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ABSTRACT

The CYGNUS experiment is composed of an air-shower array and muon detectors,
located in Los Alamos, NM, and operating at energies above about 50 TeV. Recent result ~
includo a search for emission from Cygnus X-3 during the rdio outbursts of June and
July, 1989, preliminary remits from a search for diflhe emission from the galactlc plane,
and prd.irninary results from a search for emission from pomible northern herrti~phere point
sources, both known and unknown,

The iuterect m ultra-high energy astronomy haa
there is now at hut one experiment on nearly every

blmsomed in the hat several vmrs:
continent in the world, Further, the

motivation for the.. efforts is twofold: an intense interest in the ~trophysical mechanlfn}s
capable of generating puticlea of such high energies, and in the particle physics that van
be uniquely explored ●t theae energies. It is with these mutivatlons that the (’Y(i N’[”4
co~aborstion is exploring this unique field,

The mlient features of the CYGNUS
~ince April, 1986, will be highlighted
experiment, m well u previous ret ults,

●xpariment, which haa opernted nearly cnntlnu(~llklv
here; further discussing of the propertm (1I t tl~
can he found in ref. [1]. The experiment IS lt)cfit~ll

~t m altitude of 2,130 m, corresponding to an atmospheric overburden of WO g, rIIt~ III

Loo Alamo~, NM ( 106,3”W, 35.9° N). The alr~howw nrray io composed of 106 sc:ntIHaII(~II

counters, each cmmter having an mrca of dxmt 1 m2, deployed over an area of mb(Iut Q(),I)()I)

my: there is typically 15 m between cuunter? The direction of each event, cleterminwl frlllll
the timing inform~tion from each coun!pr, IS reconstructed with a typical uncertnintv II’
080; the rmximum ~ystematic ~rror in (Ilr-cti(;nal reconstruction is (Ietornlirwd to 1)~ IIIXX

than 0,3°, small enough to be d’ NOpractlcnl concern, No wquirwnmt is made ,)11th* IIr~

i)r~sented ~.t the DPF ‘W hleettng,Rice Iltllv*r\ltv, I[(>llqt:ln,Jnnuarv, l!~’JC



position of the events. The experiment has a roughly cubical muon detector, 6 m on a
side, that presents an effective area of about 44 mz to a typical air shower event; a muon
must have a tirtimum energy of about 2 GeV to penetrate the shielding around the muon
detector.

During the week of 30 June, 1989, a layer of lead, about one radiation length thick,
waa placed above each detector. The lead produces a lower trigger threshold and a larger
effect ive area (area over which triggers are recorded) of the array by converting some of the
photons in the shower. This results in both a (:hange in data collection rate (about twice
the event rate) and a change in the average number of detected muons per event. The
number of detected muons per event decreaaed from typicaUy 2,0 to L .65 after the lead was
installed.

More recently, an additional 96 counters have been deployed over an area of ahout
60,000 m2. The spacing between the new counters varies from 20 m for the region nearest
the original array to 30 m for the region furthest from the original array, The reason for
the graded approach is to expand the high-energy capabilities of the CYGNUS ●xperiment
in a smooth faehion. This expanded array haa a sensitivity to point sources about a factor
of 2 to 4 times lacger than the original array. An additic nal muon detector, composed of
30 scintillation counters of total area 70 mz, is buried near the centrr of the new array
under an overburden of about ‘710 g/ cmi, corresponding to a muon energy t hresholcl of
about 1,5 GeV. FinaUy, the anticoincidence shield horn another neutrino detector, LAMPF
experiment 645, is soon to be added to the dBta coUectiun system, providing an aclditlotla]
80 m2 of muon detectio~ neu the center of th~ old arrsy.

A powerful check of the ab~olute pointing accuracy and angular reaohtt ion of the array
can be mad. by observing the deficit of cosmic rays fkom the direction of the mn and moon,
Since cosmic rays of these energies are not effected by the solar or terrestrial magnetic tld(is,

the shadowing caused by absorption on the mm and moon should be observable as a ddiclt

around these objects, which each are about 0.25° across. A search for the sun and nl(~t~n
shadow produma a combined 4U deficit from a total of over 200,000 events within 52 (If the
sun and moon, consistent with the number of cosmic ray avents and the sise of the object ~,
A maximum likelihood analysig of the deficit yields an average angular resolution of (] HI’
Th.h is the fist timo tho shadows of the sun and moon have been observsd and use{i t,,
establhh the angular resolution of an air ~hower anay,

kt 1989, Cygnus X.3 had two large radio Quttiumts, the first began on about 2 JIInC
and tho second on 21 July, In fact, Cygnus X.3 waa firstdiscovered au ~ y.rmy w~urr~ :~t
energiee above * 1 TeV in observations made about one week after the fht observatiot~”

of a lug. radio outburst in September, 1972. Several groups reported signals at both [
Tev and ? 100 TeV energies[2] during the hut such outburst of October, 1985, \l(~Ir ~t
these reports were of emimion, Iaeting from minutes to daye, during the first s?veral (1~~\
after the outburst; other exp~rimente r~portpd pmelble ~xcesses lsstmg approxlm~t~lv II IIt*

month ar~!md the time of the radio flare,
The da:a are analyzed on a dayhy!lav hasi~, ●ach day defined to be the ~llt)e lr[ltli

which Cygnus X.3 rises until it sets In tlw ~kv ‘Uhe~~gnalregion i~ chosen to maxlnuz- 1111’
~ignificmce of a point -mmc~ ~ignd; th~ t(ltal bin width is 2,3°in declinmiun by :), [) ’’III rt~)tt
amcqnoion and should contain 71% of thp t(~~AlsIKrIal, ‘! ’he ~~wly background ~~●ltltll;i(,t,]

from the average of 6 backgr(mnd bins IUI p~ch ~i(ie of the wurce hln m right MI’PIIIIIIII



This wmple technique accounts for daily vrxiatiom in the operating characteristics of the
array from, for example, changes in the local air pressure. An appropriate cut in hour angle
is made to ensure equal exposure for the source and background bins,

It is expected that showers initiated by y-ray primaries should be deficient in muons
when compam i with proton primaries; a cut requiring muon deficient events should thus en-
hance the sensitivity to y-ray point sources. Nevertheless, evidence exists to the contrary. ~I]
Thus, all observed events were analyzed; events with no detected muons were considered
separately. This second set of data is a subset ot’ the fist so that the results from the two
analyses are not independent,

The calculation of the effective area, needed to calculttte all of the fluxes given here, is
baaed partidy on the observed cosnuc ray rate and partially on a Monte Carlo calculation
of the acceptance of the array. The motivation for this is to make the fluxes less prone to
errors in the Monte Carlo simulation due to, for example, uncertainties in the exact trigger
condition for the array, For each data set, the effective area for comnic ray showers is
simply calculated using tb.e known cosmic ray fhx and the observed number of background
events. A Monte Carlo calculation is used to correct for the change in array response due
to the different energy spectra for background and source events, and due to the different
longitudinal development of photon and hadron induced showers, Thin increaaes in the
effective area by a factor of 3.0, mostly due to the aammed hard spectrum, for the data
crmsidered hers. Tho Monte Carlo calculation predicts tho ●bsolute cosmic ray trigger rate
of the array to within + 5(.)Yo for a variety of different trigger conditions.

The daily excess number of event~ is shown in Figure 1; occ~ional gaps, the most notable
of which was the day of the first burst, are due to experimental hardware failures. Taken
together, there were 4347 events in the source region with 4338+21 expected background
(2255 observed and 2254+ 15 expected for events with no detected muons), A 90% confidcnc~
Ievd (CL) upper limit on the flux !ioct Cygnus X.3 during this time is 3,ox lo-lscm -Is I
for Al data (2,2x 10-13cm-as- 1 for oata with no detected muons); all flux limits here we
for the integral flux ●bove 50 TeV aamming an integral power-law sp~ctrd index of -! ,0,

The ph~eogruna for tho Merent data setc were constructed in an effort to search for
emission correlated with tho 4,8 hr period of Cygnus X.3[3]. There is no evidence of s~lch
a correlation.

Them is no ●vidanca for either pulsed or unptdsed edmion during the week followlnq
either of tbe radio bursto, ThQ 90% CL upper Limit for the flux for the week after the tirqt
burst is 2,5x 10-12cm-Ya-1 (l,OxlO-lacm-Ys- 1 for events with no detected muons) And ft)r
the wmk aftar the second burst it is !3,4x 10-13cm-2s-i (6,2x 10-13cm- Y~-1),

The day with the lugost exctws, UT 23 July 1989 (JD 2447730,5), is about two ,lnv~
after the second burst, with 104 from the murce bin when only 77.3 were PxpPctetl, Iho

probability for thio exc.os to hnve occurred from a statistical fluctuation in the entlr- (Int:t
set is about 1870. However, if the fact thnt this day is only two days after the ~econ(l hllr<t
is considered impcwt~t to establish A c{~rrelation with the bunt, the probablbty IS Alltt
1’%0. Mont of our excms is concentrated {itirlng two hours ( about [~T 7:~0 to l.rT 930) II tht~
excess during this day is considered as cvldmce for a burst, it would correspond I(J m IIIIX
of about 5,3x iO-’’cYs Ys“averaged uvpr [he ●tue {lay and about 1x 10-n CIII‘ls llll[rln~

the two hours, The 4,8 hr phaae of Cygn I ,1.3 (Iurlng these two huwi WM bctw~~n I) ~ Ill
02.
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Figure 1: Daily excess from Cy~,*Is X-3.

At low energies (~ 100 MeV), the plane of the gal-y is, except for a few powerful
point ~ources, the dominant source in the oky. Tha photona ●t thoec ●ergies are prinmrily
produced by comic rays interacting with the interstellar medium to produce %O’s. This
same mechanism must occur at ultra-high energies ax welI; therefore, the galactic plane
is expected to be a coutinuoue source of y.ray ’s. The predictions for the fraction cf the
cosmic ray flux due to theee y-ray’s range from 10-C to 10-3. These predictions depend

on quant itiee that ue uot wed rneaaured like the galut ic cosmic ray conilnement tIme,
the interstellar deamty, and the galactic cosmic rsy flux. AdditionaUy, the cosmic ray flux

seems to be aniaotrcpic, with ] sidcreai modulation observed, at lout, at higher enmgies.
Finally, the “right aacenaion” .- tochnique for point source seuches, w de,cribed above,
is not well suited tc search for many cMerent point aourcea, especially if they have vet ~{}
be identiflttd. 1: is for these reaaona thmt a techniqnc has been developed to calculate the

expected cosmic ray background ●t every point in the northern sky.
The goal of thisanalysis i I to produce a “background” sky map, that is, the number

of evento expwted ftom each point in the sky assuming there is no oource present there;
the analysis hm boon done on ● mcnpIe of about 23 million air shower events taken during
the first 2 years of operation. This map can then be coxnpm.md to the observed nunih~r
of eventt from very point in the sky in an effort to march for structure. The hackqrcmn(l

tnap is calculated by fist accumulating the dirntribution of tho observed *vents In 1{)~;~!

coordinates (zenith and aaimuth), For each nctuel event time, 10 “background event s“ lr~
chosen randomly from the local coordinate distributions. The celestial coordinate~ {d’th~se
evento are then used to produce th@“background” sky map; these events represent a *WII})IO

that is aa equally likely to have been observed from the cosmic ray background as the art IINI

events, aamming no sources are present and the cosmic rays are isotropic, The advnntwz~
of this technique is that the exact running conditions of the experiment are included III I II?*

l)ackgro~d calculation: the relativ~ ●xpo~ure to each part of the sky, the trigger cottditl~lli~
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Figure 2: Cumulative excess horn the gahctic plane u a function of galactic latitude,

on each day, and the trigger rate at each tirne of day (dependent, for example, upon the

local air pressure) are all ●ccounted for. Monte Carlo ntudiee have sk,owrt thst simulated
signals from point sources ax well u diffuse sourca, such aa the galactic plane, are found
while effects due to, for example, exposure biames are removed.

The search for dd?hse emkion from the galactic phme is then straightforward: the
observed data is compared with the expected background in galactic coordinates, Figure
2 shows the preliminary reeult of the excess horn the galactic plane. Because the width of
the dilTuse region at ultra-1@ energies u unknown, the excess is accumulated as a function
of galactic latitude for all galactic longitudes (longitudes born about 30° to about 210° Me
observable fkom our site, we do not me the galactic center). Since there is not a significant
excess at any latitude, a limit on the fractional excess and the corresponding flux limit
( aamxning the spectrum is the same u for thti comic rays) is shown in Figure 3, again as a
function of galactic latitude. For en assumed width of + 10° galactic latitude, the 90% CL
upper limit on the factional excee. is about 1 put in 1,500 corresponding to a flux limit
of l, Ix IO-l Lcm-28 -’8r-*,

Evidence for continuous emission horn a list of point sources is easily sought using a bin

of2.4° in declination ~d 2,4 °/cos(4) in right ~?fension with thismethod. A list of potentud
sources including pulsars, binary x-ray sources, and others, is examined and the excess from
each is determined. Nona of the sources given in Table 1 haJ a significant excesb; therefore,
prehinary flux Mints, assuming both hard (7 = --1) and cosmic rny spectrml indic?s, ar~
also given in the Table.

only slightly more d.ifilcultis searching for evidence of emission from “unknown,” or at
least unspecified, sources. The enttrti sky from 0° declination to 80° declination IS div Ided
into bins of 2.8° in d~clination by 2,8°/cos(tf) in right ascenrnion and the excess in each bIn
is calculated, There are about 2,550 ~uch bins in the sky with somo region~ ( ) exclude(i
because of technical problem~ with the data there. ‘t’hi~procedure is rep~eted by IIWVIIIK



Source

cygx3
HerXl

Crab
VirgoA

K5
Geminga

li4
Iil

4U0115+63
K6

M31
1E2259+58

2CG095+04
2CG078+O0
2CG065+O0

PSR1953+29
PSR1937+21
PSR1929+1O

401907+09
PSR0960+08
2CG136+01
2CG121+04
4UO042+32
4U0316+41
4U035?+30
4U0614+W
4U1837+04
4U1901+03
4U1918+15
4U2321+58
4[J1257+28
4U1813+50
4U1957+40

PSR1957+20
PSR0365+54—.

Limit
Frac. Excess

0.0130
0.0133
0.0195
0.0213
0.0195
0s0240
0.0168
0>0162
0.9288
0.0143
0.0202
0!0154
0.0189
0!0130
0.0137
0.0138
0.0153
0.0197
0.0197
0.0217
0.0168
0.0190
00134
0.0136
00142
0>0274
0.0237
0.0323
0.0172
0.0154
00142
00137
0.0372
00154
0.0146.—

Flux Limit
CR Index

5.59
5.68
8.34
9.13
8.38

10:28
7,?0

6.95
12.36
6.15
8.67
6.58
8,11
5.56
5.85
5.91
6.57
843
8,43
9.31
719
3,13
5.76
5.83
6,07

11.76
10.15
14.08
7.36
659
6<07
5.86

15.94
6.62
6.78

Flux Limit
Hard Index

1.86
1.89

2.78

3.04
2.79

3.43
2.40
2.32
4.12
2.05

2.89
2.19

2.70

1.85
1.95
1.97

2.19
2.81
2.81

3.10
2<40

2.71

192
1.94
2.02

3.92

338
4.69
2.45
2.20
2.02

1.95

5.3!
2.21
2.09

Table 1: Point source 90YoCL litits. Frnc ●xressisthe limiton the fractional excess frtttt
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Figure 3: 90% CL limit on the cumulative fractional ●xcees fkom the galactic plane and the
corresponding flux limit.

each bin by 1/2 of a bin width in declination, by 1/2 of a bin width in right ascension, and
by 1/2 a bin width in both declination and right ucension, to allow for the possihilit y that
a source is not well centered in a bin. No bin of these four (non-independent) samples haa a
significant excess tier accounting for the total number of bti in the sky. Since a flux limit
from each point in ~he sky is difHcult to present, Figure 4 givee corresponding flux limit for
each bin, aa a fhnction of declination, assuming no axcea~ in the bin of interest,

Although the field of ultra-high energy aetmnomy is gaining iatense worldwide interest
and the experiments arm continually impreving, pooitive so~ce detections ~e still rare.

There is yet to be an established “standard candle” at them energies, either because no such
source exists or becuae it is too faint to hwe been detected, Nonethelew, the imphcations
that these studiee have had, and will continue to have, for the fields of both astrophysics
and puticla ~1. ~ics ue great enough to warrartt the increasinginterest in this field for the
future.

Many of us would like to thank the MP division at LAMPF for their kind hospitality
dur~ all stagee of tlus experiment. This work is mpported in part by the Los Ahunos
National Laboratory, the National Science Foundation, the US Department of Energy, and
the Institute of Geophysics and Planetary Physics of the University of California,

“ permanent address: The University of Leeds, Leeds, UK.
t on leave from Tata ~stitute of ~d~ent~ Resemch, Bombay, Ind.k,

I now at Argome National Laborator~, Argonne, IL.

~ present ad&ess: National Science Foundation, Washington, DC.
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