatore (2005 m
a.s.l., National Gran Sasso Laboratories, lat. 42.5° N, long. 13.5° E).

The detector of the electromagnetic component [32] (shown in Fig. 2) consists of 35
scintillator modules 10 m? each, spread over an area A;; ~ 10° m?. Different selection
criteria based on the number of fired scintillators and the EAS core location are applied to
the data in order to investigate different primary energies. In the present analysis we use
(i) showers with n,, > 4 fired modules, without core location (Low Energy, LE events,
trigger rate f ~ 20 Hz), and (ii) showers with n,, > 7 fired modules and core located
inside the edges of the array (High Energy, HE events, trigger rate f ~ 2 Hz). The
angular resolutions are respectively ofF = 2.5° (taking into account the uncertainty in
core location) and of/F = 0.83° & 0.10° (obtained through the measurement of the shape
of the Moon shadow on the flux of primary cosmic rays [31], thus including systematic
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effects). The typical triggering primary energies in the angular window 6 <40° are ELY ~

typ
3-10" eV and E[IP ~ 9-10" eV, for a source culminating at the zenith.

3 The analysis

The data-set covers the period from 1st January 1992 through 31st December 1995.

3.1 Sky survey

The basis of the sky survey is a daily map in celestial coordinates of the arrival directions
of all showers with zenith angle 6, < 40°. The daily maps are produced by tiling the
visible sky with a set of approximately equal solid angle cells, whose dimensions are
compatible with the angular resolution of both arrays. Cell centers are spaced by Ad =
4° in declination, and by Aa = 4° — 6° — 8° in right ascension, depending on §. In
order to lessen edge effects, four different series of overlapping maps (M;, Ms, M3, M,) are
produced, the cells centers being shifted with respect to M;: for My by (65 = Ad/2, a5 =
0), for M3 by (ds = 0,5 = Aa/2), for My by (05 = Ad/2,as = Aa/2). Due to such
overlapping, in the most favorable case (a source located in the center of a cell) the angular
efficiency e£% is 0.98 and €&5 = ep4 = 0.7, while in the most unfavorable case eZX = 0.7
and ekZ = egs = 0.5. The observed ranges of declination are 19° < § < 67° (M; and
Ms3) and 21° < 6 < 69° (M, and M,), corresponding to 12 declination bands d;(i = 1,12).
The number of cells in each band are:

o O ~ 04 Aax =4° — 90 cells
o 05 — 0g: A = 6° — 60 cells
® 09— 019: A = 8° — 45 cells

for a total of 780 cells for every map.

The search is performed by means of the ON-OFF technique: for each day, every cell
is considered a potential v-ray source (ON) and its number of counts (N,,) is compared
with the number of counts (N,ss) from 6 adjacent cells located in the same declination
band and next to the on-source one. For each source transit?, the significance S (in units
of standard deviations) of the number of observed events is computed according to the Li

and Ma statistics [33]:
1 Non,
S = \/5 Nonln ta —+
Q N,y + Noff

Noffln[(l +a) (%)] }1/2 (1)

2A source transit is defined as the passage of the considered cell above the chosen horizon, 6, = 40°,
and the corresponding exposure time, Tz, is defined as the time between its rising above 6}, and setting
below 6},.




where a = 1/6.

For the correlated analysis, days of operation are considered common when overlapping
even only partly. As a result of this correlation, 424 BAKSAN daily maps and 474 EAS-
TOP ones are used. Maps relative to common days are then searched for statistically
significant excesses located in the same position.

3.2 Candidate sources search

In the case of known sources the same ON-OFF technique is applied, where the ON cell
is centered on the searched source position. For EAS-TOP the cell dimensions are:

Ad = 1.5809
Aa = Ad/cosd

1.58 being the factor which maximizes the ratio of the signal to the background fluctua-
tions in case of Gaussian angular resolution with r.m.s gy. For EAS-TOP, in the case of
HE events A§ = 1.5° (the corresponding angular efficiency egr being 0.9), while for LE
showers Ad = 4° (egr = 0.7). For BAKSAN, the cell dimensions are the same as in the
all-sky survey (ega = 0.7). The six OFF cells are located at the same declination as the
source cell (ON) and shifted in right ascension by £2KAa (K = 1,3). Only events with
zenith angle ), < 40° (which as above defines the horizon) are used, and days of operation
in which the seven cells are observed without interruptions from their rising above 6, to
setting below 6),.

The common data-set includes 356 source daily transits for the Crab Nebula (7., = 5.5
hrs), 349 for Markarian 421 (7., = 7.5 hrs and 360 for Markarian 501 (7,, = 7.5 hrs).

4 All-Sky search results

4.1 Individual analysis

As a first step of the analysis, the daily maps from each experiment, relative to common
days, are studied. The distributions of the daily significances S are shown in Figs. 3a,b
(EAS-TOP, LE and HE events, respectively, 780 x 4 x 474 observed cells), and Fig. 3c
(BAKSAN, 780 x 4 x 424 cells). Each of them shows significant negative mean values,
which is intrinsic in the usage of Li and Ma statistics and becomes evident in the case of
very large number of trials for & < 1 (defined in expr. (1)) [34]: the comparison between
the experimental distributions and the simulated ones based on Poissonian fluctuations
gives reduced chi-square values x2 = 0.8, 1.1 and 1.2, for the three cases of Fig. 3, re-
spectively.

The most significant excess is observed in the EAS-TOP LE data set (S = 5.1 s.d.). The
number of trials being N, = 780 x 4 x 474, the expected number of such excesses is
Newp = P(> 5.1s.d.) x Ny, =0.25.

The Poissonian behavior of the experimental fluctuations confirms the stability and reli-
ability of both detectors up to the largest observed excesses (S ~ 5 s.d.).
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4.2 Combined analysis

The absence of statistically significant excesses recorded by a single installation does not
preclude the possibility of positive results when combining the two detectors. Such a
search on joint data has been conducted with three methods.

(1) We have searched for possible coincidences, out of statistical expectations, in the
upper tails of the daily excesses distributions, sampling at approximately the same
significance level S for both installations. We have selected the n,,, largest excesses
both in BAKSAN and in the two EAS-TOP data sets: n,,,s =1, 3, 10, 30...up to
Ninost =28800 (corresponding to S & 2 s.d.). Among them, coincidences in position
and time are searched. The number of measured coincidences, C,,, is compared
with the expected one, C,, from chance rate:

Ce(nﬁfsta nﬁfst) = P(nfﬂst) 'p<n7?11043t) * Nirial * Neet * Nserie (2)
where: o
p(nET t) — Nnost
mos Nserie . Ncell : NdEags
p(nBA t) — niést "
mes Nse'rie . Ncell : szzys
being:
— Nipiat = 675
— NET — 474
— NBA — 424
- Nserie =4
- Ncell = 780

where Ny is larger than both Nflgs and Nfl‘;s, since each daily map from an
experiment can overlap with either one or two daily maps from the other one.

C. and C,, are compared in Fig. 4 (results for small values of n,,,s, representing
the most significant region for the search of coincidences are given in the table on

the same figure): no excess is observed above the chance rate.

(2) The different sensitivity of the two arrays (due to the larger collecting area of EAS-
TOP) has been taken into account by searching for possible coincidences in signifi-
cance ranges which are not necessarily the same for the two installations. Starting
from the individual distributions of daily significances .5, all excesses with S > 1.3
s.d. have been divided into N, samples of 1600 each (Ns(BA) = 78, N,(ET HE)
= Ny(ET LE) = 90), so that N,(BA) x N (ET) = 7020 cross-correlations are per-
formed. For each combination, the number of expected coincidences is given by
expr. (2), with nest(ET) = nmest(BA) = 1600: C,(1600,1600) = 2.75. Figures
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5a,b show the distributions of the number of measured coincidences when correlat-
ing BAKSAN with EAS-TOP LFE events (Fig. 5a) and with EAS-TOP HE events
(Fig. 5b): the comparison with Poissonian distributions with mean value equal to
2.75 (shown in the same figures) gives reduced chi-square values y% = 0.8 and 0.5,
respectively. No unexpected excess in the number of coincidences is observed for
any combination of significance levels.

(3) In order to take into account the EAS-TOP higher sensitivity, the distribution of
the excesses in the BAKSAN data has been studied for the 100 largest EAS-TOP
excesses, chosen in the LE data-set, i.e., at approximately the same primary energy.
The resulting distribution is shown in Fig. 6: it is consistent with the expectations
from statistical fluctuations. No more significant results are obtained when setting
more stringent cuts on EAS-TOP data, i.e., selecting n, < 100 largest EAS-TOP
excesses.

Due to the absence of nonstatistical effects in all procedures, limits to the number of
transient emission episodes, n., can be set: e.g., for the declination band corresponding
to the zenith, at 90% c.1., n, < 2.3 in 474 days of observation with flux* ®**(E, > 5-10"?
eV)>2.0-10"" em™2 s7! and duration At < 8 hrs, i.e., n,/(Q-¢) < 12/(yr - sr), taking
into account the dimension and the exposure time of the portion of the declination band
above the horizon (in the quoted case € = 0.15 sr). Values of n, /(- 1), Spa, and @797,
for each declination band, are given in Table 1, together with the corresponding £, and
Tep-

5 Point sources search results

A search for emission from the Crab Nebula, Markarian 421 and Markarian 501 on a daily
(single transit) timescale has been conducted in coincidence between the EAS-TOP LE
data set and the BAKSAN one, i.e., at approximately the same primary energy.

3The flux corresponding to ness observed events above primary energy E, is given by:

Nobs 1 —
(> E,)) = —= E;+ 3
&) = S ABNE Ty -1 )

where € is the angular efficiency, T, is the exposure time, - is the differential index of the assumed source
spectrum and A(F) is the array effective area as a function of the primary energy E, calculated through
a simulation including both the cascade development in the atmosphere and the detector response. In
the present case, we assume v = 2 and we use ¢ =< € >= 0.6. Since the exposure time, the primary
~-ray energy and the cell dimensions depend on the declination, fluxes are calculated for each declination
band, based on the counting rate of the BAKSAN array (i.e., the less sensitive one) which corresponds
to the largest excess detected, Spqz-



5.1 Individual analysis

The distributions of the daily significances in the individual BAKSAN and EAS-TOP
data sets are shown in Figs. 7a,b,c and 8a,b,c for BAKSAN and EAS-TOP, respectively,
(Crab Nebula: a, Markarian 421: b, Markarian 501: ¢). The distributions of Figs. 7,8 are
well fitted by zero mean and unit-width Gaussians, as expected (the difference between
Gaussian and real behavior is Ag & 3% in the region around S = 3 s.d.).

5.2 Combined analysis

The distributions of correlated BAKSAN and EAS-TOP daily excesses, Sga and Sgr,
for each of the candidate sources, have been studied: fig. 9 shows, as an example, the
correlated scatter plot of daily significances in the case of Markarian 421.
Since, as we have shown, Sps and Sgr follow Gaussian distributions with oy = ogr = 1,
their combined behavior should follow the Rayleigh distribution:
2
F(R)= e iz ()

o2

where R = /S%,4 + S%, and o = 1. From the comparison between the experimental dis-

tribution of R and the expected one, we obtain reduced chi-square values x? = 0.3, 1.4,
0.8, for the Crab Nebula, Markarian 421 and Markarian 501, respectively: the agreement
with the expectations from statistical fluctuations is hence quite good.

As a further check, we have studied in the BAKSAN data the distributions of the ex-
cesses corresponding to the 10 largest EAS-TOP ones (again to take into account its
higher sensitivity). The results are summarized in Table 2: for each distribution (one for
each source), mean value and width are given. All distributions and tails are generally
consistent with random fluctuations. Limits to the number of bursts of transient emis-
sion, n,, can then be set, using the maximum excess for each source, as detected by the
BAKSAN array, and assuming as differential index for the source spectrum v = 2.4 [35]
for the Crab Nebula and v = 2 for the other two sources. At 90% c.l., we have:

e for the Crab Nebula: n, < 2.3 in 356 daily transits, with ®,(E, > 6.- 10" eV) >
1.4-107" em™2 s7! and At< 5.5 hrs, n,/t < 10.3/y, taking into account the real
daily exposure;

e for Markarian 421: n, < 2.3 in 349 transits, with @, (E, > 5.-10% eV) > 1.3-10!
em™? 57! and At< 7.5 hrs, n, /t < 7.7/y;

e for Markarian 501: n, < 2.3 in 360 transits, with @, (E, > 5.-10"% eV) > 1.4-10!!
cem? 57! and At< 7.5 hrs, n,/t < 7.5/y.

Slightly peculiar, however, is the case of Markarian 421 for which the mean value of the
BAKSAN excesses, corresponding to the 10 largest EAS-TOP ones, is positive at 2.9
s.d. and the second most significant BAKSAN excess (Spa = 2.5 s.d., recorded on 15th
January 1994) coincides with the EAS-TOP largest one (Sgpr = 2.6 s.d.) (this event is

8



demonstrated in Fig. 9). Following Rayleigh statistics, the number of events expected
above the corresponding R level is 0.6: no nonstatistical significance can thus be inferred
from such observation. If we take into account its peculiar location in the uppermost
tails of both distributions, we obtain, from the integration of F'(R) for Sgr > 2.6 and
Spa > 2.5, an expected chance imitation rate n., = 0.01, so that it is worthwhile to point
it out.

6 Conclusions

A search for possible transient gamma-ray sources (both unpredicted, through a sky-
survey of the northern hemisphere, and candidate ones) at E, > 5-10' eV has been
performed through the correlation of the BAKSAN and EAS-TOP data. The analysis
has been performed on the natural timescale of a daily source transit.

The independent fluctuations of the two arrays counting rates are well understood in
terms of Poissonian statistics, up to very large significance values (S > 5 s.d.). This
shows that the contributions due to instrumental effects are negligible, and sets a firm
base for the further joint analysis.

The correlated data also behave following statistical fluctuations. The absence of non-
statistical excesses as a result of the survey over the visible sky (19° < § < 69°) leads
to upper limits to the number of bursts of transient emission, n.,, (calculated according
to the counting rate of the less sensitive array, i.e., BAKSAN). For the declination band
corresponding to the zenith, at 90% c.l., we have: n,/(Q-t) < 12/(yr-sr), with flux
. (E, >5-10" eV)>2.0-10"" cm™? s and duration At< 8 hrs (n.,, ®, and E, for the
different declination bands are given in Table 1).

Three sources, namely the Crab Nebula, Markarian 421 and Markarian 501 (established
at TeV energies through the observation of AC detectors) have also been investigated. No
significant excesses have been detected from any of them; at 90% c.l., the corresponding
obtained upper limits are:

e for the Crab Nebula: n,/t < 10.5/yr with ®,(E, > 6.-10" eV) > 1.4- 107! cm™2
st and At< 5.5 hrs

e for Markarian 421: n.,/t < 7.7/yr with ®,(E, > 5.-10% eV) > 1.3-107" cm™2 7!
and At< 7.5 hrs

e for Markarian 501: n.,/t < 7.5/yr with ®.,(E, > 5.-10% eV) > 1.4-107" cm™2 7!
and At< 7.5 hrs.

Concerning Mrk421, a marginal effect, observed on January 15th, 1994, with chance
imitation rate n., =0.01, if not due to a statistical fluctuation, would prove that the
gamma-ray spectrum of AGNs, during flaring activity, extends up to primary energies
E, ~5- 10" eV (with ®, =(1+2)-107" cm™2 s7!), with no significant absorption on
infrared photons in the intergalactic space at such energies up to the distance of Mrk 421
(2=0.031).
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Figure 1: A schematic view of the BAKSAN array
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Figure 2: A schematic view of the EAS-TOP array
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Figure 3: Distributions of daily significances of the observed excesses in each cell (full
lines): (a) EAS-TOP, LE events; (b) EAS-TOP, HE events; (¢) BAKSAN. On each
experimental distribution, the one obtained from a simulation based on Poissonian fluc-
tuations is shown (dashed line).

14



103,

* C, @@
[ Cm (LE) v.""w
O C_ (HE) @

102?

n_. C,C.(LE)C (HE)

300 01 O 0
1000 11 1 2

iy
¢

j 3000 9.7 11 7
1 0" TB000 10000 15000 20000 25000 30000
anSt
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Figure 5: Distributions of the number of measured coincidences between: (a) BAKSAN
and EAS-TOP LE events; (b) BAKSAN and EAS-TOP HE events.
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Figure 7: BAKSAN: Distributions of daily significances for the three sources Crab Nebula
(a), Markarian 421 (b), Markarian 501 (c)
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Figure 8: FAS-TOP: Distributions of daily significances for the three sources Crab Nebula
(a), Markarian 421 (b), Markarian 501 (c)
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Figure 9: Plot of daily correlated excesses in EAS-TOP (Sgr) and BAKSAN (Spa) in
349 daily transits of Markarian 421. The largest excess discussed in the text is shown.
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0 band | Daily exp. E, Ny /-t | Spaw e
[hrs] [eV] [s.d] | [em™2s7]
01 5.5 8-10'3 18.0 4.1 [1.8-107H
o 6.0 71013 16.4 4.7 11.9-1074
03 6.5 6-10'3 15.0 44 11.9-1074
04 7.0 5-10"3 13.8 46 |1.8-1071
55 — O 75 5.108 | 129 | 4.7 |24-1071
07 — 0g 8.0 5-1013 12.0 44 12.0-1074
dg 8.0 6-10'3 12.0 45 122-1074
010 8.0 71013 12.0 4.1 | 1.7-1074
011 8.5 8-103 11.3 44 11.6-1071
51 8.5 10-10% | 113 | 43 [1.3-1071

Table 1: Results of the all-sky search: daily exposure, typical primary energy, n, /S -t
(see text) and the most significant excess detected by the BAKSAN array are given for
different 0 intervals (see sect. 3.1 for the definition of 9 — d12). Fluz upper limits at 90%
c.l. are calculated using as average angular efficiency, e=0.6, and as differential spectral

index, v = 2, see sect. 4.2.

Table 2: Summary of the main parameters of BAKSAN excesses distributions correspond-
ing to the 10 largest EAS-TOP ones, for the Crab Nebula, Markarian 421 and Markarian

501.

Source Mean value | Width
Crab Nebula | —0.14 4+ 0.32 1.0
Mrk 421 +0.72 +0.25 0.8
Mrk 501 —-0.27+0.31 1.0
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