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Abstract. We presenphotometricandspectroscopiobsena-
tions of the Type Ib supernga (SN Ib) 1996Nin NGC 1398.
The supernea has beenobsenred at several occasionsbe-
tween 179 and 337 daysafter discovery. The light curvesin
V, R and I have declineratesof 1.674-0.23,1.72£0.10 and
1.93+0.24mag(100d) ! respectiely, substantiallyfasterthan
the decayrateof 56Co. Thelatelight curves of SN 1996Nare
rathersimilarto thelight curves ofSN 1993J andthedeclineis
consistentvith simplemodelsof aradioactvely poweredsuper
nova, wherethe~-raysareleakingout of theejecta.SN 1996N
appeargo be underluminouscomparedto SN 1993J, possi-
bly indicatingthat less’®Ni was ejectedin the explosion, but
uncertaintiesn intrinsic absorptionpreventsus from definite
conclusions.

The late time spectraof SN 1996N are similar to spectra
of otherSNelb/c, andare dominatedoy [O 1] A\6300, 6364,
[Cam] AA7291, 7324andtheCair nearIR triplet. In particular
thesespectracloselyresemblehoseof SN 1993J.We specu-
late aboutthe possibility that the broademissionfeatureseen
redwardof [O1] A6364in SN 1996Ncouldbedueto Ha, as it
was in SN 1993J.In this scenariosmallamountsof hydrogen
might go unnoticedin the early spectraof SN Ib/c. Later on,
whenthe SN continuumhasfaded thehydrogenayermightbe
re-excited, thusrevealingits existence.

Finally, we note thatthe emissionlines of SN 1996N are
blueshiftedby ~1000km s~!. With the scenarioproposedor
theblueshiftan SN1993Jn mind,wediscusshepossiblecause
for the shiftsin SN 1996N.Thelineshiftsmayin factindicate
largescaleasymmetriesn the supernea explosion,ratherthan
theformationof dustatearlyepochs.

Key words: supernwae: general- supernoae: SN 1996N —
galaxiesindividual: NGC 1398

1. Introduction

Corecollapsesupernvae(SNe)comein variousappearances.
Duringtheearlyphase®f theexplosionstheemissionis dom-

* Basedon obsenationscollectedatthe EuropearSoutherrObser
vatory, La Silla, Chile.
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inatedby the shock-&cited materialin the outerlayersof the
explodingstar Oncethe ejectahave expandedo becomeopti-
cally thin, we canstudytheinnerlayersof the progenitorstar
andthe enegy input into the debris. Thus, the classification
schemewhich is basedon the spectralappearanceearmaxi-
mumlight (Harknesst Wheeler1990,Filippenko 1997),does
not necessarilyencapsulatéhe appearancef the supernwea at
late phasesThis hasbeendemonstratedby transitionobjects
like SN 1993Jand SN 1987K. TheseSNe shaved hydrogen-
dominatedspectracharacteristiof Typell supernoae(SNell),
nearmaximum,but changedo oxygenandcalciumdominated
spectran theirnelular phaseTheir late spectraverethussim-
ilar to the spectraof hydrogen-deficienType Ib and Type Ic
supernoae.

Theexistenceof SNetransformingrom SNell to SNelb/c
clearly indicatesa relationshipbetweenthese subclasse®f
superneae. In this scenario,SNe Ib/c are producedby core
collapseof massie stars,just as SNe Il, except that their
progenitorswere stripped of their H (SN Ib) and possibly
He (SN Ic) envelopesprior to the explosion, either by mass
transferto a companion(Nomotoetal. 1994) or via winds
(Woosle et al. 1993).Thetransitionobjectsarethusbelieved to
have progenitoraveremost,but notall, hydrogenwasremoved
beforethe explosion.

Apart from differencesin their spectra,superngae also
shav variationsin their light curves. At late times SN I
generallyfollow the decayrate of 5°Co (Turattoetal. 1990;
Patat etal. 1994) whereasomeSNelb/c decayfaster(\Wheeler
& Harkness1989; Clocchiatti & Wheeler1997). This is at-
tributedto differencesn optical depthfor the y-raysfrom the
56Co decay Thefasterdeclinerateof SNelb/c is thusdueto a
loweropticaldepthwhichin turnis relatecto thesmallerejecta
massof theseSNe.Sofar, however, only few core-collapseu-
pernwaehave beenobsered at latephaseg> 6 monthsafter
explosion;Patat etal. 1994).

While obsenationsat latephaseswhenthe SNis faint, are
clearly moredifficult, spectraat lateepochgprobedeeplyinto
the core of the exploding stat andthe expansionleadsto an
optically thin nehulawherethe spectrainterpretations easier
For SNelb/c the absenc®f a large hydrogenervelopecreates
anevencleanemwindow into the heartof supern@anucleosyn-
thesis.
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Fig. 1. SN 1996Nin NGC 1398.North is up andeastto theleft. This
V-imagewastakenwith theESO/MPI2.2mtelescopén Octoberl 996,
221 daysafterdiscovery. The comparisorstarsarenumberedandthe
superngais markedwith anarrow.

Supernwa 1996N was discovered on March 12.5,
1996, in the large, barred spiral galaxy NGC 1398
(Williams & Martin 1996). The supernea is located46” east
and12’ northof the centerof the galaxy(Fig. 1). Nothingwas
visible at this locationon Februaryl6. An early spectrumob-
tainedon March 23.4 shaved this to be a SN Ib/c abouttwo
weekspastmaximum(Germaly et al. 1996),and Van Dyk et
al. (1996)reportedaradiodetectionof thesuperneaat3.6cm
on April 2.0 with the VLA. Herewe reporton optical obser
vationsof SN 1996Ntaken seseralmonthsafterexplosion.We
have obsenedthe supernwa on five occasionwith severallLa
SillatelescopesThesenbsenationsarepartof along-termpro-
gramto studycore-collapsesuperneae d late phases.

2. Observations and reductions
2.1. Photometry

Our photometricdatawere obtainedon five epochsbetween
Septembet996andFebruaryl997.Thelog of thephotometry
isgivenin Tablel. Thedatawerebiassubtractecndflat fielded
usingtasksin IRAF, The transformationgo standardnagni-
tudeswere obtainedfrom obsenrationsof four Landolt(1992)
standardields and oneE-field of Graham(1982)on the night
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Table 1. Supernea 1996N- log of photometryobsenations.

JulianDate UT Date Telescope/  Filter
2450000+ Instrument

333.8 7.3Sep.96 3.6m/EFOSC1 R
375.8 19.30ct.96 1.54m/DFOSC B,V
376.0 19.50ct.96 2.2m/EFOSC2 R
433.7 16.2Dec.96 2.2m/EFOSC2 V,R|I
461.6 13.1Jan.97 2.2m/EFOSC2 V,R|l
491.5 12.0Feb 97 3.6m/EFOSC1 VR
744.8 23.30ct. 97 NTT/EMMI V,R,I

of Januaryl3,1997.We solvedfor extinctionandcolor correc-
tionsusingthelRAF taskPHOTCAL. Seerallocalcomparison
starswerecalibratedn thefield. The supernwa magnitudeof
all othernightsweremeasuredelative to thesestars. Thecom-
parisonstarsaremarkedin Fig. 1 andtheirmagnitudesregiven
in Table2.

Obtainingmagnitudesf afadingpointsourceonacomplex
backgrounds not a simpletask.Normal aperturephotometry
is oftennotadequatgTurattoetal. 1993).We tried two differ-
entapproachesPointspreadunction (PSF)fitting andgalaxy
templatesubtraction.

For the PSHitting we usedDoPhot(Schechteetal. 1993).
This softwarepackagebtainsmagnitudedy PSHitting, using
anempiricalPSFobtainedfrom oneof the starsin thefield. A
problemwith thismethods thevariability of thePSFacrosghe
field, seenn severalof ourimagesThis variability is probably
dueto therathercomplex opticsof theEFOSC-typenstruments
(Magainetal. 1992) and meansthat systematicerrorscan be
introducedby forcing thefit of the empiricalPSFstarontothe
supernga. Subtraction®f thefitted PSFsdo shaw ratherlarge
residuals.

Tominimizetheseerrorseachmagnitudevasobtainedising
two differentstandardétarsnumberl and2inFig. 1, for theem-
pirical PSE Thesestarsarewell exposedrelatively isolatedand
locatedat oppositesidesof the supernea. The differencedor
the measuredgupernga magnitudesare actually rathersmall,
with a standardieviation of lessthan0.05magnitudesn R.

To checkthe performancef DoPhotonthe complex back-
groundwe alsoextractedthe magnitudef a starcloseto the
supernea (offsetfrom SN 1996Nby 1”.2 W, 10”.5 N), and
obtained19.21-0.04in R. Theerroris the standarddeviation
of themagnitudegor thefive epochsandgives ahandleonthe
consisteng of our measurementnda hint to theerrorsof the
supernga magnitudesat leastfor the earlierepochs.

As anindependentheckon someof the systematicerrors
we alsotried the galaxytemplatesubtractionrmethod.On Oc-
tober23.3,1997,we obtaineddeepimagesof NGC 1398in V/,
R andI with theESO/NTT Inspectiorof thesemagesshaved

1 IRAF is distributed by the National Optical Astronomy Obset
vatories,which are operatedby the Associationof Universitiesfor
Researchin Astronomy Inc., undercooperatie agreementvith the
NationalScience~oundation.



Table 2. Magnitudesf comparisorstars.

\% R I
1 18.00 1756 17.10
2 1839 17.49 16.60
3 18.07 17.37 16.73
4 1899 1848 17.98
5 1942 18.67 17.96

Magnitudegor thecomparisorstaramarkedin Fig. 1. Theuncertainties
areabout0.05magnitudes.

thatthe supernea hadfadedfrom visibility, the 30 upperlimit
being23.0magnitudesn R.

For eachof our previous framesthe NTT imageswere
alignedandrescaledisingstandardRAF tasks.Thereaftethe
sky was subtractedrom the imagesandthe NTT imagewas
scaledto matchtheflux of the otherimageasmeasuredn the
comparisorstars.

Beforesubtractingheimagesve hadto assess theroblem
of differentPSFsWedid thisin two differentwaysbothstarting
with the constructiorof a PSFwith the IRAF/DAOPHOT task
PSF usingthreenearbystars.

Oneway to proceeds to decomwolve the PSFhaving larger
FWHM with the otherPSFusingthe Lucy-Richardsordecon-
volutiontaskLUCY. Thereaftetheimagewith thesmallerPSF
was corvolved with the kernelfrom the above decomwolution.
An alternatve approacthis to decowolve bothimageswith their
respectie PSFusing a relatively large numberof iterations.
Thereaftethe decowolvedimagesaresmoothedvith a Gaus-
sian,resultingin imageswereall starsarenice Gaussiansvith
presered flux. The frameswerethensubtractecandthe sub-
tractedframewas measureavith aperturgghotometryThetem-
plate methodis, however, alsolikely to introduceerrors.For
example,we have usedfour differenttelescopesystemswith
different color responseAlso, the methodsusedfor smooth-
ing the imagesbeforesubtractingare not optimal, in the first
methodresidualgnayremaindueto differencesn thevariable
PSF whereasn thesecondflux conserationof apointsource
onadiffusebackgrounds notguaranteedlhesuccessf these
techniquesanonly bejudgedby carefulinspectionof thesub-
tractedframes.

We believe that by usingboth of thesevery differenttech-
niques,PSFfitting and templatesubtractionwe have agood
chanceof avoiding ary systemati@rrorsthatmightbeinherent
in thesemethodsWe did notseeary systematidifferencede-
tweenthetwo methodsandthemeasurediifferencegperepoch
weretypically lessthan 0.1 magnitudesThe magnitudesve
presentn Table 3 areconsistenwith both of the abose men-
tionedmethodsxceptfor thelatestepochwhereonly thetem-
platesubtractiormethodwas used.The supernea was clearly
visible in theseimages put the signalto noisewas too low for
reliablePSHitting.
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Late light curves of Supernova 1996N.
18

_~ Cobalt decay rate
yray
leakage

19

20

21

Magnitudes

22

23

24 1 1 ‘ 1 1 ‘ 1 1 ‘ 1
350 400 450 500 550

Julian Date (2450000+)

w
=]
]

Fig. 2. The late light curves of SN 1996N. The lines are chi-square
fits to themagnitudesindtheir errors.Also indicatedis the decayrate

for *°Co, i.e., the lightcurve for full trappingof the y-rays. Theline

labeled" v-ray leakagerefersto the modelexplainedin thetext. The

supernoa was discoveredon March 12.5 UT, which correspondso

JD 2450155.

2.2. Spectroscopy

Thelog of our spectroscopiobsenationsis shavn in Table4.

With the exceptionof the Januaryl997obsenrationeachspec-
trumisthecombinatiorof obsenationswith two grismsto cover

theblueandtheredwavelengthrange Theslit was alwaysori-

entecEast-Wst.Sincethesuperneaculminatecd:loseto zenith
this was awayscloseto the parallacticangle.Spectralreduc-
tionsincludedbiassubtractiorandflat fielding, wavelengthcal-

ibration with obsenationsof arclampsobtainedimmediately
beforeor afterthe supernwa obsenration,andflux calibration
usingstandardstars(Hamuyetal. 1992).Thetypical accurag

of the wavelengthcalibrationis between0.5 and 1.0 A, de-
pendingon the resolutionprovided by the grism. Someof the
obsenationswereobtainedundernon-photometriconditions,
alsoslit losseamight contributeto flux uncertaintiesTo estab-
lish theabsolutefluxesfor the spectrave corvolvedthemwith

our simultaneousk photometry

3. Results

Fig. 2 shavs thelatelight curves of SN 1996N.We have com-
piled all our photometryhere:five obserationsin R, fourin V'
andthreein I. Themagnitudesleclinelinearly andchi-square
fitstothemagnitudeandtheirerrorsgivesfor the R lightcurve a
slopeof 1.72+0.10magnitudeper100days betweerl 79days
and 337 dayspastdiscovery. The V' lightcurve has1.67+0.23
mag(100d) ! wheread has1.93+0.24.Thus,we seeno evi-
dencefor a strongcolor dependencan thedecline.

An earlyspectrunof SN1996NwasobtainecnMarch23.4
attheAAT byL.Germalry, B. SchmidtR. Stathakis an#i. John-
ston(Germany et al. 1996). We have re-reducecandanalyzed
thatspectrumandconfirmthe classificationrof SN 1996Nasa
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Table 3. Supernea Magnitudes.

JulianDates \% R

2450000+

333.8 . 19.26+0.08

375.9 21.0240.15 20.09:-0.08 19.45+0.15
433.7 21.95-0.15 20.9A40.08 20.6:0.15
461.6 22.5+0.15 21.5-0.15 21.1#0.15
491.5 23.3+0.5 22.2+0.5

Table 4. SN 1996N- log of spectroscopiobsenations.

JulianDate Phasé Telescope/  Wavelength-
2450000+  (days) Instrument range(,&)

333.8 178.8 3.6m/EFOSC1 3900-9700
376.0 221.0 2.2m/EFOSC2 4000-9100
433.7 278.7 2.2m/EFOSC2 4000-8700
461.6 306.6 2.2m/EFOSC2 4000-7900
491.5 336.5 3.6m/EFOSC1 3900-9700

“ Epochsin dayspastdiscovery, for the correspondindJT Date,see
Tablel.

Typelb/c. In fact,weidentify threeratherweakabsorptiorines
ascorrespondingo He1 A\5876,6678and7065 all blueshifted
by about9000km s~!. This suggestshat SN 1996N was of
Type Ib. Apart from the helium lines we identify absorption
linesof O1 A\7774andthe Cair nearlR triplet.

The spectraof SN 1996Nat five late epochsareshavn in
Fig. 3. Thesupernwawas alreadyenteringits netular phaseat
thefirstobsenationdate,179daysafterdiscovery, andthelines
of intermediatanasselementsare clearly seen.The strongest
linesare[O1] AA6300, 6364[Can] AA7291, 7324the Carl
nearIR triplet (probablymixedwith [C 1] A8727),Mg1] A4571
andNar1 D \5893.Thereis alsoO1 at A7774andperhapgO1]
at\5577.Thefeatureat~5300A isamixtureof Ferr emission.
Fer1 is alsoseenin theabsorptiordipsat AA5018, 5169.

All the emissionlines arequite broad,[O 1] A\6300,6364
shavsatotalFWHM of ~6000kms~! 179daysafterdiscovery,
the[Carr] AA7291,7324is somavhatnarraver with a FWHM
of ~4600km s~1.

A smallervelocity for calciumthanfor oxygenis consistent
with mostexplosionmodels,whereCais producedfurtherin
thanO. In SN Ib/c 1985Fthesdineshadaboutthesameveloci-
ties(Schlagel & Kirshner1989)andin SNic 19941,[Can] was
evenbroaderthan[O 1] (Filippenko et al. 1995).Somecaution
is, however, necessaryn interpretingthe widths of theselines,
asthey arebothblends We tried to decowolve theseblendsus-
ing Gaussiatine shapesandourfits indicatethatthe[O 1] lines
wereindeedbroader The bestfits wereobtainedfor a FWHM
of ~4500km s~* for [Car1] and~5200km s~ for [O 1], where
we usedanoptically thin line ratio of 3:1.
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Spectral evolution of Supernova 1996N
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Fig. 3. Thespectrakvolution of SN 1996N.Thewavelengthscalehas
beencorrectedor the redshiftof NGC 1398.Theflux scalerefersto
theuppermosspectrumthefirst date ofobsenation. Thetick marksto
therightindicatethe zerolevelsfor thefluxes.The strongesemission
lineshave beenidentified.

For comparison, SN Ib/c 1985F had a FWHM of
~4700 km s™!' for [Cam] AA7291, 7324 at 300 days
(Schleggel & Kirshner1989). Similarly, SN IIb 1993J had
~4600kms~!, but SNII 1986lhadonly ~2600km s~ atsim-
ilar epochgFilippenko et al. 1994).SNelc 1987M and 1994
shaved even highervelocities,6200km s~ and9200km s—!
respectrely, at about4.6 months(Filippenko et al. 1995).The
higher velocitiesin SNe Ib/c are usually attributed to their
smallermassedk-or any given explosionenengy, asmallermass
of the ejectaallows for largervelocities.

In Table5 we presentthe evolution of the fluxesfor the
strongeremissionines. Thesefluxesareratheruncertaingspe-
cially for the later spectraandthe errorscould be aslarge as
50%. Line ratiosfor lines with a large wavelengthseparation
mightbeaffectedby additionaluncertaintiedjk ereddeningand
slit lossesMost line ratiosseemto stayratherconstanduring
thisepochalthoughtheCall nearR tripletappearso begetting
wealercomparedo [Cal1] A\7291, 7324Thiswasalsonoticed
in SN Ic 1987M, andinterpretedasdueto decreasinglensity
(Filippenko et al. 1990).Table5 alsopresentshe FWHM and
centralwavelengthsof the emissionlines. Thesewere simply
estimatedusing Gaussiarfits. The obsened blueshiftswill be
discussedh Sect.4.4.

No correctionsfor absorptiorhave beenapplied.We have
little handleonary absorptioriowardsSN1996N.We examined
the early phaseAAT spectrumfor ary signsof Na absorption
attheredshiftof NGC 1398, but the spectrumis of low signal
anddoesnot constrain theabsorptionOur first spectrunfrom
Septembel 996 hasappreciableflux at the expectedNa ab-
sorption but it isalsoof low resolutionandevenafairly strong,
narrav NaabsorptiorcouldnotbedetectedTheHI mapsdoin-
dicatethatthereis no absorptiorfrom our own Galaxytowards
SN 1996N (Burstein& Heiles1984).Eventhoughabsencenf
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Table 5. Emissionlines

\ JulianDates(2450000+)
|333.8 376.0 433.7 461.6 491.5

[O1] A\ 6300,6364

Flux(10 **emg s 'cm™2) | 25.0 132 6.6 6.1 24
Centralwavelength(A) 6293 6294 6294 6294 6295
FWHM (A) 126 128 123 129 116
[Car] A\ 7291,7324

Flux (10 erg s~'cm™2) | 174 96 48 32 1.7
Centralwavelength(,&) 7285 7285 7286 7283 7287
FWHM (A) 111 108 111 105 118
Na1 D ) 5893

Flux(100¥eg stcm?) | 60 24 15 11 05
Centralwavelength(A ) 5886 5888 5892 ...

FWHM (A) 134 129 137

Mg1] A 4571

Flux(100%eg stcm?) | 56 27 12 11 0.9
Centralwavelength(A) 4554 4554 4553 4551 ...
FWHM (A) 81 93 87 100

Cauir nearlR triplet

Flux (10 ey s 'cm™2) | 254 9.4 1.0
Centralwavelength(A ) 8669 8685

FWHM (&) 244 226

The positionsand FWHM aresimply measuredy Gaussiarfits, the
fluxesare, however, integratedover the whole line. Wavelengthsare
in the rest frame of NGC 1398, which hasa recessionvelocity of
14076 km s~ (deVaucouleurstal. 1991).

evidenceis not evidencefor absencewe nevertheleshave not
appliedary absorptiorcorrectiondor whatfollows.

4. Discussion
4.1. Thelight curve

Along with thelight curvesin Fig. 2, we have alsoplottedthe
decayrate of 6Co; 0.98 mag (100d)~!. This is the slopethe
bolometridatelight curveof aradioactvely poweredsupernoa
would have if it trappedall of its y-rays.Most SNell follow
thisdecayrateclosely(Turattoet al. 1990;Patat etal. 1994).It
is clearfrom Fig. 2 thatthelight curves of SN 1996Ndecline
substantiallyfaster

SNe Ib/c seemto be able to display a variety of light
curves. For example,SN Ib 1984L followed the *°Co decay
ratefor atleast~500days(Schlegel & Kirshner1989)whereas
SN1994l,aTypelc, fadedevenfastethanSNela, atleastupto
about70 daysaftermaximum(Richmondetal. 1996b).A well
studiedsupernwawith afastdecayrateis SN 1993J.In Fig. 4
we comparethe V' and R light curves of SN 1996Nwith the
light curves of SN 1993J takenfrom the La Palmaarchie (cf.
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Lightcurves of SN 1996N and SN 1993J.
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Fig. 4. Absolutelightcurvesfor SN 1996N and SN 1993J.We have

used22.0Mpc for SN 1996Nandappliedno extinction correctionfor

this supernea. For SN 1993J,3.6 Mpc and E(B — V)=0.19were
used.Uppermospanelis R data,andlowermostis V data.The Julian
Datesrefersto the SN 1996N photometry The SN 1993Jphotometry
have beenshiftedso that March 26.0,the inferredexplosiondatefor

SN 1993J matcheghediscovery date of SN 1996N.

Lewis etal. 1994).1t is clearfrom thisfigurethatthelight curve
slopesof thesesupernoaearerathersimilar at latetimes.

It hasbeenargued(Clocchiatti& Wheelerl997)thatthere
exists a homogeneouphotometricgroup of SNe with light
curve slopesof about1.9mag(100d) ! after~150days.This
groupcontainsSN b 1993Jaswell asSN b 1983NandSNIc
1983V TheseSNe have similar late time slopesand peakto
tail ratios. The similar photometricbehaiour could perhaps
indicatesimilar progenitorswherethe early spectraandthus
theclassificationjs determinedy smalldifferencesn thethin
outerlayersof the progenitorg Clocchiatti& Wheelerl997).

Thelatetimedeclineratefor SN1996Nis similar, but some-
what faster thanthe declineof SN 1993J.A chi-squardfit to
thedata ofSN 1993Jrom theLa Palmaarchive andfrom Rich-
mondetal. (1996a)gives slopedor theV’, R and! light curves
of 1.53+0.03,1.36+0.06,and 1.43+0.12 mag (100 d)~ ! re-
spectvely, betweenl70and340daysafterexplosion.

As thefilter light curves of SN 1996N all have the same
slope,within theerrors,alinearscalingto bolometricluminos-
ity seemgustified. For the threeepochswherewe have V', R
and I photometrythe summedfluxes shov a declinerate of
1.75+0.25mag(100d) . Thefastdeclineof the opticallight
curves of SN 1996Nthusindicatesleakageof ~v-raysfrom the
56Co decay

A very simplified model of ~-ray deposition in
an expanding homogeneoussphere predicts a slope of
1.09 x (111.3°! + 2 t—1) magnitudeger day for late times,
when the optical depth r<1 (Clocchiatti& Wheeler1997).
Here,111.3daysis the e-foldingtime for the radioactve de-
cayof °Co. For the epochsof obserationfor SN 1996N,this
gives a slopeof 1.9 mag (100d)!, very similar to the mea-
suredvalue of 1.7 mag (100d)!. The similarity of the light
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curve slopesof mary superngae d theseateepochanaythus
simply reflect the asymptoticbehaiour of the vy-deposition,
reachedwhenthe optical depthfor v-raysbecomesvery low
(Clocchiatti& Wheelerl997).

If theopticaldepthfor v-raysisin factverylow, thecontritu-
tion from positronamustbetakeninto accountFor asimplified
modelwith a centralradioactve source(Sollermanetal. 1998)
thebolometricluminositydecaysase—*/11-3 (1 — 0.965e~ "),
where 111.3 daysis againthe decaytime of 56Co, 96.5 %
of the enegy is mediatedby ~-raysandtherestby positrons.
Thepositronsareassumedo deposittheir enegy locally while
the ~-rays have an optical depth 7=(t/t;)~2, wheret, is the
time when7=1. In this model,a slopeof 1.7+0.2 mag (100
days)! between179 and 337 days past explosion can be
achieved for ¢;=63 — 218 days.In fact, the steepestieclineis
1.67mag(100d) ! for t;=121days,this slopeis alsoshavnin
Fig. 2. Within thismodel,it seemghatSN1996Nwasdeclining
asfastasit could.

As seen from the absolute light cures in Fig. 4,
SN 1996N appearsto be fainter than SN 1993J. The dis-
tanceto SN 1993Jis well determinedfrom Cepheidsas
3.6 Mpc (Freedmaretal. 1994) and estimatesfor the red-
dening of SN 1993Jrangesfrom E(B — V)=0.08 to 0.4
(Barbonetal. 1995). Here we have adoptedE (B — V)=0.19
from Lewis et al. (1994). The distanceto NGC 1398is about
22.0Mpc for H,=65km s~! Mpc~!(Kraan-Korteveg 1986),
andwe haveassumedh Fig. 4 thattherewasnointrinsicextinc-
tion for SN 1996N.An errorof +£0.5magnitudeslueto current
uncertaintiesn H,, andanother0.25magallowing for anun-
certaintyof two weeksin the date ofexplosionfor SN 1996N,
is notenoughto resole the differenceshavn in Fig. 4.

ThisindicateghatSN 1996 Nwasunderluminougsompared
to SN 1993J,0r that the intrinsic extinction for SN 1996N
was as high as E(B — V)=0.8+0.3. As thesesupernwae
have similar light curve declines,the faintnessof SN 1996N
could be dueto a substantialljjower massof ejected®®Ni (cf.
Sollermaretal. 1998).

4.2. The mass of oxygen

Themasof oxygenin thesupernwais potentiallyinterestingas
theamountsynthesizednh supernea modelsis rathersensitve
to the coremass.For example,in a modelwith a helium core
of 3.3Mg, 0.22M, of oxygenis synthesizedwhile a coreof
6 M gives1.5M, (Thielemanretal. 1996).
Assumingthatthe electrondensityn.>10°, which s quite
reasonabldor theseepochs(Schlayel & Kirshner1989), one
canusethe luminosity of the [O 1] AA6300,6364linesto esti-
matethe massof oxygen(or ratherof neutraloxygen),using
M,=10° d? F([O1]) €-2%/T+ (Uomoto1986).Here M, is the
massof oxygenin solarmassesd is the distanceto the super
novain Mpc, Fisfluxinergs—! cm=2 and 7, isthetemperature
in units of 10* K. This estimateassumesheseemissionlines
to be optically thin. We werenot ableto constrain thedensity
from the[O 1] AA6300,6364lines,althougha normal3:1ratio
seemso give the bestdecowolution of the blend. Neverthe-
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Fig. 5. Latetime spectraof SN 1996NandSN 1993J Uppermospanel
shavs SN 1996N(above) from Sep.7, 1996,179 dayspastdiscovery.
Below isaspectrunof SN1993Jetrieved fromtheLa Palmadatabase.
It wastakenonSep20,1993,176daysafterdiscosery. Thelowerpanel
shavs SN 1996N,221 dayspastdiscovery (above) andSN 1993J 224
dayspastdiscovery (below). The flux scalesarefor SN 1996N,the
spectraof SN 1993Jhave beenshiftedby 3.5 dex.

less,a lower limit to the oxygenmasscan be achiered using
this method.

The temperature can be constrained by the
[O1] A5577 / [O1] AA6300, 6364 ratio. Assuming that
all the emissionseenat ~5530A in our earliestspectrumis
dueto [O1] A5577,wefind aratio <0.08.Thisis rathersimilar
to the valuesfound for SN 1985Fand SN 1983N, 0.05 and
0.04 respectiely (Gaslell etal. 1986). This constrainsthe
temperaturdor n,=10° — 10 cm—3 to be T < 5000 — 440(K,
which in turn gives M, > 0.11-0.21 M, for a distanceof
22.0 Mpc. The lower value ofthe oxygenmasscorresponds
to the lower density The O1 A7774 line also indicatesthe
presenceof ionized oxygen, as this line presumablycomes
from recombination(Begelman& Sarazinl986). This would
increaseahe estimatedotal massof oxygen.

Theseestimatesare, however, rather sensitve to uncer
tainties in the distanceand reddening.The distanceabove
comes from Kraan-Korteveg (1986), using a value of 65
km s~ Mpc~! for H,. An uncertaintyof £15km s~ Mpc—!

in thatnumbertransformsto M,, > 0.11")4% for n.=10° and

M, > 0.215:1° for n,=10".

These values are not very different from the esti-
mates obtained for SN Il 1986J (Leibundgutetal. 1991),
0.1< Mo, < 0.3Mg. Houck& Franssor(1996)amguedthat
theoxygenmassin SN 1993Jwas 0.5M.

4.3. The spectra - evidence for hydrogen?

The spectraof SN 1996N at late times are similar to those
of otherSNelb/c in the netular phase(Filippenko et al. 1990;
Filippenko 1997). In particular they resemblethe spectraof
SN 1993J(Fig. 5). Notethe broadfeatureat theredsideof the
[O1] AA6300, 6364whichin SN 1993Jwas attributedto Ha.
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Herewe wantto discusdf the sameidentificationcanbe made
for SN 1996N.

SN 1993Jshaved hydrogenin its early spectrabut under
went a spectroscopienetamorphosiso a SN Ib/c in nelular
phasewheretheratherweak,broadHa remainedheonly evi-
dencefor theSNII origin. A similartransformatiorwas seenn
SN 1987K (Filippenko 1988)andmorerecentlyin SN 1996¢ch
(Garnavich 1997),which displayeda spectralkevolution similar
to thatof SN 1993J.

If theemissiorredwardof [O 1] AA6300,6364in SN1996N
is to be interpretedas broadHe, as it wasin SN 1993J,0ne
mustthusaddresshequestionwhy no Ha was seerin theearly
spectrunmof SN 1996N.Rememberinghatthe Ha absorption
in SN 1993Jwas very weak, it is temptingto assumehatthis
featurecould be totally lost for SNewith evenlesshydrogen.
Perhapgheonly earlyspectrunfor SN 1996Nwas takenatan
epochwhenthethin hydrogenlayerhadalreadyrecombined.

However, thefaint, broad~6600A featureseenin thelate
spectrunof SN 1983N(Gaslell etal. 1986)indicatesthatthis
mightbeamorecommonscenarioSN 1983Nwas ratherwell
studiedat early times (Harknesstal. 1987), and shaved no
prominentHa absorptiorin its earlyspectrahencethe Typelb
classification.

Spectralmodeling by Wheeleret al. (1994) shoved the
earlyspectrunof SN 1983Nto beconsistentvith thepresence
of small amounts(~0.005M4) of hydrogen.For SN 1993J,
Swartzetal. (1993)concludedhat0.04M, of hydrogencould
reproducehe early spectraThis indicateshatonly very small
amountf hydrogercouldin factbehiddenin theearlyspectra
of SNelb/c. However, noneof thesestudiesdid investigatea
broadrangeof hydrogenalundance®r distributions.

Unfortunately it is not trivial to estimateif sucha small
amountof hydrogenis ableto producethe obsered emission
at latetimes. A simple-mindedway is to assumehatall the
emissioncomesfrom caseB recombinatiorwith T=10000K.
Then

\Y%
10000 km s—1

t
179 days

M(H*) = 0.5%5( o

) (

f
10-14 erg s—1 cm—2

d
22 Mpc

0.5 Dpyo.s
( " (opmme) )

M (H™) is the massof ionized hydrogenin solarmasses,
e is thefilling factor V is the maximumvelocity of the hy-
drogenshellin km s™1, t is time sinceexplosionmeasuredn
days,f istheflux of Ha in erg s=! cm~2, d is the distanceto
the supernea in Mpc and(‘rll—z is the ratio of protonsto elec-
trons. We estimatedhe flux in the Ha line to be ~8x10~1°
erg s—! cm2 in our earliestspectrumby measuringhe red
unblendedpart of the line andassuminghatit is symmetric.
Theline extendsto ~10000km s~1, assumingt is blueshifted
by the sameamountas[Cai11] A\7291, 7324 Thesenumbers
give, for anepochof 179 days,a requiredmassof ionizedhy-
drogenof 0.5 (22)°> Mg,. If the hydrogenis really uni-
formly distributed this estimateis quite high, and seemdiffi-
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cult to reconcilewith the lack of hydrogenin the early spec-
trum. The hydrogenis, however, likely to be distributedin a
narrav shell, andthe distribution is probablyvery clumpy. If

the hydrogenwould be distributedin a shell between8000 —
10000km s~1, with afilling factore=0.01,we would instead
get M (H1)=0.02(=2)%® M. Suchalow massof hydrogen
is perhapaotin conflictwith earlytime spectra.

If thediscussedeatureis indeedHq, it mustsomehav be
excited at theselate epochs An olvious suggestioris ioniza-
tion by the X-rays from the shockbetweenthe ejectaandthe
CSM. After all, SNelb/c andtransitionobjectslike SN 1993J
are believed to be core-collapsesupernwae with progenitors
which lost much of their ervelopesbeforethe explosion. Ev-
idencefor circumstellarinteractioncomesfrom radio obser
vations; SN 1993J, SN 1996ch as well as SNe Ib 1983N
and 1984L were, just as SN 1996N, detectedat radio wave-
lengths (Weiler etal. 1998). Furthermore the broad Ha line
in SN 1993Jwas powered by circumstellarinteractionafter
~250days(Houck& Franssoril996;Patat etal. 1995).

However, for aconstantmasdossrate,CSMdensityprofile
and ejectadensityprofile, the X-ray luminosity from a radia-
tive reverseshock,and thus the Ha emission,is expectedto
stayratherconstanwith time, aswas seenafter ~300daysin
SN 1993J.n SN 1996Nthisis notobsenred.

An alternatve suggestiorfor theexcitationof He in thelate
timespectraf SN1996Nisline blendingwith [O 1] A6364.This
wasinfactshavntobethemostimportantmechanisnfior popu-
latingn=3in SN1993Jatthisepoch(Houck& Franssori996).

If thediscusse@missionline is not Ha,, we mustpostulate
the existenceof a broadblendof emissionlines at ~6600A.
Thiswassuggestetly Patat etal. (1995)for SN1993Jwerethis
blendpossiblycontrituted30% of the emissionat the position
of Ha.. A broadblend,attributedto Ferr, is seenin earlytime
spectraof SN la. This featureis indeedsometimesncorrectly
identifiedasHa (Filippenko 1997).We would thenbeleft with
theannging factthatvery similar spectrafeaturescanbedue
to very differentphysics.We mustalsotry to understandvhy
the ~6600A bumpis soprominentin SN 1996N,comparedo
otherSNelb/c.

Theongoingdiscussioronthenatureof SNelb/c, andespe-
cially of their progenitorshasbeenfocusedonthepresencer
absencef hydrogenandhelium)in theirearlyspectraseethe
review by Filippenko (1997).Basedon theresemblancef the
spectraof SN 1996NandSN 1993J we canspeculatavhether
smallamountof hydrogermightgo unnoticedn earlyspectra
of SN Ib/c. Later on, whenthe SN continuumhasfaded,this
hydrogenshell might be reionizedby CSM interaction,or ex-
citedvia line blending,thusrevealingits existence Late time
spectramightthenbethebestway to resohe thisissue.

4.4. The blueshifts of the emission lines

As indicatedin Table5, theemissioninesof SN 1996Nappear
to beblueshiftedwith respecto theparentgalaxy thevelocities
inferredare~1000km s~*. Thisis, again similarto thecaseof
SN 1993Jweretheblueshiftsof the oxygenlines attractecat-
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tentionby severalauthorsMany differentmodelswereputfor-
wardto explaintheblueshiftsin SN 1993J:Wangé& Hu (1994)
proposedhatin a clumpy distribution, only the approaching
clumpswould be seendue to their proximity to the photo-
sphere.Similarly, Filippenko et al. (1994) proposecthat the
blueshiftsweredueto optically thick ejectawerewe view only
the approachingside. A different explanationwas suggested
by Spyromilio (1994), who interpretedthe lineshifts asindi-
cationsfor large scaleasymmetriesn the distribution of the
ejecta.Thisscenariovas alsosuggestethy Lewis etal. (1994).
Finally, Houck & Franssor(1996)proposedhatthe lineshifts
weresimply aneffect of line blending.

Thereweredifficultiesin all of thesemodelsfor SN 1993J.
Theemissionlinesdid notshav the sameamountof blueshift.
For example,in thespectrunmfrom SeptembeR0, 1993,shovn
in Fig. 5, we measuredhe blueshift of [O1] A5577 to be
~1500km s~! whereagCari] A7308 only shavs a shift of
<300km s~'. It is difficult to understanchow optical depth
effectscanaffectthesdinessodifferently, Moreover, suchsce-
narioswould predictthelineshiftsto decreasevith time, asthe
opticaldepthdecrease€On the contrary the shifts seemedin-
changingn nature(Lewis etal. 1994;Spyromilio 1994).

Similarly, the casefor large scaleasymmetriedn theejecta
masshave aproblemin explainingthemuchsmallerblueshiftof
O1\7774 aspointedoutby Houck& Franssoif1996).Thisline
seemso beblueshiftedoy only ~500km s, significantlyless
thanthe[O 1] A5577line. Thisled Spyromilio (1994)to suggest
thatalsothe distribution of **Co was asymmetric explaining
the spatialdifferencesn excitationconditions.

Houck& Franssoi{1996)usedadetailedspectramodeling
codeto concludethatnolargescaleasymmetriesvererequired
to reproducehe spectraof SN 1993J.Insteadthey arguedthat
the apparentblueshiftscould be explained as effects of line
blending.For example the blueshiftof the[O 1] A\6300,6364
line couldbedueto blendingwith fast-maing hydrogenThey
furtherproposedhattheshiftsof Mg 1] AMd571and[O 1] \5577
could be explainedalongthe sameline. However, the OrT line
at7774A seemso be ratherunafectedby line blending.The
blueshiftof thisline in SN 1993Jmightthusindicatereallarge
scaleasymmetries.

For SN 1996N,blueshiftsof theorderof 1000km s~! were
obsened for [O1] AA6300, 6364 [Carr] A\7291,7324 and
Mg 1] M571.Theactualnumbergivenin Table5 areratherun-
certain they merelyreflectGaussiariits to thesenon-Gaussian
lines. Thesefits do, however, indicatesystematidlueshiftsof
theemissionines,andshow thatthesestayratherconstantvith
time. Thatthelinesareindeedshiftedcanbe seenfrom Fig. 6,
where the abore mentionedlines, aswell as O1 A\7774, are
plottedin velocity space Furthermoreasshown in Fig. 7, no
evolutionin thewidthsor positionsof theemissioninesis seen
betweenl79 and 337 days pastdiscovery. As the densityis
expectedto decreasdy a factorof ~7 betweenour first and
lastspectruman evolution of the line centergowardsthe rest
positionswould have beenexpected,if the shifts weredueto
optical deptheffects. The scenario ofHouck & Franssormay
provide somecluesto the obseredblueshiftsin SN 1996N.In
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Blueshifts of emission lines
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Fig. 6. Emissionlinesfrom the spectruntakenon September, 1996.
The x-axis is velocity with respectto the indicatedrestwavelengths
within NGC 1398. It is clear that all theselines shawv significant
blueshifts.
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Fig. 7. Time evolution of thetwo strongesemissionines.Uppermost
spectrunis ourearliesbbsenationfrom September, 1996.Theothers
arein chronologicabrder datesanbereadfrom Table3. No evolution
of the blueshiftsor widths of thesdinesis seen.

particular if we identify the emissionredward of [O 1] A6364
asHe, assuggesteth theprevioussectionthesamescattering
effect maybe at work alsoin SN 1996N.We do, however, see
a significantblueshiftalsoin the [Ca11] AA7291,7324lines,
whichwasnotnoticedin SN1993JFurthermoretheO1 A7774
lineis positionecbt~7749,& in ourearliestspectrumTheline
is ratherweakandbroadbut is clearly shiftedto the blue by
~800— 1000 km s~! (Fig. 6). Again, this line is supposed
to berelatively unblendedandthe blueshiftwe obsene might
thereforecorrespondo realasymmetriesn the distribution of
theejectamass.

Anotherpossiblesxplanationfor the blueshiftsof theemis-
sion lines is dust. In SN 1987A, the emissionlines slowly
departedto the blue after ~500 days, an effect attributed to
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dustformation(Lucy et al. 1989).Theshiftsin SN1987Awere
~600km s~!. To achieve velocity shifts of > 1000 km s,
optical depthsfor the dustin excessof 7=0.5 are neededor
an ejectavelocity of 5000km s—!. We do not obsere any de-
pendencef theline shiftson wavelengthsasseerfor thedust
extinction in SN 1987A. In particular the Nar D \5893line
seemdo belessblueshiftedthanall otherlines. Also, our first
obserationis at 179days,muchearlierthanthe epochof dust
formationin SN 1987A.Thetemperaturenaywell betoo high
for dustformation at this early stage.Similarly, in SN 1993J
the shifts were obsered already50 dayspastmaximum.We
thereforeconsiderthis scenaridesslik ely.

Finally we would lik e to mentionthefactthatmary super
nova remnantsshov emissionlineswith large (~500km s=1)
velocity shifts. Also the high spacevelocities of pulsarsare
well known. Thesephenomenareoftensuggestetb bedueto
asymmetricsupern@a explosions.Perhapghisis whatwe see
here,for thesuperneaitself.

5. Conclusions

WehavestudiedheTypelb SN1996Nbothphotometricallyand
spectroscopicallat ratherlate phasesThe opticallight curves
declinesubstantiallyffasterthanthedecayrateof °6Co, indicat-
ing leakageof -rays.Thelight curve slopesseemsimilar, but
somavhat steeperthanthe light curves of SN 1993J.Unless
SN 1996Nis heaily reddenedit is underluminousompared
to SN 1993J.Thespectraof SN 1996Narestrikingly similarto
thoseof SN 1993J.In particular it is temptingto identify the
broadredwing of [O 1] A6364with Ha alsoin SN 1996N.The
presencef Ha in the late spectrumof a SN b would further
strengtherthebeliefthatSNII andSN Ib/c arejustvariationsof
thesamecorecollapsetheme Finally, thesubstantiablueshifts
of theemissiorlinesof SN1996Nmaybe anindicationof large
scaleasymmetrien theejectaFurtherstudiesof core-collapse
SNeat lateepochswill clarify how commorthephenomendis-
cussedn this paperare.
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