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Abstract. Wepresentphotometricandspectroscopicobserva-
tions of the Type Ib supernova (SN Ib) 1996Nin NGC 1398.
The supernova has been observed at several occasionsbe-
tween179 and 337 daysafter discovery. The light curves in
V , R andI have declineratesof 1.67±0.23,1.72±0.10 and
1.93±0.24mag(100d)−1 respectively, substantiallyfasterthan
thedecayrateof 56Co. Thelate light curves ofSN 1996Nare
rathersimilar to thelight curves ofSN1993J,andthedeclineis
consistentwith simplemodelsof aradioactivelypoweredsuper-
nova, wheretheγ-raysareleakingoutof theejecta.SN1996N
appearsto be underluminouscomparedto SN 1993J,possi-
bly indicatingthat less56Ni was ejectedin the explosion,but
uncertaintiesin intrinsic absorptionpreventsus from definite
conclusions.

The late time spectraof SN 1996Naresimilar to spectra
of otherSNeIb/c, andaredominatedby [O i] λλ6300, 6364,
[Caii] λλ7291, 7324,andtheCaii near-IR triplet.In particular,
thesespectracloselyresemblethoseof SN 1993J.We specu-
late aboutthe possibility that the broademissionfeatureseen
redwardof [O i] λ6364in SN 1996Ncouldbedueto Hα, as it
was in SN 1993J.In this scenario,smallamountsof hydrogen
might go unnoticedin the early spectraof SN Ib/c. Later on,
whentheSNcontinuumhasfaded,thehydrogenlayermightbe
re-excited,thusrevealingits existence.

Finally, we note that the emissionlines of SN 1996Nare
blueshiftedby ∼1000km s−1. With thescenariosproposedfor
theblueshiftsin SN1993Jin mind,wediscussthepossiblecause
for theshifts in SN 1996N.Thelineshiftsmayin fact indicate
largescaleasymmetriesin thesupernova explosion,ratherthan
theformationof dustatearlyepochs.

Key words: supernovae:general– supernovae:SN 1996N–
galaxies:individual:NGC1398

1. Introduction

Corecollapsesupernovae(SNe)comein variousappearances.
Duringtheearlyphasesof theexplosions,theemissionis dom-

⋆ Basedonobservationscollectedat theEuropeanSouthernObser-
vatory, LaSilla, Chile.
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inatedby theshock-excitedmaterialin theouterlayersof the
explodingstar. Oncetheejectahave expandedto becomeopti-
cally thin, we canstudythe inner layersof theprogenitorstar
and the energy input into the debris.Thus, the classification
scheme,which is basedon thespectralappearancenearmaxi-
mumlight (Harkness& Wheeler1990,Filippenko 1997),does
not necessarilyencapsulatetheappearanceof thesupernova at
late phases.This hasbeendemonstratedby transitionobjects
like SN 1993JandSN 1987K.TheseSNeshowed hydrogen-
dominatedspectra,characteristicofTypeII supernovae(SNeII),
nearmaximum,but changedto oxygenandcalciumdominated
spectrain theirnebularphase.Their latespectrawerethussim-
ilar to the spectraof hydrogen-deficientType Ib andType Ic
supernovae.

Theexistenceof SNetransformingfrom SNeII to SNeIb/c
clearly indicatesa relationshipbetweenthesesubclassesof
supernovae. In this scenario,SNe Ib/c are producedby core
collapseof massive stars, just as SNe II, except that their
progenitorswere stripped of their H (SN Ib) and possibly
He (SN Ic) envelopesprior to the explosion,either by mass
transfer to a companion(Nomotoetal. 1994) or via winds
(Woosley et al. 1993).Thetransitionobjectsarethusbelievedto
haveprogenitorsweremost,but notall, hydrogenwasremoved
beforetheexplosion.

Apart from differencesin their spectra,supernovae also
show variations in their light curves. At late times SN II
generallyfollow the decayrate of 56Co (Turattoetal. 1990;
Patat etal. 1994),whereassomeSNeIb/cdecayfaster(Wheeler
& Harkness1989; Clocchiatti & Wheeler1997). This is at-
tributedto differencesin opticaldepthfor theγ-raysfrom the
56Co decay. Thefasterdeclinerateof SNeIb/c is thusdueto a
loweropticaldepth,whichin turnis relatedto thesmallerejecta
massof theseSNe.Sofar, however, only few core-collapsesu-
pernovaehave beenobservedat latephases(> 6 monthsafter
explosion;Patat etal. 1994).

While observationsat latephases,whentheSNis faint,are
clearlymoredifficult, spectraat lateepochsprobedeeplyinto
the coreof the exploding star, and the expansionleadsto an
optically thin nebulawherethespectralinterpretationis easier.
For SNeIb/c theabsenceof a largehydrogenenvelopecreates
anevencleanerwindow into theheartof supernovanucleosyn-
thesis.
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Fig. 1. SN 1996Nin NGC 1398.North is up andeastto theleft. This
V-imagewastakenwith theESO/MPI2.2mtelescopein October1996,
221daysafterdiscovery. Thecomparisonstarsarenumberedandthe
supernova is markedwith anarrow.

Supernova 1996N was discovered on March 12.5,
1996, in the large, barred spiral galaxy NGC 1398
(Williams & Martin 1996).The supernova is located46′′ east
and12′′ northof thecenterof thegalaxy(Fig. 1). Nothingwas
visible at this locationon February16. An earlyspectrumob-
tainedon March 23.4 showed this to be a SN Ib/c abouttwo
weekspastmaximum(Germany et al. 1996),andVan Dyk et
al. (1996)reportedaradiodetectionof thesupernovaat3.6cm
on April 2.0 with the VLA. Herewe reporton optical obser-
vationsof SN1996Ntakenseveralmonthsafterexplosion.We
have observedthesupernova on five occasionswith severalLa
Silla telescopes.Theseobservationsarepartof along-termpro-
gramto studycore-collapsesupernovae at latephases.

2. Observations and reductions

2.1. Photometry

Our photometricdatawere obtainedon five epochsbetween
September1996andFebruary1997.Thelog of thephotometry
isgiven inTable1.Thedatawerebiassubtractedandflatfielded
usingtasksin IRAF1. The transformationsto standardmagni-
tudeswereobtainedfrom observationsof four Landolt (1992)
standardfieldsand oneE-field of Graham(1982)on thenight

Table 1. Supernova1996N- log of photometryobservations.

JulianDate UT Date Telescope/ Filter
2450000+ Instrument

333.8 7.3Sep.96 3.6m/EFOSC1 R
375.8 19.3Oct.96 1.54m/DFOSC B,V,I
376.0 19.5Oct.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,I
491.5 12.0Feb. 97 3.6m/EFOSC1 V,R
744.8 23.3Oct.97 NTT/EMMI V,R,I

of January13,1997.Wesolvedfor extinctionandcolorcorrec-
tionsusingtheIRAF taskPHOTCAL. Severallocalcomparison
starswerecalibratedin thefield. Thesupernovamagnitudesof
all othernightsweremeasuredrelative to thesestars.Thecom-
parisonstarsaremarkedin Fig.1andtheirmagnitudesaregiven
in Table2.

Obtainingmagnitudesof afadingpointsourceonacomplex
backgroundis not a simpletask.Normal aperturephotometry
is oftennot adequate(Turattoetal. 1993).We tried two differ-
entapproaches:Pointspreadfunction(PSF)fitting andgalaxy
templatesubtraction.

For thePSFfitting weusedDoPhot(Schechteretal. 1993).
Thissoftwarepackageobtainsmagnitudesby PSFfitting, using
anempiricalPSFobtainedfrom oneof thestarsin thefield. A
problemwith thismethodis thevariabilityof thePSFacrossthe
field, seenin severalof our images.Thisvariability is probably
dueto therathercomplex opticsof theEFOSC-typeinstruments
(Magainetal. 1992)andmeansthat systematicerrorscanbe
introducedby forcing thefit of theempiricalPSFstarontothe
supernova. Subtractionsof thefittedPSFsdoshow ratherlarge
residuals.

Tominimizetheseerrorseachmagnitudewasobtainedusing
twodifferentstandardstars,number1and2inFig.1,for theem-
piricalPSF. Thesestarsarewell exposed,relatively isolatedand
locatedat oppositesidesof thesupernova. Thedifferencesfor
the measuredsupernova magnitudesareactuallyrathersmall,
with astandarddeviationof lessthan0.05magnitudesin R.

To checktheperformanceof DoPhoton thecomplex back-
groundwe alsoextractedthemagnitudesof a starcloseto the
supernova (offset from SN 1996Nby 1′′.2 W , 10′′.5 N ), and
obtained19.21±0.04in R. Theerror is thestandarddeviation
of themagnitudesfor thefiveepochsandgivesahandleon the
consistency of ourmeasurementsandahint to theerrorsof the
supernovamagnitudes,at leastfor theearlierepochs.

As anindependentcheckon someof thesystematicerrors
we alsotried thegalaxytemplatesubtractionmethod.On Oc-
tober23.3,1997,weobtaineddeepimagesof NGC1398in V ,
R andI with theESO/NTT. Inspectionof theseimagesshowed

1 IRAF is distributed by the National Optical AstronomyObser-
vatories,which are operatedby the Associationof Universitiesfor
Researchin Astronomy, Inc., undercooperative agreementwith the
NationalScienceFoundation.
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Table 2. Magnitudesof comparisonstars.

V R I

1 18.00 17.56 17.10
2 18.39 17.49 16.60
3 18.07 17.37 16.73
4 18.99 18.48 17.98
5 19.42 18.67 17.96

Magnitudesfor thecomparisonstarsmarkedin Fig.1.Theuncertainties
areabout0.05magnitudes.

thatthesupernovahadfadedfrom visibility, the3σ upperlimit
being23.0magnitudesin R.

For eachof our previous framesthe NTT imageswere
alignedandrescaledusingstandardIRAF tasks.Thereafterthe
sky wassubtractedfrom the imagesandthe NTT imagewas
scaledto matchtheflux of theotherimageasmeasuredin the
comparisonstars.

Beforesubtractingtheimageswehadto assess theproblem
of differentPSFs.Wedid thisin twodifferentwaysbothstarting
with theconstructionof a PSFwith theIRAF/DAOPHOT task
PSF, usingthreenearbystars.

Oneway to proceedis to deconvolve thePSFhaving larger
FWHM with theotherPSFusingtheLucy-Richardsondecon-
volutiontaskLUCY. Thereaftertheimagewith thesmallerPSF
was convolved with the kernelfrom the above deconvolution.
An alternativeapproachis to deconvolvebothimageswith their
respective PSFusing a relatively large numberof iterations.
Thereafterthedeconvolvedimagesaresmoothedwith a Gaus-
sian,resultingin imageswereall starsareniceGaussianswith
preserved flux. The frameswerethensubtractedandthe sub-
tractedframewasmeasuredwith aperturephotometry. Thetem-
platemethodis, however, also likely to introduceerrors.For
example,we have usedfour different telescopesystemswith
differentcolor response.Also, the methodsusedfor smooth-
ing the imagesbeforesubtractingarenot optimal, in the first
methodresidualsmayremaindueto differencesin thevariable
PSF, whereasin thesecond,flux conservationof apointsource
onadiffusebackgroundis notguaranteed.Thesuccessof these
techniquescanonly bejudgedby carefulinspectionof thesub-
tractedframes.

We believe thatby usingbothof thesevery differenttech-
niques,PSFfitting andtemplatesubtraction,we have agood
chanceof avoidingany systematicerrorsthatmightbeinherent
in thesemethods.Wedid notseeany systematicdifferencesbe-
tweenthetwo methodsandthemeasureddifferencesperepoch
were typically lessthan 0.1 magnitudes.The magnitudeswe
presentin Table3 areconsistentwith both of the above men-
tionedmethodsexceptfor thelatestepoch,whereonly thetem-
platesubtractionmethodwas used.Thesupernova was clearly
visible in theseimages,but thesignalto noisewas too low for
reliablePSFfitting.
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Fig. 2. The late light curves ofSN 1996N.The lines arechi-square
fits to themagnitudesandtheirerrors.Also indicatedis thedecayrate
for 56Co, i.e., the lightcurve for full trappingof theγ-rays.The line
labeled“γ-ray leakage”refersto themodelexplainedin thetext. The
supernova was discoveredon March 12.5UT, which correspondsto
JD2450155.

2.2. Spectroscopy

Thelog of our spectroscopicobservationsis shown in Table4.
With theexceptionof theJanuary1997observationeachspec-
trumisthecombinationof observationswith twogrismstocover
theblueandtheredwavelengthrange.Theslit wasalwaysori-
entedEast-West.Sincethesupernovaculminatedclosetozenith
this was alwayscloseto the parallacticangle.Spectralreduc-
tionsincludedbiassubtractionandflatfielding,wavelengthcal-
ibration with observationsof arc lampsobtainedimmediately
beforeor after thesupernova observation,andflux calibration
usingstandardstars(Hamuyetal. 1992).Thetypical accuracy
of the wavelengthcalibration is between0.5 and 1.0 Å, de-
pendingon the resolutionprovidedby thegrism.Someof the
observationswereobtainedundernon-photometricconditions,
alsoslit lossesmight contributeto flux uncertainties.To estab-
lish theabsolutefluxesfor thespectraweconvolvedthemwith
oursimultaneousR photometry.

3. Results

Fig. 2 shows thelatelight curves ofSN 1996N.We have com-
piledall ourphotometryhere:fiveobservationsin R, four in V
andthreein I. Themagnitudesdeclinelinearly andchi-square
fitstothemagnitudesandtheirerrorsgivesfor theR lightcurve a
slopeof 1.72±0.10magnitudesper100days,between179days
and337dayspastdiscovery. TheV lightcurve has1.67±0.23
mag(100d)−1 whereasI has1.93±0.24.Thus,we seeno evi-
dencefor astrongcolordependencein thedecline.

An earlyspectrumof SN1996NwasobtainedonMarch23.4
attheAAT byL.Germany,B.Schmidt,R.Stathakis andH.John-
ston(Germany et al. 1996).We have re-reducedandanalyzed
thatspectrumandconfirmtheclassificationof SN 1996Nasa
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Table 3. SupernovaMagnitudes.

JulianDates V R I
2450000+

333.8 . . . 19.26±0.08 . . .

375.9 21.07±0.15 20.09±0.08 19.45±0.15
433.7 21.95±0.15 20.97±0.08 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. SN1996N- log of spectroscopicobservations.

JulianDate Phasea Telescope/ Wavelength-
2450000+ (days) Instrument range(Å)

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

a Epochsin dayspastdiscovery, for thecorrespondingUT Date,see
Table1.

TypeIb/c. In fact,weidentify threeratherweakabsorptionlines
ascorrespondingtoHeiλλ5876,6678and7065,all blueshifted
by about9000km s−1. This suggeststhat SN 1996Nwas of
Type Ib. Apart from the helium lines we identify absorption
linesof O i λ7774andtheCaii near-IR triplet.

Thespectraof SN 1996Nat five lateepochsareshown in
Fig. 3. Thesupernovawasalreadyenteringits nebularphaseat
thefirst observationdate,179daysafterdiscovery, andthelines
of intermediatemasselementsareclearly seen.The strongest
lines are[O i] λλ6300, 6364,[Caii] λλ7291, 7324,the Caii

near-IR triplet (probablymixedwith [C i] λ8727),Mg i] λ4571
andNai D λ5893.Thereis alsoO i atλ7774andperhaps[O i]
atλ5577.Thefeatureat∼5300Å isamixtureof Feii emission.
Feii is alsoseenin theabsorptiondipsatλλ5018, 5169.

All theemissionlinesarequitebroad,[O i] λλ6300,6364
showsatotalFWHM of∼6000kms−1 179daysafterdiscovery,
the[Caii] λλ7291,7324is somewhatnarrowerwith aFWHM
of ∼4600km s−1.

A smallervelocityfor calciumthanfor oxygenis consistent
with mostexplosionmodels,whereCa is producedfurther in
thanO. In SNIb/c 1985Ftheselineshadaboutthesameveloci-
ties(Schlegel& Kirshner1989)andin SNIc 1994I,[Caii] was
evenbroaderthan[O i] (Filippenko et al. 1995).Somecaution
is, however, necessaryin interpretingthewidthsof theselines,
asthey arebothblends.Wetriedto deconvolvetheseblendsus-
ingGaussianlineshapes,andourfits indicatethatthe[O i] lines
wereindeedbroader. Thebestfits wereobtainedfor a FWHM
of ∼4500kms−1 for [Caii] and∼5200kms−1 for [O i], where
weusedanoptically thin line ratioof 3:1.

Spectral evolution of Supernova 1996N
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Fig. 3. Thespectralevolutionof SN1996N.Thewavelengthscalehas
beencorrectedfor theredshiftof NGC 1398.Theflux scalerefersto
theuppermostspectrum,thefirstdate ofobservation.Thetick marksto
theright indicatethezerolevelsfor thefluxes.Thestrongestemission
lineshavebeenidentified.

For comparison, SN Ib/c 1985F had a FWHM of
∼4700 km s−1 for [Caii] λλ7291, 7324 at 300 days
(Schlegel& Kirshner1989). Similarly, SN IIb 1993J had
∼4600kms−1, butSNII 1986Ihadonly∼2600kms−1 atsim-
ilar epochs(Filippenko et al. 1994).SNeIc 1987Mand1994I
showedevenhighervelocities,6200km s−1 and9200km s−1

respectively, at about4.6 months(Filippenko et al. 1995).The
higher velocities in SNe Ib/c are usually attributed to their
smallermasses.For any given explosionenergy, asmallermass
of theejectaallows for largervelocities.

In Table 5 we presentthe evolution of the fluxes for the
strongeremissionlines.Thesefluxesareratheruncertain,espe-
cially for the later spectra,andthe errorscould be aslarge as
50%. Line ratiosfor lines with a large wavelengthseparation
mightbeaffectedbyadditionaluncertainties,likereddeningand
slit losses.Most line ratiosseemto stayratherconstantduring
thisepoch,althoughtheCaII nearIR tripletappearstobegetting
weakercomparedto[Caii] λλ7291, 7324.Thiswasalsonoticed
in SN Ic 1987M,andinterpretedasdueto decreasingdensity
(Filippenko et al. 1990).Table5 alsopresentstheFWHM and
centralwavelengthsof the emissionlines.Theseweresimply
estimatedusingGaussianfits. Theobservedblueshiftswill be
discussedin Sect.4.4.

No correctionsfor absorptionhave beenapplied.We have
little handleonany absorptiontowardsSN1996N.We examined
theearlyphaseAAT spectrumfor any signsof Na absorption
at theredshiftof NGC 1398,but thespectrumis of low signal
anddoesnot constrain theabsorption.Our first spectrumfrom
September1996 hasappreciableflux at the expectedNa ab-
sorption,but it isalsoof low resolutionandevenafairly strong,
narrow Naabsorptioncouldnotbedetected.TheHI mapsdoin-
dicatethatthereis noabsorptionfrom ourown Galaxytowards
SN 1996N(Burstein& Heiles1984).Even thoughabsenceof
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Table 5. Emissionlines

JulianDates(2450000+)

333.8 376.0 433.7 461.6 491.5

[O i] λλ 6300,6364
Flux (10−15 erg s−1 cm−2) 25.0 13.2 6.6 6.1 2.4
Centralwavelength(Å ) 6293 6294 6294 6294 6295
FWHM (Å ) 126 128 123 129 116

[Caii] λλ 7291,7324
Flux (10−15 erg s−1 cm−2) 17.4 9.6 4.8 3.2 1.7
Centralwavelength(Å ) 7285 7285 7286 7283 7287
FWHM (Å ) 111 108 111 105 118

Nai D λ 5893
Flux (10−15 erg s−1 cm−2) 6.0 2.4 1.5 1.1 0.5
Centralwavelength(Å ) 5886 5888 5892 . . . . . .

FWHM (Å ) 134 129 137 . . . . . .

Mg i] λ 4571
Flux (10−15 erg s−1 cm−2) 5.6 2.7 1.2 1.1 0.9
Centralwavelength(Å ) 4554 4554 4553 4551 . . .

FWHM (Å ) 81 93 87 100 . . .

Caii near-IR triplet
Flux (10−15 erg s−1 cm−2) 25.4 9.4 . . . . . . 1.0
Centralwavelength(Å ) 8669 8685 . . . . . . . . .

FWHM (Å ) 244 226 . . . . . . . . .

ThepositionsandFWHM aresimply measuredby Gaussianfits, the
fluxesare,however, integratedover the whole line. Wavelengthsare
in the rest frame of NGC 1398, which hasa recessionvelocity of
1407±6 km s−1 (deVaucouleursetal. 1991).

evidenceis notevidencefor absence,weneverthelesshavenot
appliedany absorptioncorrectionsfor whatfollows.

4. Discussion

4.1. The light curve

Along with the light curvesin Fig. 2, we have alsoplottedthe
decayrateof 56Co; 0.98mag(100d)−1. This is the slopethe
bolometriclatelight curveof aradioactivelypoweredsupernova
would have if it trappedall of its γ-rays.Most SNeII follow
thisdecayrateclosely(Turattoetal. 1990;Patat etal. 1994).It
is clearfrom Fig. 2 that the light curves ofSN 1996Ndecline
substantiallyfaster.

SNe Ib/c seemto be able to display a variety of light
curves.For example,SN Ib 1984L followed the 56Co decay
ratefor atleast∼500days(Schlegel& Kirshner1989),whereas
SN1994I,aTypeIc, fadedevenfasterthanSNeIa,atleastupto
about70daysaftermaximum(Richmondetal. 1996b).A well
studiedsupernova with a fastdecayrateis SN 1993J.In Fig. 4
we comparethe V andR light curves ofSN 1996Nwith the
light curves ofSN1993J,takenfrom theLa Palmaarchive (cf.

 Lightcurves of SN 1996N and SN 1993J.
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Fig. 4. Absolutelightcurves for SN 1996NandSN 1993J.We have
used22.0Mpc for SN1996Nandappliednoextinctioncorrectionfor
this supernova. For SN 1993J,3.6 Mpc andE(B − V )=0.19 were
used.Uppermostpanelis R data,andlowermostis V data.TheJulian
Datesrefersto theSN 1996Nphotometry. TheSN 1993Jphotometry
have beenshiftedso thatMarch26.0,the inferredexplosiondatefor
SN1993J,matchesthediscoverydate ofSN1996N.

Lewis etal.1994).It is clearfrom thisfigurethatthelight curve
slopesof thesesupernovaearerathersimilar at latetimes.

It hasbeenargued(Clocchiatti& Wheeler1997)thatthere
exists a homogeneousphotometricgroup of SNe with light
curve slopesof about1.9mag(100d)−1 after∼150days.This
groupcontainsSNIIb 1993Jaswell asSNIb 1983NandSNIc
1983V. TheseSNehave similar late time slopesandpeakto
tail ratios. The similar photometricbehaviour could perhaps
indicatesimilar progenitors,wheretheearlyspectra,andthus
theclassification,is determinedby smalldifferencesin thethin
outerlayersof theprogenitors(Clocchiatti& Wheeler1997).

Thelatetimedeclineratefor SN1996Nissimilar, butsome-
what faster, thanthe declineof SN 1993J.A chi-squarefit to
thedata ofSN1993Jfrom theLa Palmaarchiveandfrom Rich-
mondetal. (1996a)givesslopesfor theV , R andI light curves
of 1.53±0.03,1.36±0.06,and1.43±0.12 mag(100 d)−1 re-
spectively, between170and340daysafterexplosion.

As the filter light curves ofSN 1996Nall have the same
slope,within theerrors,a linearscalingto bolometricluminos-
ity seemsjustified.For the threeepochswherewe have V , R
and I photometrythe summedfluxes show a declinerate of
1.75±0.25mag(100d)−1. Thefastdeclineof theoptical light
curves ofSN 1996Nthusindicatesleakageof γ-raysfrom the
56Co decay.

A very simplified model of γ-ray deposition in
an expanding homogeneoussphere predicts a slope of
1.09× (111.3−1 + 2 t−1) magnitudesper day for late times,
when the optical depth τ≪1 (Clocchiatti& Wheeler1997).
Here,111.3daysis the e-foldingtime for the radioactive de-
cayof 56Co. For theepochsof observationfor SN1996N,this
gives a slopeof 1.9 mag (100d)−1, very similar to the mea-
suredvalue of 1.7 mag (100d)−1. The similarity of the light
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curveslopesof many supernovae at theselateepochsmaythus
simply reflect the asymptoticbehaviour of the γ-deposition,
reachedwhenthe optical depthfor γ-raysbecomesvery low
(Clocchiatti& Wheeler1997).

If theopticaldepthforγ-raysisin factverylow, thecontribu-
tion from positronsmustbetakeninto account.For asimplified
modelwith acentralradioactivesource(Sollermanetal. 1998)
thebolometricluminositydecaysase−t/111.3 (1− 0.965e−τ ),
where111.3 days is again the decaytime of 56Co, 96.5 %
of theenergy is mediatedby γ-raysandthe restby positrons.
Thepositronsareassumedto deposittheirenergy locally while
the γ-rays have an optical depthτ=(t/t1)−2, where t1 is the
time when τ=1. In this model,a slopeof 1.7±0.2 mag(100
days)−1 between179 and 337 days past explosion can be
achieved for t1=63 – 218 days.In fact, the steepestdeclineis
1.67mag(100d)−1 for t1=121days,thisslopeis alsoshown in
Fig.2.Within thismodel,it seemsthatSN1996Nwasdeclining
asfastasit could.

As seen from the absolute light curves in Fig. 4,
SN 1996N appearsto be fainter than SN 1993J.The dis-
tance to SN 1993J is well determinedfrom Cepheidsas
3.6 Mpc (Freedmanetal. 1994) and estimatesfor the red-
dening of SN 1993J rangesfrom E(B − V )=0.08 to 0.4
(Barbonetal. 1995).Herewe have adoptedE(B − V )=0.19
from Lewis et al. (1994).The distanceto NGC 1398is about
22.0Mpc for H o=65 km s−1 Mpc−1(Kraan-Korteweg 1986),
andwehaveassumedin Fig.4 thattherewasnointrinsicextinc-
tion for SN1996N.An errorof ±0.5magnitudesdueto current
uncertaintiesin Ho, andanother0.25magallowing for anun-
certaintyof two weeksin thedate ofexplosionfor SN 1996N,
is notenoughto resolve thedifferenceshown in Fig. 4.

ThisindicatesthatSN1996Nwasunderluminouscompared
to SN 1993J,or that the intrinsic extinction for SN 1996N
was as high as E(B − V )=0.8±0.3. As thesesupernovae
have similar light curve declines,the faintnessof SN 1996N
couldbedueto a substantiallylower massof ejected56Ni (cf.
Sollermanetal. 1998).

4.2. The mass of oxygen

Themassof oxygenin thesupernovaispotentiallyinterestingas
theamountsynthesizedin supernovamodelsis rathersensitive
to thecoremass.For example,in a modelwith a heliumcore
of 3.3M⊙, 0.22M⊙ of oxygenis synthesized,while a coreof
6 M⊙ gives 1.5M⊙ (Thielemannetal. 1996).

Assumingthattheelectrondensityne≥106, which is quite
reasonablefor theseepochs(Schlegel& Kirshner1989), one
canusethe luminosityof the[O i] λλ6300,6364linesto esti-
matethe massof oxygen(or ratherof neutraloxygen),using
Mo=108

d
2 F([O i]) e2.28/T4 (Uomoto1986).HereMo is the

massof oxygenin solarmasses,d is thedistanceto thesuper-
novain Mpc,Fisflux in ergs−1 cm−2 andT4 is thetemperature
in units of 104 K. This estimateassumestheseemissionlines
to beoptically thin. We werenot ableto constrain thedensity
from the[O i] λλ6300,6364lines,althougha normal3:1 ratio
seemsto give the bestdeconvolution of the blend.Neverthe-
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Fig. 5. Latetimespectraof SN1996NandSN1993J.Uppermostpanel
showsSN1996N(above) from Sep.7, 1996,179dayspastdiscovery.
Below isaspectrumof SN1993JretrievedfromtheLaPalmadatabase.
It wastakenonSep.20,1993,176daysafterdiscovery.Thelowerpanel
showsSN1996N,221dayspastdiscovery(above) andSN1993J,224
dayspastdiscovery (below). The flux scalesare for SN 1996N,the
spectraof SN1993Jhavebeenshiftedby 3.5dex.

less,a lower limit to the oxygenmasscanbe achieved using
thismethod.

The temperature can be constrained by the
[O i] λ5577 / [O i] λλ6300, 6364 ratio. Assuming that
all the emissionseenat ∼5530Å in our earliestspectrumis
dueto [O i] λ5577,wefind aratio<0.08.This is rathersimilar
to the valuesfound for SN 1985Fand SN 1983N,0.05 and
0.04 respectively (Gaskell et al. 1986). This constrainsthe
temperaturefor ne=108 – 109 cm−3 to beT < 5000 – 4400K,
which in turn gives Mo > 0.11– 0.21 M⊙, for a distanceof
22.0 Mpc. The lower value of the oxygenmasscorresponds
to the lower density. The O i λ7774 line also indicatesthe
presenceof ionized oxygen,as this line presumablycomes
from recombination(Begelman& Sarazin1986). This would
increasetheestimatedtotalmassof oxygen.

Theseestimatesare, however, rather sensitive to uncer-
tainties in the distanceand reddening.The distanceabove
comes from Kraan-Korteweg (1986), using a value of 65
km s−1 Mpc−1 for Ho. An uncertaintyof ±15 km s−1 Mpc−1

in thatnumbertransformsto Mo > 0.11+0.09
−0.04 for ne=108 and

Mo > 0.21+0.16
−0.07 for ne=109.

These values are not very different from the esti-
mates obtained for SN II 1986J (Leibundgutetal. 1991),
0.1 < MO i < 0.3 M⊙. Houck& Fransson(1996)arguedthat
theoxygenmassin SN1993Jwas 0.5M⊙.

4.3. The spectra - evidence for hydrogen?

The spectraof SN 1996N at late times are similar to those
of otherSNeIb/c in thenebular phase(Filippenko et al. 1990;
Filippenko 1997). In particular, they resemblethe spectraof
SN 1993J(Fig. 5). Notethebroadfeatureat theredsideof the
[O i] λλ6300, 6364,which in SN 1993Jwas attributedto Hα.
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Herewewantto discussif thesameidentificationcanbemade
for SN1996N.

SN 1993Jshowedhydrogenin its earlyspectrabut under-
went a spectroscopicmetamorphosisto a SN Ib/c in nebular
phase,wheretheratherweak,broadHα remainedtheonly evi-
dencefor theSNII origin.A similartransformationwasseenin
SN 1987K(Filippenko 1988)andmorerecentlyin SN 1996cb
(Garnavich 1997),whichdisplayedaspectralevolutionsimilar
to thatof SN1993J.

If theemissionredwardof [O i] λλ6300,6364in SN1996N
is to be interpretedasbroadHα, as it was in SN 1993J,one
mustthusaddressthequestionwhy noHα wasseenin theearly
spectrumof SN 1996N.Rememberingthat theHα absorption
in SN 1993Jwas very weak,it is temptingto assumethat this
featurecouldbe totally lost for SNewith even lesshydrogen.
Perhapstheonly earlyspectrumfor SN1996Nwas takenatan
epochwhenthethin hydrogenlayerhadalreadyrecombined.

However, thefaint,broad∼6600Å featureseenin thelate
spectrumof SN 1983N(Gaskell et al. 1986)indicatesthat this
might bea morecommonscenario.SN 1983Nwas ratherwell
studiedat early times (Harknessetal. 1987),and showed no
prominentHα absorptionin its earlyspectra,hencetheTypeIb
classification.

Spectralmodeling by Wheeleret al. (1994) showed the
earlyspectrumof SN1983Nto beconsistentwith thepresence
of small amounts(∼0.005M⊙) of hydrogen.For SN 1993J,
Swartzetal. (1993)concludedthat0.04M⊙ of hydrogencould
reproducetheearlyspectra.This indicatesthatonly verysmall
amountsof hydrogencouldin factbehiddenin theearlyspectra
of SNeIb/c. However, noneof thesestudiesdid investigatea
broadrangeof hydrogenabundancesor distributions.

Unfortunately, it is not trivial to estimateif sucha small
amountof hydrogenis ableto producetheobservedemission
at latetimes.A simple-mindedway is to assumethat all the
emissioncomesfrom caseB recombinationwith T=10000K.
Then

M(H+) = 0.5 ε0.5(
V

10 000 km s−1
)1.5(

t

179 days
)1.5

(
f

10−14 erg s−1 cm−2
)0.5 (

d

22 Mpc
) (

np

ne

)0.5

M(H+) is the massof ionizedhydrogenin solarmasses,
ε is the filling factor, V is the maximumvelocity of the hy-
drogenshell in km s−1, t is time sinceexplosionmeasuredin
days,f is theflux of Hα in erg s−1 cm−2, d is thedistanceto
the supernova in Mpc and(np

ne

is the ratio of protonsto elec-
trons.We estimatedthe flux in the Hα line to be ∼8×10−15

erg s−1 cm−2 in our earliestspectrum,by measuringthe red
unblendedpart of the line andassumingthat it is symmetric.
Theline extendsto ∼10000km s−1, assumingit is blueshifted
by the sameamountas[Caii] λλ7291, 7324.Thesenumbers
give, for anepochof 179days,a requiredmassof ionizedhy-
drogenof 0.5 ε0.5 (np

ne

)0.5 M⊙. If the hydrogenis really uni-
formly distributed this estimateis quite high, andseemdiffi-

cult to reconcilewith the lack of hydrogenin the early spec-
trum. The hydrogenis, however, likely to be distributed in a
narrow shell, andthe distribution is probablyvery clumpy. If
the hydrogenwould be distributed in a shell between8000 –
10000km s−1, with a filling factorε=0.01,we would instead
getM(H+)=0.02(

np

ne

)0.5 M⊙. Sucha low massof hydrogen
is perhapsnot in conflictwith earlytimespectra.

If thediscussedfeatureis indeedHα, it mustsomehow be
excited at theselate epochs.An obvious suggestionis ioniza-
tion by the X-rays from the shockbetweenthe ejectaandthe
CSM. After all, SNeIb/c andtransitionobjectslike SN 1993J
are believed to be core-collapsesupernovae with progenitors
which lost muchof their envelopesbeforethe explosion.Ev-
idencefor circumstellarinteractioncomesfrom radio obser-
vations; SN 1993J, SN 1996cb as well as SNe Ib 1983N
and 1984L were, just as SN 1996N,detectedat radio wave-
lengths(Weileretal. 1998). Furthermore,the broadHα line
in SN 1993Jwas poweredby circumstellarinteractionafter
∼250days(Houck& Fransson1996;Patat etal. 1995).

However, for aconstantmasslossrate,CSMdensityprofile
andejectadensityprofile, the X-ray luminosity from a radia-
tive reverseshock,and thus the Hα emission,is expectedto
stayratherconstantwith time, aswas seenafter∼300daysin
SN1993J.In SN1996Nthis is notobserved.

An alternativesuggestionfor theexcitationof Hα in thelate
timespectraof SN1996Nislineblendingwith [O i] λ6364.This
wasinfactshowntobethemostimportantmechanismfor popu-
latingn=3in SN1993Jatthisepoch(Houck& Fransson1996).

If thediscussedemissionline is notHα, wemustpostulate
the existenceof a broadblendof emissionlines at ∼6600Å.
ThiswassuggestedbyPatat etal.(1995)for SN1993J,werethis
blendpossiblycontributed30% of theemissionat theposition
of Hα. A broadblend,attributedto Feii, is seenin early time
spectraof SN Ia. This featureis indeedsometimesincorrectly
identifiedasHα (Filippenko 1997).Wewouldthenbeleft with
theannoying factthatvery similar spectralfeaturescanbedue
to very differentphysics.We mustalsotry to understandwhy
the∼6600Å bumpis soprominentin SN1996N,comparedto
otherSNeIb/c.

Theongoingdiscussiononthenatureof SNeIb/c,andespe-
cially of theirprogenitors,hasbeenfocusedon thepresenceor
absenceof hydrogen(andhelium)in theirearlyspectra,seethe
review by Filippenko (1997).Basedon theresemblanceof the
spectraof SN 1996NandSN 1993J,we canspeculatewhether
smallamountsof hydrogenmightgounnoticedin earlyspectra
of SN Ib/c. Later on, whenthe SN continuumhasfaded,this
hydrogenshellmight bereionizedby CSM interaction,or ex-
cited via line blending,thusrevealingits existence.Late time
spectramight thenbethebestway to resolve this issue.

4.4. The blueshifts of the emission lines

As indicatedin Table5, theemissionlinesof SN1996Nappear
tobeblueshiftedwith respectto theparentgalaxy, thevelocities
inferredare∼1000km s−1. Thisis,again,similarto thecaseof
SN 1993J,weretheblueshiftsof theoxygenlinesattractedat-
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tentionby severalauthors.Many differentmodelswereput for-
wardto explain theblueshiftsin SN1993J:Wang& Hu (1994)
proposedthat in a clumpy distribution, only the approaching
clumps would be seendue to their proximity to the photo-
sphere.Similarly, Filippenko et al. (1994) proposedthat the
blueshiftsweredueto opticallythick ejecta,wereweview only
the approachingside.A different explanationwas suggested
by Spyromilio (1994),who interpretedthe lineshifts as indi-
cationsfor large scaleasymmetriesin the distribution of the
ejecta.Thisscenariowasalsosuggestedby Lewis etal. (1994).
Finally, Houck& Fransson(1996)proposedthat the lineshifts
weresimply aneffectof line blending.

Thereweredifficultiesin all of thesemodelsfor SN1993J.
Theemissionlinesdid notshow thesameamountof blueshift.
For example,in thespectrumfrom September20,1993,shown
in Fig. 5, we measuredthe blueshift of [O i] λ5577 to be
∼1500 km s−1 whereas[Caii] λ7308 only shows a shift of
≤300 km s−1. It is difficult to understandhow optical depth
effectscanaffect theselinessodifferently. Moreover, suchsce-
narioswouldpredictthelineshiftsto decreasewith time,asthe
opticaldepthdecreases.On thecontrary, theshiftsseemedun-
changingin nature(Lewis etal. 1994;Spyromilio 1994).

Similarly, thecasefor largescaleasymmetriesin theejecta
masshave aproblemin explainingthemuchsmallerblueshiftof
O iλ7774,aspointedoutbyHouck& Fransson(1996).Thisline
seemstobeblueshiftedbyonly∼500km s−1, significantlyless
thanthe[O i] λ5577line.ThisledSpyromilio (1994)to suggest
that alsothe distribution of 56Co was asymmetric,explaining
thespatialdifferencesin excitationconditions.

Houck& Fransson(1996)usedadetailedspectralmodeling
codeto concludethatnolargescaleasymmetrieswererequired
to reproducethespectraof SN1993J.Instead,they arguedthat
the apparentblueshiftscould be explainedas effects of line
blending.For example,theblueshiftof the[O i] λλ6300,6364
line couldbedueto blendingwith fast-moving hydrogen.They
furtherproposedthattheshiftsof Mg i] λ4571and[O i] λ5577
couldbeexplainedalongthesameline. However, the O i line
at 7774Å seemsto beratherunaffectedby line blending.The
blueshiftof this line in SN1993Jmight thusindicatereallarge
scaleasymmetries.

For SN 1996N,blueshiftsof theorderof 1000km s−1 were
observed for [O i] λλ6300, 6364,[Caii] λλ7291,7324 and
Mg i] λ4571.Theactualnumbersgiven inTable5areratherun-
certain,they merelyreflectGaussianfits to thesenon-Gaussian
lines.Thesefits do, however, indicatesystematicblueshiftsof
theemissionlines,andshow thatthesestayratherconstantwith
time.Thatthelinesareindeedshiftedcanbeseenfrom Fig. 6,
where the above mentionedlines, as well as O i λ7774, are
plottedin velocity space.Furthermore,asshown in Fig. 7, no
evolutionin thewidthsor positionsof theemissionlinesis seen
between179 and 337 dayspastdiscovery. As the density is
expectedto decreaseby a factorof ∼7 betweenour first and
lastspectrum,anevolution of the line centerstowardstherest
positionswould have beenexpected,if the shifts weredueto
opticaldeptheffects.Thescenario ofHouck& Franssonmay
providesomecluesto theobservedblueshiftsin SN1996N.In
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Fig. 6. Emissionlinesfrom thespectrumtakenonSeptember7, 1996.
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of theblueshiftsor widthsof theselinesis seen.

particular, if we identify the emissionredward of [O i] λ6364
asHα, assuggestedin theprevioussection,thesamescattering
effect maybeat work alsoin SN 1996N.We do,however, see
a significantblueshiftalsoin the [Caii] λλ7291,7324lines,
whichwasnotnoticedin SN1993J.Furthermore,theO i λ7774
line is positionedat∼7749Å in ourearliestspectrum.Theline
is ratherweakandbroadbut is clearly shifted to the blue by
∼800 – 1000 km s−1 (Fig. 6). Again, this line is supposed
to berelatively unblended,andtheblueshiftwe observe might
thereforecorrespondto realasymmetriesin thedistribution of
theejectamass.

Anotherpossibleexplanationfor theblueshiftsof 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
∼600 km s−1. To achieve velocity shifts of ≥ 1000 km s−1,
optical depthsfor the dust in excessof τ=0.5 areneededfor
anejectavelocity of 5000km s−1. We do not observe any de-
pendenceof theline shiftsonwavelengths,asseenfor thedust
extinction in SN 1987A. In particular, the Nai D λ5893line
seemsto belessblueshiftedthanall otherlines.Also, our first
observationis at 179days,muchearlierthantheepochof dust
formationin SN1987A.Thetemperaturemaywell betoohigh
for dust formationat this early stage.Similarly, in SN 1993J
the shifts wereobserved already50 dayspastmaximum.We
thereforeconsiderthis scenariolesslikely.

Finally we would like to mentionthefactthatmany super-
nova remnantsshow emissionlineswith large(∼500km s−1)
velocity shifts. Also the high spacevelocitiesof pulsarsare
well known.Thesephenomenaareoftensuggestedto bedueto
asymmetricsupernova explosions.Perhapsthis is whatwe see
here,for thesupernova itself.

5. Conclusions

WehavestudiedtheTypeIb SN1996Nbothphotometricallyand
spectroscopicallyat ratherlatephases.Theopticallight curves
declinesubstantiallyfasterthanthedecayrateof 56Co, indicat-
ing leakageof γ-rays.Thelight curve slopesseemsimilar, but
somewhat steeper, than the light curves ofSN 1993J.Unless
SN 1996Nis heavily reddened,it is underluminouscompared
to SN1993J.Thespectraof SN1996Narestrikingly similar to
thoseof SN 1993J.In particular, it is temptingto identify the
broadredwing of [O i] λ6364with Hα alsoin SN1996N.The
presenceof Hα in the latespectrumof a SN Ib would further
strengthenthebeliefthatSNII andSNIb/carejustvariationsof
thesamecorecollapsetheme.Finally, thesubstantialblueshifts
of theemissionlinesof SN1996Nmaybe anindicationof large
scaleasymmetriesin theejecta.Furtherstudiesof core-collapse
SNeat lateepochswill clarify how commonthephenomenadis-
cussedin thispaperare.
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