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We report on observations of underground muons made with the

Soudan 2 proton decay detector at a depth of 2090rowe from the directions
of the binm-ies Hercules X-1 and 1E22.59+586 and the Crab pulsm'.

I, Introduction

"Hie question of whether cosmic ray muons observed deep under_ound can be
associated with specific astrophysical sources remains perplexing l On one side m'e the
evidence of the Soudan 1.and N:USEX detectors relating deep.under_ound muons to
Cygnus X-3, the Kiel and CYGNIJS detector observations of anomalous muon content
in sora'ce-related showers, and, most recently, the Soudan 2 detector me_Lsumment of

excess underground muons from the direction of Cygnus X-3 dtn-ing the Janum'y 1991
radio ticwe of that source 2. Contrary m'guments include the absence of a known physical
mechmfism fbr producing muons in the obsezwed quantities and published upper limits
by, the Frejus and Kamiokande detectors, which appm'ently conflict with at least some of
the Soudan [ and NUSEX results.

We have analyzed under_'ound' muon data ft'ore the Soudan 2 proton decay detector
with the goal of provzding fitrther information c_mcerning this question. We report here
on analysis work in progress on the nnder_ound muon flux from the directions of 3
northern hemisphere ol?jects, all of wlfich have previously been.reported as active at
TeV' and'PeV energies3 t+tercules X-1 isa binm3, with a {vell..determined orbital

ephemeris, a somewhat erratic pulsar period and a not so well,determined 35-day
precessional period. 1E2259.586 is apparently a binat-y with a very fight companion
mass. ]_'rilepulsm" period is well-defined:and not significantly affected by an orbital
Doppler shift. Nux modulation at all energies is only observed at the 2nd hm'monic, not
the fundamental period, The Crab pulsm is an isolated neutron star. 1E2259+586 and
the Crab pulsm-lie in the galactic plane.

We believ, e that resolution of the pom;ible relationship between underground muons
and SOuFces requir.es simu|taneous measurements by multiple detectors. Our goal here is
to identify features of ota data which appear worth checking in the existing data sets of
other detectors. For this reason, we have chosen muse only simple, relatively

insens_tive_butc_ear_ya_ri_rites_sfbrthepurp_se_fdetern_ningthepr_babi_ity_ftIleH0 hypothesis (purely random events). I_£'_,'"_'"_"TER_"_''_
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Fhe.:,_.tests are as follows: (:I) adic. analysis of the excess flux for the entire data
sample for each.of tile three sources; (2) a d:c. day-by-duy analysis for each of tile three
sources in which we calculate the Poisson probability that H0 is corret:t; and; for
bE2259_586, (c) a dityd_y-day combination of the Poisson probability and,aRayleigh:
analysis of tile :u'fival times fl}r events (,corrected to solm" system: barycenter)_ using
exactlvtlm knowtl x-ray pm.'iod_fbr ttmt d,'ty (2hd. hre'monte p=3.4893795 s, dpMt=2.95 x

q' /' "(' " '0'I{0"13, t0=J_D L.446){}8,. ), This combJnltfioll_ uses tile equation,pq(l: -In pq:)fin.
combining the resuha ,,+:independent tests. Although we have per-lo|meal additional a
po,s'teriori tests as a means of explorato W data ;tna lysis, we do not dm,ire any
infl}rn'|afion fronl,tlmse tests about: tile probability of the correctness of Ft0aWe di}
reswict the day..-by-day analyses to tl',}se duvs in:wtiicll 5.or more events witltin the
source cone are e,xpe¢:ted, as detmmlined:by tile back .gTound calculation. W.e also correct
the Ravleigh,probabi]itie:; rf}|, smalP n, using tlie series of Durand andlGreenwood 4.

H. Detector and, Analysis Procedure
_e Soud:ul 2 detector is a time,projection, ionir,:ation c:florimeter h}cated at a d:q_th of.

• 9' 25 _1700m (2(}90 m water equivalent) in northern Minnesota U S.A. (47.82n N,. 2.,. W);
The data reported here consist of 5.5 x li(}6muon events observed Detween January,
1'989 and June, 1199:RDuring this time interval; the detector size increased from 4: m by
8 m by 5 m high to l*0m by 8 m by 5m liigh, which resulted in:a s'_:eadyincrease in tile
rate of obsmwed muons. Data collection:was frequently intemlpted_dufing the day
_,londay through Friday for detector installation Data recording was generally _,
continuous at other times,

The Soudan= 2 detector measure:; three spatial coordinutes and deposited ionization for =
each.charged track gas crossing. Crossings are tubes with a nominal inner diameter of
15_mm separated by 1.6 mm of steel. Spatial resolution in' tile dme-projection cooMinate
is < 1 cre,. A typical muon tl'ack in.the Soudan 2 dmector is several meters in, length,,
consists of n'mre than: I(,)0 gas crossings and penetTates >25 cm of steel: Although the =
identity of tracks is generally unambiguous, the direcfionalil 3, of tracks is sometime._;
confused by delta rays and bremsstrahhmg. A study of multimuon events and a =
consideration of ali dmector systematics suggests an overall, absolute track anguhtr
resolution of ,=t.2 °. If the anguhtr errors m'e approximately gmu;sian, a 2° hall'-angle
cone cut willyield tile best signal:-t{>back_ound ratio. Tiffs cut was used for tiff,,;entire
analysis,

The data repm,'ted here were first analyzed by a geometry, pro_,un which sorted events
by, topology. Apparent muon events were reconsmmted'in two 2-dimensional
projections, The projections were then correhlted alld transformed to right a,;cension and
declination using a cit}ck ,.%,nchronized to the national time standm'd viaradio stati{}n
WW_B. Event m_val times were transformed to tile solm" system bm-ycenter using the
JPL ephemeris. Tile data sample contains both single and muttimuon events. Each event
has been counted once, regardless of the number of contemporaneou,,; mu{m:;.

The determination of tile background flux which 'a,{mld be observe{t in the absence of
a source is an impm-t,'tnt aspect of ttfis analysis. For a detector such as Soudan 2.. tile
backg-round f'lux i.s deteJrrnined by a cm_volufion of the geomemc acceptance in lot:al
coordinates with the recto'tied detector ontime andefficiency. For the anulysis here, we
have determined both of these acceptances by sampling actual events, Thus, we huve
done a Monte Carlo calculation which ramldomty pairs event arrival times with wack
ge. -metries from other events. The paired events m'e required to oc.cur within 0.5 days
(so thai detector characteristics are similar), but not within 0.1 days (to remove a
possible source fluctuation from he background determination). We have performed
tiffs random pairing 5(}0_times for each real event (and divided the resultant numbers of
events by 500) m make negl.igible any statistical error in the background cak:utation.

Finally, we have checked both the dat:t sample and the analysis procedure for
systematic effects by applying the same analysis to 7 backgrmmd cones for each source.



These cones m'e centered at the same declination as tile source and spaced in right
ascension at_45°'intervals..

III. Observations

"_le d:c. excesses fl_r tile entire sample fi>r each of the three :_ources are listed'in the
table below. The data suggest that none of these objects m'e long-term, sources at a level
more than a few _ercent of die cosmic ray back_n'mmdi

I ' ' . "" " oZ,

Source "'" Observed _ Expeete£i Excess I,%): Sil_.,ma(,o)
-tE:225.p+58¢S," ..4776, , " 4a:t2i5 -0:a 1.4
7Crab :_ 30(59 _ 3,I!2('):(_) -1.7 ' 1:.8
[_iercui'es X'-i 3533 : 355,l:.8 _ -0:5 1.7......

For the day-by-day; analyses, we lm\,e it.tentif_ed _tlm most ant m_albus days for each
source. No day for any of ttlese seurces deviates.signi.ticantly from the mfff{n_n
backgTound hyl)ottiesis, H_wever, an.explt,_ratt._ry,an:tlysis yields some intuitively _
interesting features of the data which appear womb. checMng' in. other data samples, The
next table lists the minimum.vahm of test probability multiplied by the number of days
tested Ii)und in each of tile dity-by=dav tests.

: ..... ; _ ° a

Source Days ,[; Poisson (.omlnn_A
' Tested [ (probability of Ray|eigh and
! .......I excess)' Poisson
- tE2259+58(_ 4_6 0:84: , .. O..t4
Crab 273 _ 0.39
Hercules X-I 3:.".,2 , .......0:09 " .......

The most unlikely day for muons from the direction of 1E2259+586 is 20 September
1989, which has a cmnl'.,ined test (Pois!.;on for d:c. excess and Rayleigli_for modulation)
probabi]ity (>f2.9 x l_(}"4, which multiplied by 486'(lays tested yield,,; ('):14. The analysis
of title 7 off-s(mrce directions showed one day with an equally small combined
prnl!_abi]it?/and no days with ztsmaller cmnbined pr(>l._abiliw_,which ccmfirms the
accuracy of the probability estimate. On 20 September 1989; 11' events were observed,
with 5.9 expected. The Rayleigh power for tl_e l[. events was 7.1 at the exact x-ray 2hd
harmonic period for tliat day of 3.4894004 s. The phase plot is stiown in Fig, l. E'ven the
background:ts phase-peaked+ whicIi is nt>t sm_rising since the day w,_ selected, in part,
t__rstron g modu lati on.

By themselves, the data for muons from the direction (._f1E2259+586 on 20
September 1989 are not remarkable. However, tiffs dayis amidst a multiday interval
with excess t%x. Since the TeV atmospheric Cerenkov obseIwafion of 1E=259+586
involved an 8 day interval, it seems remsonable to consider a mult-iday interval The
contiguous interval which includes 20:September and wlfich maximizes tl_e

s_mficance of the dc flux excess is ()h U.T l'9 September to 0h U.T. 27 September.
For tiffs interval 62 events are observed, and 39.2 are expected, As plot'ted i.n Fig. 1_the
event arrival times fbr the entire 8 day intexwal show a slrong peak in phase wifl_ tile
modulation on 20 S.;eptember at the a l_rim,i period of 3.4894004 s. The Rayleigh power
of this peak is 5.4, probability 0.()(_)5(Rayleigh. power wf 2.3, probabi]ity 0.10 it"2I,)
September is. not in.eluded) The real probability of fimfing an 8-day interval such as this
one in.the data cannot be determined, :.;ince the test iS aposteriori. The abs_lute phase is
such that an event which mri ved =at .._ 2'_'7789:79838279 (actual arrival time before
b_wycentering) has a phase of 0:55. The estimated flux over the eight (lay interval from
the phrase plot is 54+_15 percent of ti_e cosmic ray back_mmd within a 2° half angle
cmle.This estimate is smnewhat biased upwm'd:by the proced'_tre described above _br
choosing tiffs 8 day interval,

The most unlikely day for Hercules X-[ is 31 December [990.. This day has tg events
cfl_sem.,ed,7. l evems expected, The trials modified probability is 0.09. The 7 background
directions yield one equally unlikely and one slightly more unlikely day, so the
probability calculation is consistent with off-source data, The orbital phase (pmod=I.70
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days) for almost, all:the events on this day i.s between.(,)i60 and 0_7(!);.a:phase at which
TeV emission_ has been ob_ser_,ed, Seven of the li8 events come in.two breasts of less than

4(')t")s eat:ti, one witl_ 3 e'vents at an {_r.bitallphase _f ('):63 (_llear 15.{')h U.T.),and! one witl_
4 events at an.orbital phase of 0:67 (,he'.lr i_6:9 1_U.T.). Approximatel{y 0:2 ew.'nts are
expected witllin 4(-')0_s. "ITl_e35day phase is ,={,).55,c{._l..-respondingwith tile beginmng of
time"silol.'t _.m_'polxion of the cycle. We have sem, ched fbi: modulation at the pulsar
ped_d: t-i._rthese data: hmvever, tilt."low data rate and: an imprecise knowledge ef what
pel,-iod IlOuse makes a definitive ansx e._dif;ficu:lt..

No notable deviat.ions [_nm file l_ypothesis _f ;.I tlnifol,111_ randmn back_ound are
obsmwed, fbr any day f(._r[lllli)ll,q _O111: the di.foot, on:of file Crab:

IV. Coneh,.sions

We have identified:in a ve W preJimina W anulysJs one time intmwai; each: during the
pas.t_2.5 years f(_r l E.._.5_}+58(_ailtt Hmx.:ules X, I that appear woll:hy of ctiec.'king in the
data of other detec..1-_"'*• (._l"s,If these epis_._des,are ilot,, l"axldi'_)ll _flucruafic, ns, riley suggest
somewliat difthrent behuvi(u_ fi_r ttie tv,,.(_s"_mzu_.,.,-_stat_lt.'_adiafion at a. fixed, period:, t2_r
nlore thall a week for 1E225!0+586 and n'mltip[e,, shoT1_bursts of less than: axlhour. eact_
for Hercules X- l:. Furure analyses might use these clmractmistics a prim,i,n order to:
increase the sensiti'vil 7 of an analysis.
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Fig. 1--Phase phyts for muons from the direction of 1E2250+586 at the known pulsar
per_.od. "File [ef_ plot i,",fl_r tile most arlomalous day in tile data sample; tile right plot ;s
for an 8 day interval including that. day.
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