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ABSTRACT

The expectation that high energy neutrinos are emitted from astyo-
physical uhjects depends strongly on the observation of those objects in
gamina-rays, especially at ‘TeV and PeV energies. A search for bursts of
gamnma ray events from Hercules X 1 at energies above 50 TeV yielded
two significant bursts, both occurring on UT 24 July 1986 The events
were pulsed with a period of | 21568 s, significantly different from est;-
mates of the pulsar veriod at thac time. The probability that the signal
18 a random background Auctuation s about 2x10 %, not including the
fact that there were two other independent chservations of the source at
nearly the same time. The muon content of the burst events is anoma
lous when compared with expectations of gamma ray showers, perhaps

signalling the onset of new physica at these energies

“Presented at the 13th [nternational ¢'onterence on Neutrino Physics and Astio
physice, Boston(Meaford) Mase., (June 5 11, 1948,

DISCT AIMER

Ph e pprocd o o o et b s b e b B i et sl U ned
foicrn Seonthier the U ied ot G o e e e e b s thien
TR T e i St e ool e e e ey bl I TEN
taki boeoh | o v [ RPRRTR [IRTENETY N

foi oo Y I B AR | o ! oty [REENIN N TTINE Y IR ot
0 [T e GO G A ey [ ol e ek
oo Pt [ R S R T e ' ot [y oo e o
bty oo bl b crne o [ e thiecoad e T
e bovatheo e e b IR Y Vate bl el b

Pt e Cnernmie iy ottt



Llenttheation ot an astroplivsical pomnt souree depends on several properties of
the prunary particle: gt omunst bhe pareeless, relatively hght, and relatively long
hved Of the known particles. ouly the plodon, nentrnno, and neutron satisly these
tequiremients: of these, the nention can usually be ehimnated hecause of its niad
erate sy and hifetimne leaving only the photon and nentrimo as candudates fog
detection. At low enetgies 1 LeViL the ermssion ol photons fiom a pomt soupee
coubl be due to acceletation and radiation by electrons. On the other hand, 1t s
cotmmonly beheved that 1t s only possible to accelerate hadrons to higher ene
gies.  Lhe hadrons then mteract with the surrounding material to produce 7"’
Coprous production of neutrinos must then result from the decay of the »' pro
duced i this astrononucal beam dump Itas partly for this reason that ULE
100 TeV ) gamina ray astronomy 18 strongly linked with high-energy nentrnino as
tronomy. Besides the mherent astrtophysical interest, UHE ganuna ray astionomy
unght solve the wvstery hehind the origin of the cosmic rays  In addition, stady
of the characteristics of the showers produced in the atmosphere caused by the
primaties from such a source 15 perhaps providing hints of new physi.s at ener
gies not avallable to terrestrial accelerators  Herein is reperted results from the
C YGNUS experiment on UHE emission from Hercules X- 1, includiug evidence for
the anomalous production of snuons in the air showers from the source.

Her X | s part of a well studied compadct binary system thought to counsist of
a neutron star and a 22X companion. It has been observed over a vast range
of energies from opticall 1l to x ravs2] to very high eneegyl3] ( VHE, 1 eV
and ultia high energy 4] gamma rays. Fhe systea displays at least th e dillerent
petodicities: a pulsar with period 12375 s, an orbital period of L7003 d, and a
1%  periodiaty in x ray mtensity. Observations of Her X I by VHE and UVIFE
expernnents have shown very episodic emission. The first detection consisted ol
a very strong burst of events, lasting about 3 minutes, and pulsed with a perad
vonsistent with the x ray pulsar period. Subsequent detections by many groups
have heen made of bursts lasting from a few nunutes to a few hundred minutes. In
one of these detections|h], by tar the most sigimticant VilE detection ever made 1he
lux was ubserved to incresse to, and then decrease from, 50" of the hackground
costne 1ay Hux over a period of about 50 minutes.  All detections have shown
evidence of the pulsar period; m several of these abservations|6|[7], the derived
pulsar period deviated significantly from the x ray peniod.

The CYGNUS experiient|R] is an an shower array located around the end
station of the LAMPE aceeletator i Los Alamaos, NM (107 678805 978 ) at an
altitude of about 70007, corresponding 'o an overburden of 200 g i’ of atine
wphiere Fou the datin constdered heie there were 60 connters, deployed over an
area of 107, rach of X3 m? area The tiigger 1tequuement gives an efleciine
prtatany enetey thieshold of aboaat S0 TeVowith an average ponmua sy energs for cos
et ray tnggers ob about 200 1eV There ate carvently 90 connters deployved aver
anatea ol x 0P an additional 96 connters are bemg deploved i sumnner fall

[YIMN vl an alen ol ulntn!?
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uwgure 1 Penod sweep around the pulsar peniod for the combmed bursts.

Our data set contas a total of 340 days with exposure to Her X | starting
frome Apal 20 1986 untl July 5, 1997 The method used in our search[8] was
totivated by two observations: 1) VHE detections were of relatively short bursts,
and 2} all VHE detections contamed evidence of a pulsar period. The method
chosen wis to select days with both a signilicant excess of events from the source
an well as annterval of tune with a sigmiticant excess rate of events from the
soutce, 1es a possible burst. The events i the buist are then extracted and a
penod analysis s performed on the events.

When all of the days with exposure to Her X | are examined, one day, run 171,
was found to be by tar the most sigmiticant. The total probability, including the
fact that 340 days were searched, for observing the excess events from the source
1 O,

Based on Monte Carlo simulations of bursts superimposed on the typical thne
sttms ture of events, an algonthim was developed o help deterimine the hurst events
withim a tun: thay algonthin, though not tequired to find hursts as strong as those
townd o 101, was developed to allow study of the backgroued. When this
algortthim s apphed to run 171, two distinet buarsts are found, each lasting about
Wonmmates. The first burst, T7EA L stacted at JD 201663553, ocenrred at zemth
angles between about 307 and 17, aud had 7 events over a bhackgroumd! ot 73
Burst 171H started near the zemth about 38 hours later, and had 1) events over
a hadckground of 26

Finally, after the hursts are detined, o penod analysis s petformed to seanch
for evidence ot a pulsar penodiaty A penod sweep over a vange 1 0047 0 penod
L3S e to 210N sec) centered an the x ray hequency was made and s
shown e Figure 1 The maximm power ot the pertod 1230508 5ec, 0 ononlan

phase distothution ol the events at that penod s shown i Figure 20 To exannne

the dbata ton evidence of other penadioties, mchading posable systematios, penad
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Figure 2. Cirendar pliaseogram of the events at the period shown in Figure 1 since

there s an arbitrary phase ot i thas figure, a phase scale is not given.

sweeps were inade over a vast range of periods from 9 sec te 1.5 sec, and the power
obgserved at this penod is the maxium over tie entire range.

['he probalality that these bursts are due to a random ductuation of the nor
mal background s simply estinated. As previously mentioned, tor any run the
probabidity that the background has tluctuated to give at least as many excoess
events as that found i run 171015 006 Additionally, the pre tiial probabibity that
the power at 124568 sec s due to a Huctuation m the phase distubution s 3xi0
as deternned by Monte Carlo simalation, this miust be multiplied by a factor of
LTI to account for the trals assocated with the period sweep (i.e. oversampling,
penod window, combimimg barstsy tesulting ma post tual probalality of 3 4x o
['he combied probabidity that thas result is due to a chauce inctuation of the

backgroun 1s then
o 006 x 3 3x10 Y 2x10 *

Fhiere are several possible systematic effects that could perhaps result i ob
servationa sumlar to these  Fo ebinmate thas possibility, for every tun each of the
pentest six ofl source tegions was exannued as bt were the on sonrce tegion No
evidence ol any systematic was found that could have cioused either an exoess of
evenls, an excess rate ol events, or periodhiaty, i any of the data

Stumilar sigvaly were also chverved by two independent VHE expermments
neatly the sanmie tune s these husts; the Wlapple collaborntionn] veported o
detection on Jane 1E st and the Haleakala collaboration)i] reported a detecton
on May L 19% Baoth of these detections showed evidence of the saimne proala
penod (12450010 0002 5 and 1S90 0002 S

tan |4 hese comtenporaneans detections, while not anchindesi i the averall

tespectively ) as that abaerved oo
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Figure 3. A sample of four of the burst events as observed in the E225 MWP s,
[ he roughly cubical detector s shown looking down from above; each MW PO Lt
s tepresented by a small black square The arrows represent the projected shower

direction for the event.

sigiificance of this result, will shed some light on the production wechenism at
the source.

Since every mdication is that this signal is genuine, there are several conse
quences than can be explored. For example, the very large signal to background
durmg the hursts implies that they represent a very pure sample of events to
study the characteristics of the showers on an event by event basis. Further, since
4 good estimate of the signal eveuts are only those in phase, ouly those events
within t .93 of the main phase peak will be examined. Specifically, the number
ot imnons observed can be compared with expectations from gamma and hadron
showers, Faigure 3 shows sonme of the events from burst 171A i the muon detector;
cleatly, the nuons are comng fram the same projected direction as the air showes
A sunmimary of the number of muons observed i each burst event, along with the
mnber expected from sraular cosnne ray hackground events, s given i Fable |
Fhe huast events have a large number of muons assoctated with them, especially
when compared with that expected from standand 3 ray showers, which s at least
an order of magnitude less than that expected from hadionn showers|l,

The hower size of each buarst event has been reconstineted (8] and compared
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Figure 4: Energy spectrumn of background cosniic ray events as observed in the

CYGNUS array. The vertical scale is arbitrarily normalized. The observed spec-
trum falls at low energies due t» trigger inethiciencies and at high energies because

of the fall in the cosmic ray spectrum.

with the shower size distribution of background events. As illustrated in Table |
and Figure -1, the shower size of the burst events tends to be larger than the
background, as expected if the source spectrum is flatter than tihe cosmie ray
spectruan.

Fhe source spectrum bemg unknown imiplies that the fluy of pacticles arriving
from Her X | can only be estimated. Since all of the burst evercs are well above
the array threshold, the effective area of the array at these energies, based on
Monte Carlo simulations, is about 2x10%m?. There was an excess of |4 events
ovserved an the bursts durmg about 1 hour which yields a burst flux, £, of

210 " e s ' The luminosity, £, can be estimated since the distance
to Her X 1 s about & kpo and the mean energy of the events is about 750 TeV;
then €1y estimmated as £ Ar RTF K . Tx10? erg s .
son, this as about 20,000 times the solar luminosity but only about 10 '® tynes

the neutiimo lumimosity of SNT9STA; it s also slightly leas than the Fddington

For compar

lanumosity, £,y L8310 ergs '

Farther, a it on the mass of the particle can be placed since the primnries
maimtam tnne coherence over a very long tune mmterval. Table | shows that the
tmnnnui energy 15 about 100 TeV and the largest =nery: s several tunes the nn
o, Makig the usuai approxumations it s easy Lo tind that the time dispersion

hetween cwo particles of mass AL and energies 1y - Fy s



For Fy only several times ., the imit on Al hecomes
Aled o dx10 S A :!'.Sc'(‘} El[T“-l- d! Z[A'p(‘l

which works out to be a limit of At + 60 MeV ¢? for Her X-1 assuming ) ¢ of
1.1 seconds.

Finallv, the fact that the pulsar period of the VHE-UHE signals that was
observed duriug the bursts is significantly different than the x-ray period strongly
suggests that the emission region of the VHE-UHE radiation is different than that
for x-rays.

In swmmary, two bursts of events from Hercules X-1 have been observed on
U 24 July 1986 by the C'YGNUS experiment. These bursts are not caused
by any systematic etfect in the experiment and have a probability of occurring
from random background Huctuations estimated to be less than 2x10°%. The
period observed is 1.23568 seconds, significantly different than the x-ray period but
consistent with two independent ubservations at nearly the same time. Finally, an
analysis of the shower characteristics of the events shows a larger shower size as
well as a slight excess of muons when compared with similar hadronic background
events. On an event-by-event basis, the number of muons observed in the burst
events is at least an order of magnitude larger than that expected from standard
gallllna rays.

Some concluding remarks are in order. The implications of these observations
for both particle physics and astrophysics inay be enormous. The anomalous muon
content ol the showers may reflect the onset of new particle physics in photon-
nucleon interactions at ceunter of mass energies ~ 1 TeV. The observation of such
high energy particles with a periodicity shifted from the pulsar’s period is difficult
to explain. These implications require that these observations be confirmed by
further observations of this and other sources. Many of the traditional roots of
patticle physics are found in the study of cosmic rays- these obsetvations may begin
a return to those roots.

One of us (T.H.) would like to thauk the MP division at Los Alamos Na-
tional Laboratory for their hospitality. ‘T'his work is supported in part by the U5,
Department of Energy and the Naiional Science Foundation.
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Table 1. Characteristics of showers observed in phase during bursts 171
A and B. The time of each event is given in seconds UTC on JD 2446635.5.
The zenith angle of the event is 8., the distance of the core from the muon
counter is R,, N, is the reconstructed shower size and E§ is the primary en-
ergy assuming the primary to be a proton. N:“' is the number of muons ob-
served in the event while <N% > and N% are the mean and median number
of muons observed in similar background cosmic ray events. Typical errors in
each of the parameters are: R, = 4 m; éN, -:20%; and 6E§ =+ 100"%,-50%.

ISVE 0, R, N, E5 N#* (Nb: Nbs

(Sec) (") (10%) (TeV) o
2920088 376 36 10 480 9 13 34
3790.129  34.7 16 6 280 5 20 1.2
05211 34.7 21 19 TR0 10 50 4.0
1330355 34.5 13 12 510 7 56 4.4
1186180 324 11 7 320 8 4.0 2.5
AG08.57TR  A3.7 15 13 570 4 3.0 2.4
1G417.531 6.9 1.6 3100 12 1.1 3.3
17419969 120 47 2 K50 0 27 1.6
ITAR2.938 11 .4 63 43 1580 0 16 2.3
17610.305 12.2 23 6 205 l 1.8 1.0

(7683184 11.0 16 70 25490 H 4.1 3.4



