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EVIDENCE FOR TeV EMISSION FROM GRB 970417a
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ABSTRACT

Milagrito, a detector sensitive to very high energy gamma rays, monitored the northern sky from 1997 February
through 1998 May. With a large field of view and a high duty cycle, this instrument was well suited to perform
asearch for TeV gamma-ray bursts (GRBs). We report on a search made for TeV counterparts to GRBs observed
by BATSE. BATSE detected 54 GRBs within the field of view of Milagrito during this period. An excess of
events coincident in time and space with one of these bursts, GRB 970417a, was observed by Milagrito. The
excess has a chance probability of 2.8 x 10°° of being a fluctuation of the background. The probability for
observing an excess at least this large from any of the 54 burstsis 1.5 x 10~2%. No significant correlations were

detected from the other bursts.

Subject headings. gamma rays: bursts— gamma rays. observations

1. INTRODUCTION

Gamma-ray bursts (GRBs) were discovered over 30 years
ago (Klebesadel, Strong, & Olson 1973). Although thousands
of GRBs have been observed, the physical processes respon-
sible for them are still unknown. The understanding of these
objects was greatly enhanced by results from the Compton
Gamma-Ray Observatory, which contained experiments sen-
sitive to photons from 50 keV to 30 GeV. One of these ex-
periments, BATSE, awide-field instrument sensitive to gamma
rays from 50 to above 300 keV (Paciesas et a. 1999), has
detected several thousand GRBs. EGRET (Esposito et al. 1999)
detected seven GRBs with photon energies ranging from 100
MeV to 18 GeV (Dingus, Catelli, & Schneid 1998). No high-
energy cutoff above afew MeV has been observed in any GRB
spectrum, and emission up to TeV energies is predicted in
several models (Dermer, Chiang, & Mitman 2000; Pilla& Loeb
1998; Totani 1998a; Meszaros & Rees 1994).

Very high energy gamma-ray emission may not be observ-
able for sources at redshifts much greater than 0.5 because of
pair production with infrared extragal actic background photons
(Gould & Schreder 1966; Jelley 1966). Recent observations of
lower energy afterglows associated with several GRBs have
allowed the measurement of nine redshifts, either by measuring
the spectrum of the optical afterglow or by measuring the spec-
trum of the putative host galaxy. These redshifts cover arange
between 0.4 and 3.4 and imply that the distribution of intrinsic
luminosities is broad (Lamb & Reichert 2000). This suggests
that the intensity of TeV gammaray emission from a GRB
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(which requires a relatively nearby source) may not be well
correlated with the intensity of the sub-MeV emission detected
by BATSE.

At energies greater than 30 GeV, gamma-ray fluxes from
most astrophysical sources become too small for current
satellite-based experiments to detect because of their small sen-
sitive areas. Only ground-based experiments (Hoffman et al.
1999; Ong 1998; Catanese & Weekes 1999) have areas large
enough to detect these sources. These instruments detect the
extensive air showers produced by the high-energy photonsin
the atmosphere, thus giving them a much larger effective area
at high energies. These showers can be observed by detecting
the Cerenkov light emitted by the cascading relativistic particles
as they traverse the atmosphere or by detecting the particles
that reach ground level.

TeV gamma-ray emission from several astrophysical sources
has been detected using atmospheric Cerenkov telescopes.
These instruments have extremely large collection areas
(~10° m?) and good hadronic rejection. Unfortunately, they
have relatively narrow fields of view (a few degrees) and can
operate only on dark clear nights, resulting in alow duty cycle.
They are thereforeill suited to search for transient sources such
as GRBs. Searches for GRBs at energies above 300 GeV have
been made by slewing these telescopes within a few minutes
of the notification of the GRB location (Connaughton et al.
1997). No detections have been reported. However, because of
the narrow field of view, coupled with the delay in slewing to
the correct position, there have not been any prompt TeV
gamma-ray observations at the GRB location.

At energies greater than 10 TeV, the Tibet collaboration re-
ported a possibly significant deviation of the probability dis-
tribution from background for the superposition of al the bursts
within their field of view. However, no single burst showed a
convincing signal (Amenomori et a. 1996). Two GRBs oc-
curred within the field of view of the HEGRA AIROBICC
Cerenkov array. One very long duration burst showed an excess
over background from a direction not entirely consistent with
the sub-MeV emission, so this was not claimed as a firm de-
tection (Padilla et a. 1998).
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Fic. 1.—Distribution of probabilities that the observed excess number of
events at the candidate TeV position was a background fluctuation for each
of the 54 bursts. The curve indicates the expected distribution of probabilities
for a sample drawn from background. The entry at —4.5 corresponds to GRB
970417a

Milagro, a new type of TeV gamma-ray observatory with a
field of view greater than 1 sr and a high duty cycle, began
operation in 1999 December near Los Alamos, New Mexico.
A prototype detector, Milagrito (Atkins et al. 1999), operated
from 1997 February to 1998 May, during which 54 GRBs
detected by BATSE were within 45° of zenith of Milagrito.
This Letter reports on the search for TeV gamma-ray emission
from these 54 gammarray bursts, but concentrates more spe-
cifically on GRB 970417a.

2. THE MILAGRITO DETECTOR

Milagrito consisted of a planar array of 228 8 inch photo-
multiplier tubes (PMTs) submerged in a light-tight water res-
ervoir (Atkins et al. 1999). The PMTs were located on asquare
grid with 2.8 m spacing, covering atotal area of 1800 m®. Data
were collected at water depths of 0.9, 1.5, and 2.0 m above
the PMTs. The PMTs detected the Cerenkov light produced as
charged shower particles traversed the water. The abundant
gamma rays in the air shower interact with the water via pair
production and Compton scattering to produce additional rel-
ativistic charged particles, increasing the Cerenkov light yield.
The continuous medium and large Cerenkov angle (41°) result
in the efficient detection of shower particles incident on the
reservoir with the array of PMTs. Simulations show that Mil-
agrito was sensitive to showers produced by primary gamma
rays with energies as low as ~100 GeV. The relative arrival
times of the shower front at the PMTs were used to reconstruct
the direction of the incoming air shower. The trigger required
more than 100 PMTs to register at least one photoelectron
within a 300 ns time window. Events were collected at a rate
of ~300 s™*; amost all of these triggers were caused by the
hadronic cosmic-ray background. The capability of Milagrito
to detect TeV gammarays was demonstrated by the observation
of the active galaxy Mrk 501 during its 1997 flare (Atkins et
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al. 2000). The instrument had an angular resolution of about
1°.

3. OBSERVATIONS AND RESULTS

A search was conducted in the Milagrito data for an excess
of events coincident with BATSE GRBs above the background
of cosmic-ray events. Only bursts within 45° of zenith of Mil-
agrito were considered because the sensitivity of Milagrito fell
rapidly with increasing zenith angle. For each burst, a circular
search region on the sky was defined by the BATSE 90%
confidence interval, which incorporates both the statistical and
systematic position errors (Briggs et a. 1999). The search re-
gion was tiled with an array of overlapping 1°6 radius bins
spaced 0°2 apart in right ascension and declination. Thisradius
was appropriate for the measured angular resolution of Mila-
grito (Atkins et a. 1999, 2000). The number of events falling
within each of the 126 bins was summed for the duration of
the burst defined by the T90 interval reported by BATSE. This
time period is that in which the BATSE fluence rose from 5%
to 95% of itstotal. T90 was chosen apriori because the EGRET
detections were much more significant during T90 than during
longer time intervals (Hurley et al. 1994).

For each GRB, the angular distribution of background events
on the sky was characterized using 2 hr of data surrounding
each burst. Thisdistribution was then normalized to the number
of events (N,,) detected by Milagrito over the entire sky during
T90. The resulting background data were aso binned in the
same 126 overlapping bins as the initial data. Each bin in the
actual data was compared to the corresponding bin in the back-
ground map. The Poisson probability of a background fluctu-
ation giving rise to an excess at least as large as that observed
was calculated. The bin with the lowest such probability was
then taken as the most likely position of a very high energy
gamma-ray counterpart to that particular BATSE burst.

The chance probability of obtaining at least the observed
significance anywhere within the entire search region was de-
termined by Monte Carlo simulations using the following pro-
cedure. For each burst, a set of simulated signal maps was
obtained by randomly drawing N4, eventsfrom the background
distribution. These maps were searched, as before, for the most
significant excess within the search region defined by the
BATSE 90% confidence interval. The probability after ac-
counting for the size of the search region is given by the ratio
of the number of simulated data sets with probability less than
that observed in the actual datato the total number of simulated
data sets. The distribution of the chance probabilities obtained
by this method for the 54 GRBs is given in Figure 1. For 53
of the GRBSs, thisdistribution isin agreement with that expected
from background. Details of a somewhat different analysis,
which yields consistent results with those reported here, aswell
as more detailed results from the other 53 bursts, will be de-
scribed elsawhere (1. Leonor 2000, in preparation).

One of these bursts, GRB 970417a, shows a large excess
above background in the Milagrito data. The BATSE detection
of thisburst showsit to be arelatively weak burst with afluence
in the 50-300 keV energy range of 1.5 x 10~ ergscm 2 and
T90 of 7.9 s. BATSE determined the burst position to be
R.A. = 2957, decl. = 55°8. The low BATSE fluence resultsin
alarge positional uncertainty of 62 (1 o). The resulting search
region for TeV emission has a radius of 9°4. The 1°6 radius
bin with the largest excess in the Milagrito data is centered at
R.A. =289°9 and decl. = 54°0, corresponding to a Milagrito
zenith angle of 21°. Thislocation is consistent with the position



No. 2, 2000

65

DEC (deg)

62.5

60

5%5

55

52.5

50

47.5

45

285 290

ATKINS ET AL.

295

L121

300 305 310 315

RA (deg)

FiG. 2—Number of events recorded by Milagrito during T90 in overlapping 1°6 radius bins in the vicinity of GRB 970417a

determined by BATSE. The uncertainty in the candidate lo-
cation is approximately 0°5 (1 o), much better than the BATSE
uncertainty. Figure 2, which shows the number of counts in
this search region for the array of 126 bins, illustrates the lo-
cation and shape of the peak. The bin with the largest excess
has 18 events with an expected background of 3.46 = 0.11
(statistical error based on the background calculation method
used). The Poisson probability for observing an excess at least
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Fic. 3.—GRB 970417a: (a) Plus signs indicate the arrival time of events
from within a 1°6 radius of the candidate TeV counterpart for =15 s around
the start of T90. The histogram shows the same data binned in 1 s intervals.
(b) Milagrito data integrated in 1 s intervals for +100 s around the start of
T90 (13:53:35.689 UT).

this large due to a background fluctuation is 2.9 x 1078 The
probability of such an excess or greater anywhere within the
search region for this burst was found by the Monte Carlo
simulation described above to be 2.8 x 107° (see Fig. 1). For
54 bursts, the chance probability of background fluctuating to
at least the level observed for GRB 970417a for at least one
of these bursts is 1.5 x 1072 The individual events contrib-
uting to this excess were examined. The distributions of the
number of tubes hit per event and the shower front reconstruc-
tions were consistent with those from other shower events.
There is no evidence that the detector was malfunctioning dur-
ing the burst analysis time period.

Although the initial search was limited to T90, upon iden-
tifying GRB 970417aas acandidate, longer timeintervalswere
also examined. EGRET observed longer duration GeV emis-
sion (Hurley et al. 1994), and TeV afterglows are predicted by
several models (Meszaros & Rees 1994; Totani 1998b). A
search for TeV gamma rays integrated over time intervals of
1 hr, 2 hr, and 1 day after the GRB start time did not show
any significant excesses. Histograms of shorter time intervals,
in which the data are binned in intervals of 1 s, are shown in
Figure 3. An analysis of the data also revealed no statistically
significant evidence for TeV afterflares.

4. DISCUSSION

If the observed excess of events in Milagrito is indeed as-
sociated with GRB 9704174, then it represents the highest en-
ergy photons yet detected from a GRB. The energy spectrum
and maximum energy of emission are difficult to determine
from Milagrito data. The small size of the pond compared to
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the lateral extent of typical air showers, aong with the poor
ability of this instrument to measure the amount of energy
deposited in the pond, make the estimation of shower energy
on an event-by-event basis nearly impossible. The very high
energy fluence implied by this observation depends on the
spectrum and upper energy cutoff of the emission, which Mil-
agrito is unable to determine. Monte Carlo simulations of
gamma-ray—initiated air showers show that the effective area
of Milagrito increases slowly with energy, so that the energy
threshold is undefined (Atkins et a. 1999). However, Milagrito
had very little sensitivity below 100 GeV, so this observation
indicates the emission of photons with energies greater than a
few hundred GeV from GRB 970417a. Figure 4 shows the
implied fluence of this observation above 50 GeV asafunction
of upper cutoff energy for several assumed differential power-
law spectra. The observed cosmic-ray event rate agrees well
with the rate predicted by simulations (Atkins et a. 2000),
which implies that the systematic error on the energy scale for
Milagrito is less than 30%.

Severa studies (Salamon & Stecker 1998; Primack et a.
1999) find that the opacity due to pair production for gamma
rays above 200 GeV exceeds 1 for redshifts larger than ~0.3.
Thus, if Milagrito has detected high-energy photons from GRB
9704173, it must be a relatively nearby object. The observed
excess implies a fluence above 50 GeV between 102 and 10°°
ergs cm?, and the spectrum must extend to at least a few
hundred GeV. The very high energy gamma-ray fluence (>50
GeV) inferred from this result is at least an order of magnitude
greater than the sub-MeV fluence.

To summarize, an excess of events with chance probability
2.8 x 107° coincident both spatially and temporally with the
BATSE observation for GRB 970417a was observed using
Milagrito. The chance probability that an excess of at least this
significance would be observed from the entire sample of 54
bursts is 1.5 x 1072, If the observed excess coincident with
GRB 970417ais not an unlikely fluctuation of the background,
then a GRB bright at TeV energies has been identified. The
search for coincidences with satellite-detected gamma-ray
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Fic. 4—Implied fluence (>50 GeV) of very high energy emission from
GRB 970417aas afunction of high-energy cutoff for five assumed differential
spectral indices.

bursts will be continued with the current instrument, Milagro,
which has increased sensitivity between 0.1 and 10 TeV. Be-
cause of the uncertainties in the GRB distance distribution and
the TeV luminosity, the number of GRBs detectable by Milagro
cannot be determined by scaling the relative sensitivities of
Milagro and Milagrito. What can be said isthat any given GRB
will be detected with much greater significancein Milagro than
it would have been detected in Milagrito.

Many people helped bring Milagrito to fruition. In particular,
we acknowledge the efforts of Scott Del ay, Neil Thompson,
and Michael Schneider. This work was supported in part by
the National Science Foundation, the US Department of Energy
(Offices of High-Energy Physics and Nuclear Physics), Los
Alamos National Laboratory, the University of California, and
the Institute of Geophysics and Planetary Physics.

REFERENCES

Amenomori, M., et a. 1996, A&A, 311, 919

Atkins, R., et al. 1999, ApJ, 525, L25

. 2000, Nucl. Instrum. Methods A, in press

Briggs, M. S., Pendleton, G. N., Kippen, R. M., Brainerd, J. J., Hurley, K.,
Connaughton, V., & Meegan, C. A. 1999, ApJS, 122, 503

Catanese, M., & Weekes, T. C. 1999, PASR, 111, 1193

Connaughton, V., et a. 1997, ApJ, 479, 859

Dermer, C. D., Chiang, J., & Mitman, K. E. 2000, ApJ, submitted

Dingus, B. L., Catelli, J. R., & Schneid, E. J. 1998, in AlP Conf. Proc. 428,
4th Huntsville Symp. on GammaRay Bursts, ed. C. A. Meegan,
R. D. Preece, & T. M. Koshut (New York: AlP), 349

Esposito, J. A., et a. 1999, ApJS, 123, 203

Gould, R. J,, & Schreder, G. 1966, Phys. Rev. Lett., 16(6), 252

Hoffman, C. M., Sinnis, C., Fleury, P., & Punch, M. 1999, Rev. Mod. Phys.,
71, 897

Hurley, K., et al. 1994, Nature, 372, 652

Jelley, J. V. 1966, Phys. Rev. Lett., 16(11), 479

Klebesadel, R. W., Strong, I. B., & Olson, R. A. 1973, ApJ, 182, L85

Lamb, D., & Reichart, D. E. 2000, ApJ, in press

Meszaros, P., & Rees, M. J. 1994, MNRAS, 269, L41

Ong, R. A. 1998, Phys. Rep., 305, 93

Paciesas, W. S,, et al. 1999, ApJS, 122, 465

Padilla, L., et a. 1998, A&A, 337, 43

Filla, R. P., & Loeb, A. 1998, ApJ, 494, L167

Primack, J. R., Bullock, J. S, Somerville, R. S, & Macminn, D. 1999,
Astropart. Phys., 11, 93

Salamon, M. H., & Stecker, F. W. 1998, ApJ, 493, 547

Totani, T. 19983, ApJ, 502, L13

. 1998b, ApJ, 509, L81




