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ABSTRACT

Cas A, the youngest knownsupernovaremnant inthe Galaxyandastrongradio and
-raysource, was observedbyOSSEJuly16- August 6, 1992. Its proximity( 3kpc) and
its youngage ( 300yrs) makeCasAthebest candidate amongknownsupernovaremnants
for detecting 44Ti 
-raylines. We �ndnoevidence for 
-radiationat 67.9keV, 78.4keV, or
1.157MeV, the three strongest 44Ti 
-raylines. Fromsimultaneous �ts tothe three lines our
99con�dence upper limit is 6.61�10 �5 
 cm�2 s�1 per line.

INTRODUCTION

Measurement of the amount of 44Ti inaSNRis essential for con�rming the accuracyof
nucleosynthesis calculations. According to nucleosynthesis theory, 44Ti canbe produced in
incomplete Si burningduringthe evolutionof amassive star, duringexplosive Si burning, or
during analpha-rich(low-density) freee-out of nuclear statistical equilibrium. The require-
ments for Si burningare showninFig. 20of Woosley, Arnett, &Clayton(1973)andFig. 5of
Thielemann, Hashimoto, &Nomoto(1990). Theyshowtemperatures anddensities required
for incomplete Si burning, normal freee-out, andalpha-richfreee-out of Si burning. Inthe
eectedpart of a core collapse supernova, only the incomplete andalpha-rich freee-out of
Si burning processes appear to take place. The normal freee-out of Si burning operates in
TypeIasupernovawherehigher densityoccurs thaninacollapsedmassivestar (Thielemann,
Nomoto, &Yokoi, 1986). Recent calculations of 44Ti production(Woosley&Ho�man1991
Thielemann, Hashimoto, &Nomoto1990) showthat inorder toachieve solar mass fraction
of 44Ca, strongalpha-richfreee-out of Si burningmust takeplace incore-collapse explosions.
The eected amount of 44Ti depends on the mass cut (howmuchmass falls backonto the
neutronstar), the pre-supernova composition inside 2M , andthe maximumtemperature
and density reachedduring the passage of the shockwave in the eecta. There are large
uncertainties in these parameters, whichwouldbe greatly constrainedbymeasurements of
44Ti.
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Table 1: Cas ACharacteristics

Location: lII = 111 �:73b II =2 �: 13(Zombeck1990)

Distance : 2.92kpc (Braun1985)
RadioandOptical Size : 1.8' (Dickel et al. 1982)
RadioEmission: NonThermal (Synchrotron)
X-rayEmission: Thermal
SupernovaEvent : AD1658� 3(vandenBergh&Kamper 1983)

1680observedbyJ. Flamsteed(Ashworth1980)
Mass of Ejecta: �5M
SupernovaType : Type IbType II is possible (Fesen&Becker 1991)
Predicted 44Ti mass : 10 �4 M
Predicted
-rayline 
ux: 3.7�10 �5 
 cm�2 s�1 (age=312yrs,

T i=96yrs, 10 �4 M 44Ti, dist=2.8kpc)

Galactic 44Ti 
-ray lines have been sought by the 
-ray spectroscopy experiments on
HEAO3(Mahoneyet al. 1992) andthe SMMsatellite (Leising&Share 1990). Mahoneyet
al. (1992) obtaina99con�dence level for 67.9and78.4keVline 
uxes of 2�10 �4 
 cm�2

s�1. Leising&Share (1993) searchingtheten-yeardataof SMMfor the1.16MeVline of 44Sc
44Cadecay, place anupper limit of 8�10 �5 
 cm�2 s�1 fromthe general directionof the

Galactic center at 99 con�dence. Their analysis of the upper limits puts some constraint
onthegalactic supernovarateandthe amount of 44Ti producedinsupernovae. For example,
Leising&Share (1993) �ndthat supernovarates less than1.5century �1 are consistent with
their 1.16MeV 44Ti line 
uxupper limit at 5con�dence level. Workcombiningthe record
of sixgalactic supernovainthe last milleniumandthose upper limits of Galactic 44Ti 
-ray
line 
ux is inprogress (Hartmannet al. 1992). Cas Ais the best knownSNRinwhichto
searchfor this line emission. We summarize some current informationregarding the Cas A
SNRinTable 1.

OBSERVATIONSandDATAANALYSIS

TheOSSEobservationof CasAwas performedduringtheComptonobservatoryviewing
period34(92198 92219). The total observingtimewas 3� 10 5 seconds. TheOSSEspec-
tral analysis technique subtracts backgroundmeasured in o�set pointings of the detectors
fromthe source pointing (Johnson et al. 1993). The emission region in radio andoptical
wavelengths is well inside the �eld of viewof OSSE. The quadratically interpolated back-
groundestimates are subtracted fromthe source spectrumto obtaina di�erence spectrum
for each2-minute integration. Detaileddescriptionandperformanceof theOSSEinstrument
canbe foundelsewhere (Johnsonet al. 1993). The averageof all spectrafromfour detectors
over the entire observingperiodis studiedhere.

44Ti 
-RAYLINES

Radioactive 44Ti decays to 44Sc, whichemits 67.9keV(100) and78.4keV(98) lines,
whichthendecays ( 12 =5.7h) into 44Cawhichemits a1.157MeV(100) line. Thehalf-life
( 12 ) of radioactive 44Ti is still uncertain, probablybetween46.4to66.6yrs (Frekers et al.
1983Alburger &Harbottle1990). If M 4 is themass of 44Ti producedinasupernovainunits



Figure 1: Average count spect ra of OSSE Cas Aobservat ion i n 0.04 - 0. 11 MeV and 1. 05

- 1. 25 MeVenergy ranges and some �t s overlayed. The sol i d l i ne i s t he best �t t o count

spect ra i n the energy range of 0. 04 - 1. 4 MeV, where an exponent i al cont i nuumpl us the three

st rongest 44Ti 
-ray l i nes wi th �xed 
ux rat i os of 1 : 0. 98 : 1 are �t t ed simul t aneousl y. The

best -�t l i ne ampl i t ude i s t oo smal l t o be seen. The dashed l i ne i s t he best �t t o count spect ra

i n the energy range of 0. 04 - 0. 11 MeV(0. 8 - 1. 4 MeV) wi th an exponent i al cont i nuumand

the three44Ti 
-ray l i ne f eatures �t t ed simul t aneousl y. For i l l ust rat i on the dashed dot t ed l i ne

i s obtai ned when al l t hree l i nes are �xed to 
uxes of 5 � 10�5 
 cm�2 s�1. The dot t ed l i ne

i s a �t of an exponent i al cont i nuumonl y wi thout any l i ne f eature to the count spect ra of 0. 04

- 0. 11 MeV(0. 8 - 1. 4 MeV).

of 10 �4 M , f
 the branching ratioof the 
-rayline per 44Ti decay, D kp the distance, and
�(=t 1=2=l n(2)) the lifetime of radioactive

44Ti, the 
-rayline 
uxat earthis

F
 =F 0 f
 M4

exp(�t =� )

D2

kp


 cm
�2

s
�1
; (1)

where F 0 =0.72/� (yr) cm �2 s�1 is the initial 
ux(unattenuated) from10 �4 M of 44Ti at
Dkp =1. F 0 ranges from7.50�10 �3 to10.8�10 �3 as 44Ti half-life ranges from66.6to46.4
yrs.

Weseenoevidence for continuumemissionfromCasA, sotoextract line 
uxes we�t the
count spectraof Cas Aobservationwithvarious continuumphotonspectraplus one or more
gaussians at energies of interest. These photonspectraare foldedthroughthe four detector
OSSEinstrument responses and the resulting four count models are least-squares �tted to
the respective four detector energy-loss spectra. Since CasAis currentlyexpandingat arate
of 10,000km/s, we�xthe intrinsic line widths inthat �t to2.5of the line rest energies.
Some results are tabulatedinTable 2andshowninFigure 1.

We �ndno evidence for 44Ti line emission. The best �t of the 68 keVand78keVline

uxes withanexponential continuumbetween0.04- 0.11MeVgives eacha
uxof (+3.05�
4.43)� 10 �5 
 cm�2 s�1. The best �t of the 1.157MeV
-rayline 
uxwith0.8- 1.4MeV
exponential continuumis (-5.62� 3.98)�10 �5 
 cm�2 s�1. Thebest simultaneous three line



Table 2: MeasuredCas ALine Fluxes

Source Energy(keV) Continuum(MeV) Line Flux a �2� d.o.f.
44Ti 67.9&78.4 b Exp. (0.04-0.11) (+3.05� 4.43) 1.65 44

1157.2 Exp. (0.80-1.40) (-5.62� 3.98) 0.98 390
67.9, 78.4, &1157.2 c Exp. (0.04-1.40) (-0.54� 2.22) 1.05 905

a 
ux in each line inunits of 10 �5 
 cm�2 s�1.
b Simultaneous �t to 68 keV and 78 keVlines.
c Setting the ratios of the 68 keV, 78 keV, and 1.157MeVline 
uxes to 1:0.98:1

�twith0.04- 1.4MeVexponential continuumis (-0.54� 2.22)�10 �5 
 cm�2 s�1 for each
-
line. Wecouldalsouse the511keVline fromannihilationof 44Sc! 44Capositrons, but since
the lifetime of positrons in a SNRis uncertain anddepends onmanyphysical parameters,
we report here only results using the 68keV, 78keV, and1.1572MeV
-lines. The various
continuummodels areusedonlytoassess thee�ects of thecontinuumchoiceonthemeasured
line 
uxes. Althoughthe exponential continuumgives the best �t (marginally), we are not
actually seeing any continuum. Aconstant photon continuumspectrumyields essentially
a null continuum, and formally the highest, though still insigni�cant, line 
uxes. To be
conservative, we use that �t to quote our �nal upper limit, which is derived bymapping
the variation of � 2 versus the increasing �xed value of the three line 
uxes with all other
parameters allowedtovaryfreely. The 99% con�dence upper limit tothe 
uxof eachof the
three 44Ti 
-raylines is 6.61�10 �5 
 cm�2 s�1.

DISCUSSION

The relation between the 44Ti 
-ray line 
ux fromCas Aand the amount of 44Ti is
uncertaindue touncertaintyinthe date of the explosion, the 44Ti lifetime, andthe distance
toCasA. Thedistance is between2.8and3.0kpcandthis causes onlyabout15%uncertainty
inthe amount of 44Ti, muchsmaller thanthe other uncertainties. If we take the distance =
2.92kpc (Braun1985) andthe extremes inthe age (310-335yrs) andlifetime (65-95yrs), we
�ndthe initial 44Ti mass inCas Ais constrainedtobe� 1.94�10 �4 M� using the 99%
ux
limit of 6.61�10 �5 
 cm�2 s�1. The younger the age andthe longer the lifetime of 44Ti
are, the stronger is the constraint of the upper limit to the 44Ti mass. The lifetime of 44Ti
gives the largest uncertainties. The 44Ti mass limits are consistent withthe 44Ti mass (� 1�
10 �4 M�) produced in supernovamodels of Type Ia, Ib, or II (Woosley&Ho�mann1991;
Thielemann, Hashimoto, &Nomoto1990; Hashimotoet al. 1989; Ensman&Woosley1988;
Nomoto, Thielemann, &Yokoi 1984; Woosley&Weaver 1982).

TheCOMPTELexperimenters report 1.157MeV
uxfromCas Anear 7�10 �5 
 cm�2

s�1 at 3{4� statistical signi�cance (Iyudinet al. 1993). This value is marginally consistent
withour upper limit. Toinvestigate the possibilitythat we are subtractingo�asignal from
anearbylocationother thanthat of CasA(our 1.157MeVline 
uxis formallynegative), we
measure the 1.157MeVline 
ux fromeachbackgroundpointing, using the Cas Apointings
for \background" for each. We dothis separatelyfor bothbackgroundpointings, e�ectively
subtractingany
uxfromCasAfromeach. Themeasured1.157MeVline
uxfromthecenter
of the background�eldat l II =116: 2 � is (+7.21� 5.83)�10 �5 
 cm�2 s�1 andfromthe



other side of Cas A (lII = 108:0�), (+1.19�4. 64)�10�5 
 cm�2 s�1. If a source were located
at the center of one of these background �el ds the measured 
ux f romi t here woul d be twi ce
the negati ve ampl i tude i n the Cas Ameasurement quoted above. Thus we see no evi dence

for 1. 157 MeV 
ux f romanywhere. The l ower energy l i nes con�rmthi s. The simul taneousl y
�tted 68 keVand 78 keVl i ne 
uxes f romthe hi gher l ongi tude si de of backgroundpoi nti ng of

Cas A, are (-2. 87 � 2. 82)�10 �5 
 cm�2 s�1 and f romthe l ower l ongi tude si de poi nti ng are
(+1. 12 � 3. 39)�10 �5 
 cm�2 s�1 per l i ne. The l i ne 
uxes f romsimul taneousl y �tti ng the

three strongest 44Ti l i nes wi th conti nuum0. 04 - 1. 4 MeVi s (+0. 41 � 2. 81)�10 �5 
 cm�2

s�1 per l i ne f romthe hi gher l ongi tude si de poi nti ng and f romthe l ower l ongi tude si de (+0. 95

� 2. 53)�10�5 
 cm�2 s�1. Al l thi s suggests that the apparent negati ve 1. 157 MeV
ux
f romCas Ai s si mpl y a stati sti cal 
uctuati on. More observati ons of Cas Aobservati on are

cl earl y suggested.
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