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ABSTRACT

The Oriented ScintillatiorSpectrometeExperiment OSSE) on the COMPTONsamma Ray
Observatory has observed SN1987A tiop 2-week periods during thi@st nine months of the
mission. Evidencéor gamma-ray line and continuuemission fromP/Co is observed with an
intensity of about 164 gamma-cm?-s'1.  This photon flux between 50 and 136 keV is
demonstrated by Monte Carlo calculations to be independent of the radial distributio® 6 the
for models of low optical depth; viz., modéiaving photoelectric absorption losses of 122 keV
photons no greater thaeveralpercent. Fosuch modelshe observe®/Co flux indicatesthat

the ratio of2/Ni/S6Ni produced in theexplosion wasabout 1.5timesthe solarsystemratio of
57FePbre. When compared wittearlycontemporaneous bolometric estimates ofluh@nosity

for SN1987A,our observationsmply that2/Co radioactivitydoes not account for most of the
current luminosity of the supernova remnant in low-optical-depth models. We suggest
alternatives including &rge-optical-depth model thatable to providéhe SN1987Auminosity
and is consistent with the OSSE flux. It requires a 57/56 production ratio of about twice solar.

Subject headings: Supernovae:individual(SN1987A); gamma ray--observations; nucleosynthesis;
X-rays: general
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INTRODUCTION

Supernova 1987A has provided a wealth of informagibautType Il supernovae. Ganamay
measurements provided direct evide(eq.Leisingand Share, 1990 and references therein) for
the production oP6Ni in the event as suggested by Clayton, Colgate Fastiman(1969).
Those detectionsonfirmed thatthe radioactivedecay 96Ni--> 56Co--> 56Fe powers the
exponential light curves dfupernovae, as suggested by Colgate and M¢k@®9). After 800
daysthe errgy input from96Co decay cannoaccount for the observeldminosity. Other
sources oknergy whichmay contribute at these late timeelude radioactive decay 8fCo or
44Ti, energy from arundetected central compact object, or conversion of $ome of stored
energy from earlier phases of the SN.

Nucleosynthetic modelsuggest tha? /Co (270-dayhalf-life) and44Ti (48-yearhalf-life) may be
the domimant sources of energy input into tmebula duringhe latter phases of thexpansion
(Clayton 1974; Woosley, Pinto and Hartmat®89).97Co is expected to be thmajor power
source for the epoch of the OSSE observationshath time weexpect between 1/3 and 2/3 of
the 122-keVgamma rayemitted by2/Co to escape directly arttle remainder toscatter in the
expanding nebula. bkt of those that intera¢hy Compton scattering) also escape, with a
slightly reduced energy. Therefore,saong Comptorcontinuum betweembout 50 keV and
122-keV is expected, but with the fraction in the continuum declining and the 122-keV line escape
fraction increasingowardunity asthe nebula becomesansparent. Because total absorption of
the gamma radiation ignlikely atthese late timefor published models dbN1987A, thesum of
thesetwo fractions is expected to beearly constant and provides approximately model-
independent measure of tAéCo yield. WoosleyPinto and Hartmann (1989) expect a 122-keV
line flux of 3.1 x 10° cnt2s'1 at 1600daysfor their 10HMM model. They take a®/Ni/S6Ni
production ratio (hereafter referred to as 57/56 production ragopl to the solasystem
S/FePbre abundance ratio (Anders and Greveg®9). Formodel SN14E1 oNomoto et al.
(1988) and a 57/56 production ratio of 1.0 times solar, we expect a 122-kdhixioaly slightly
less: 2.7x16P cnr2-s°1.

The amount oP’Co produced in thexplosion is of particular interest for it is a measure of both
the "neutron excess" in the region just outside thesout and thenuclear equilibrium madhat
freezesout with excess alpha particles. Thisllwultimately provide informationabout the
dynamics othe core bounce meghism. Thus, a determination of the amoun®d€o provides
informationabout the pre-supernova objactd thecoreexplosion, whereas the ratio of the 122-
keV line to Comptonized continuum measurg®e gamma-ray thickness othe ejecta.
Nucleosynthetic model®r SN1987A and generalucleosynthesis constraingsiggest that the
production ratio of2/Ni/S6Ni was between 0.&nd 3.0 times the solar ratio of°/FePbre
(Thielemann, Hashimoto and Nomoto 1990; Woosley 1991; Woosley and Hoffman 1991).

Based on the inferred bolometric luminosity in the optical and infrared, Suntzeff1&98)have
suggested tha?/Co was powering theiminosity at dayl300-1500 and, furthermore, that the
57/56 production ratio in the remnant watsout 5times solar® ’/FePbFe. Dwek et al. (1992)
also infer a bolometricluminosity thatsuggests an enhancement4o6+1.5 relative to solar.
Varani et al.(1990), howeverusing infrared observations of cobéfies 400 days after the



explosion, infer &7/56 production ratio of 1-Bmes solar. Danziger et gl1991) obtained a
similar value. Gamma-ray observations ®fCo provide a more direct determination of the
radioactivepower into thenebula fromP7/Co. Sunyaev et a(1991)havereported an upper limit
of 1.5times solarfor the 57/56 production ratio obtainéd@m observations i1988 Sept-1989
June. However, thelimit is quite model dependesince itwas obtained whethe supernovae
envelope wastill optically thick at 122 keV.Recently, Gunji eal. (1992) havereported a limit
of 3.0times solar from a balloon observatib873 daysafter the explosion. Th@®SSEresults
reported hereprovide thefirst direct measurement dhe amount of°/Co produced in the
explosion.

OBSERVATIONS

The characteristics and performance of @®SEinstrument have been described by Johnson et
al. (1992). The OSSExperiment utilizesour identical detectorsystems employintarge-area
Nal(Tl)-Csl(Na) phoswichletectors. EacHetectorhas a 3.8 x 11.£ (FWHM) field-of-view
defined bytungsten collimators. Th®SSE observation strategyimplemented by alternately
pointing eaclhdetector at sourcand background positions ortiae scalg131 secondsyhich is
short with respect to typical orbital background variations.

Two observations of SN1987A have been obtained @8SE. Thdirst occurredfrom 1991
July 25through 1991 Aug 8 (1613 - 162laysafter the explosion) and the secdnoim 1991
Dec 27 through 1992an 10(1768 - 1782days after the explosion). For both ofthese
observations SN1987A was onetafo sourcedeingstudied with theOSSEexperiment. Each
of the sources was observed during some portiopvefy 93-minuteorbit. The SN1987A
investigations used a "standard" pointing strategy where @88E detectoalternately viewed
SN1987A and background regions offset to either side of SN198#k. the observations of
SN1987A OSSE was operated at a gain which covered the spectral range from 50 keV to 5 MeV.
One 256-channel spectrum coverd@ energy rangérom 50-700 keV used in thanalysis
presented here. The spectral resolution for the four detectors at 122 keV frang&8% to
15% FWHM. Pulse heighspectra were accumulatesrery 16.38 secondfom eachdetector,
synchronized withthe source/background offset pointing. Ttetal observationtimes for
SN1987A were 5.3 x F0sec. and.4 x 1P sec. for thdirst and second observatiomssp. The
30 line sensitivity atl22 keV isapproximately 3 x 1® gamma-crré-s-1 for each observation
period.

Several hard X-ray sources in the LalgagellanicCloud were also observedithin the large
OSSEfield-of-view with appreciabldut differing relativeexposures.Any interpretation of the
resulting observations mutike into consideration thgossible contributions from thesgher
sources and thenique signature expected fitle ©/Co feature. During théirst observation the
background regions didot containany known hard X-ray sources; however, this wexd the
case for the second observation. In particular, the source XXdCablack hole candidate and
known variable source (Treves et al988), was located in the source regauring thefirst
observation with an effectivexposure of about 30%.During the second observation, the
orientation of thedetectorscan plane was such that LMG3 wasviewed withabout a 76%
relative exposure foone of the background regions.this source was active during the second



observation, and if it was the dominant X-ray source at the timeeshétingspectra obtained for
SN1987A would exhibit an apparent "negative" component. We shall return to this.

DATA ANALYSIS AND RESULTS

For each of the 131-sec observations of SN1987A, an estimated background spectrum was
generated byitting the three or four closest background speath@nnel by channel, with a
quadratic function in time. Evaluating this function
at the sourcetime provides the estimated

background in each channel. This estimated [ @ Observation 1

Exponential Fit + Co-57

background was then subtractt]dm the source
spectrum to obtain a difference spectréon the
131-second periodTypically, 8-10 suchdifference %%
spectra per detector are obtained for each orbit for ar
total of about 500/day.Summingthesedifference ool
spectra results in an average source spectrum over
the entire observation period for each detector.

The spectrabnalysiswas accomplished biplding L (b) ' Observation 2 -
assumed photon spectra through the OSSE%[ Exponential Fit + Co-57 7}
instrument response and fitting the observed I
count spectraising least-squares fitting techniquesa.ool-
The summed spectrum for the first OSSE
observation is shown in Figutka. The spectrum .
exhibits a soft excess the 50-80 keV regiowhich
is probably associated with one of the X-ray sources [
in the LMC. Emission athese energies and this ©%

L L
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intensity isnot expected from radioactivity in theFigure 1 (a) Enejg;”ggfe“gt\r'hmr the July 1991

supernova at this time (Woosley et 2889). We gpservationThe solidcurve isthe best fit for an
cannot ruleout thatthis emissiororiginates from aexponential plus a model 10HMRFCo template.
pulsar or a central accreting compact object (b) Energy spectrum for second

associated with SN1987A, however. We consid’éﬁefvaﬂgg-The best fit exponential plus model
hi ibilitv later. 10HMM */Co template is shown. The negative
this possibility late exponential componergrobably reflects an LMC

X-3 contribution during background pointings.

Evidence for2/Co emission fronBN1987A isseen
in the excesemission inthe 80-130 keV rangelhis excess isattributed to acombination of
unscattere®/Co radiation at 122 and 136 kelus aCompton-scattered component of these
lines whichwould extend down to about 80 keV, befdexliningmorerapidly atlower energies.
We have used Monte Carlo calculations to investifaeshape of the/Co feature near thiame

of the OSSE observationgigure 2 shows the expectptioton spectrum in 5-keWinsfor two
models whiclrepresentealistic linits for the fraction of 122-keV linemission whiclscatters in
the envelope. Thérst model is 10HMM andhe second is anodification of 10HMM inwhich
most of the®/Co is moredeeply buried than iiOHMM. See Clayton et al1992, paper 2) for
details. Both modelsare shown for a 57/56 production ratiolo® times solar.While the shapes



of the two spectra are notery different, fewerphotons escape from the thicker model. The
uncertainty in thegamma-ray opacity ultimatelyprovides the largest uncertainty in our
determination of th@ /Co mass.

The least model-dependent way
to measure the ass of°/Co at - o o
these late times is to measure the g gogl- i
total 50-136 keVflux. Most of - 1
the scattered photormly scatter - Day 1600 “Co spectra

one ortwo times and then escape @ Model 10HMM ~— —

in the continuum.For models = %0047 Moddsowcore -.---- i
having no more than a few w;

percent photoelectric absorption, S i

the total 50-136 keVflux is :_Lé 0.002 - .

almost independent of theadial
mixing. For more opaquenodels
it is a bettermeasure of th€/Co 0,000l
mass than the 122-keV line alone. '

0.15

Energy (MeV)

We have fit th rum from th
€ have it the spectrum from t Eigure 2. %'Co templates for 10HMMand "slow core" models, for a

first observation W'th model 57/56 production ratio of 1.0 times solar. Thedel photon spectra have
SN1987A spectraconsisting of peen binned into 5 keV wide channel

the ©/Co template (lines and

scattered radiation) and aalditional low-energy component assumed to originate from another
source in the LMC. The latter component vessumed to be either a gi@ power-law or
thermal bremsstrahlung spectrum. The Ifiésesultsare given in Table 1. Both of thesdits
require @/Co component with aimtensity whichcorresponds to ad’/Ni/26Ni production ratio
which is about 1.5times solar®/FeP6Fe for low-optical-deptimodels such as 10HMM and
SN14E1 (see paper 2). \WWave also usethe F-test taleterminethe requirement for the/Co
component anéind that it isrequired atevelsconsistent with therrors reported.This supports
the®/Co interpretation of the hard component we obseRits tothe sinple continuum models
plus a single gaussian line 22 keV were also done. Theaggically result in a linantensity of
(6+1.5) x 10° photons-crré-s'1, although in this case some tife scattered component is
included inthe fitted lineflux. We alsotried more complex fits, such aso-power-lawmodels
plus thed7Co feature; these also requitéCo components comparable to the simple models.

A similar analysishas been carriedbut for the second observation periaghich was
approximately150 days later. At that tim¢he ©/Co emission would be expected to be about
30% lower tharduring thefirst observation. As seen in Figure 1be background-subtracted
spectrum below 100 keV is negative, suggesting a contribution from one or more of the LMC
sources in one or both of the background regions. DMEis the moslikely candidate. We

have also fithe second observation withodel spectrawhich includethe model®7Co template

and a single power-law or thermal bremsstrahlung component. The fitted pararesgersn in

Table 1.



Table 1

Model x2  Continuum Component 57Co Flux 57 Co Mass®@
(photons-cm®-s™*-MeV?) (photons-cm*-s™)(1)
Observation 1 (epoch days 1613-1727)
57 - (E - 50)(keV) [0 '
Exp. +57Co 0.90  0.034% 0.00BXPE~1753 57 (9.0+2.2)x10°5 1+4+0.4
|:|E( keV) D—S.Sil 0

Pwr-Law + 57Co 0.89 (0.038% o.oo%g (8.2+2.3)x10" 1.3+0.4
Observation 2 (epoch days 1768-1782)

Exp. +57Co 096 -0.0063+ 0.002 2xpgwg (10.0+4.2)x10 2340.9

|:|E( keV) D—lGiO.B
Pwr-Law + 3"Co 099 (0.0088+ o.oos%g (9.0+£3.9)x10" 2.140.9

(1) This is the total 50-13keV flux in the ®/Co template when the courasefitted to thattemplateand the
indicated continuum component.

(2) This is the>/C0 mass in units of 0.0018vior equivalently, the ratio SF/Ni/SONi production to the solar
system57Fe/56Fe ratio when the@bserved flux inthe °/Co template is interpreted in terms lofv-optical-
depth models. We assume 0.07g RANI production in SN1987A at a distance of 50 kpc.

We have also fithe two observations simultaneously, allowifgy theexponential decay between
thetwo and independent continuum components for each pe@odibiningthe resultdrom the
two OSSE observations in this way, detectemissionconsistent with a partially-scatteredCo
spectrum withintensity (9.0+2.0) x 16° photons-cm2-s1 in both line anctontinuum (epoch =
day 1600). This corresponds to a/Ni/96Ni production ratio of 1.5+0.8mes solaffor relatively
thin models. We assign an additional systematic uncertainty.6fx 10° photons-cn12-5'1 full
range in thantensity andt0.2 in the 57/56 production ratio due to the dependence of the result
on the shape of thadditional continuum component. dhe chooses to tre#tis as an upper
limit to the production 0f7Co in SN1987A, the corresponding 3ipperlimit would be 2.6
times solar. Onthe otherhand, simulaneous fits tmoth observations for the "slow conaiodel
results in a 57/56 production ratio of 2.6x£0.Ghis higher value results frorthe increased
opacity of that model and not from any difference in the ass@f@d spectrum (see Figure 2).

DISCUSSION

The OSSE results preserampelling evidencéor 2/Co emission fronSN1987A in the period
between 1600 and 18@aysafter the explosion.This result addressdéke source of the power
radiated by SN1987A. The recent photometric dat&wftzeff et al(1992) and Dwek et al.
(1992) have led them to conclude thhe 97Ni production was abotfivefold greater tharsolar
when compared tthe 96Ni. Our data indicate 8/Co flux (direct plusscattered component) of
about 164 gamma-crmé-s'1, which implies @®/CoP6Co ratio that is 1.8imes solarfor low-
optical depth models. Th@SSE data thus stand aonflict with the conclusions from the
photometric arguments. We suggest here sepessibilities to resolve this conflict. Details and
additional possibilities are presented in paper 2 (Clayton et al. 1992).



The 97Co may bemuchmore deeply buried than iAOHMM or in SN14E1. Thesmodels are
characterized by escape of 82#td81% respectively othe 9/Co power at t=170@ays. Ifhalf

of the 97/Co power is absorbed as in thslow core" model described in paper 2, the
enhancement dhe 2/Co power would be a factor of 2.5. Therefore, productio/6fo at 1.0
times solar could providéalf the bolometric requirement (Dwek et al. 1992; Suntzeff et al.
1992). In paper 2 we show that the "slow cameddel with a®/Co content about twicsolar
characterizes both the bolometric luminosity and the OSSE data reasonably well.

Another potential energgource is a central pulsar or accreting objduth isthe remnant of the
supernova explosion. If the 50-80 kéiwx we olserved in observation 1 were associated with a
central object, about a third of teaergy in this region would be absorbedhia envelope for re-
radiation at longer wavelengths and would correspond to an energy input of 37 ergs for a
source at the distance of the LMC and for low-optical-depth modéis is approximately the
bolometricluminosity atthe time of our observations. However, extrapolatitigs soft spectrum
to lower energies where rauch higher fraction othe X-ray energy would be absorbed in the
nebulawould maketheinferred X-ray input intdhe nebula larger thathe bolometriduminosity.
The negative low-energy componentoiar second observation suggests that the 50-80fkeV

in thefirst observation is associated with ondla# other sources in theMC (probably LMC X-

3), or that acentral object in SN1987A has changmdensity markedly betweethe two
observations.

Alternatively,the 56co powemight not all beradiated instantaneously. We pamit inpaper 2
(Clayton et al. 1992) thainly a verysmall percentage of the ergy released bthe decay of
56Co need bstoredand released at a latime to explairthe apparent exceksninosity for the
period 1200+daysafter the event. Severalechanismdor storing andeleasingthe energy are
presented there.
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