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A B S T R A C T

Supernova 1998bw holds the record for the most energetic Type Ic explosion, one of the

brightest radio supernovae and probably the first supernova associated with a g -ray burst. In

this paper we present spectral observations of SN 1998bw observed in a cooperative

monitoring campaign using the Anglo-Australian Telescope, the UK Schmidt Telescope and

the Siding Springs Observatories 2.3-m telescope. We investigate the evolution of the

spectrum between 7 and 94 d after V-band maximum in comparison with well-studied

examples of Type Ic SNe in order to quantify the unusual properties of this supernova event.

Though the early spectra differ greatly from observations of classical Ic supernovae (SNe),

we find that the evolution from the photospheric to nebular phases is slow but otherwise

typical. The spectra differ predominantly in the extensive line blending and blanketing

which has been attributed to the high velocity of the ejecta. We find that by day 19, the

absorption line minima blueshifts are 10±50 per cent higher than other SNe and on day 94

emission lines are 45 per cent broader, as expected if the progenitor had a massive envelope.

However, it is difficult to explain the extent of line blanketing entirely by line broadening,

and we argue that an additional contribution from other species is present, indicating unusual

relative abundances or physical conditions in the envelope.

Key words: stars: evolution ± supernovae: general ± supernovae: individual: SN 1998bw ±

gamma-rays: bursts.

1 I N T R O D U C T I O N

1.1 SN/GRB association

The suggestion that type Ic supernova (SN) 1998bw is the optical

counterpart of g-ray burst (GRB) 980425 has forced us to rethink

the mechanics of both SNe and GRBs. The association of SN

1998bw and GRB980425 is supported by the extremely low

probability of a chance coincidence (Galama et al. 1998) and

particularly by the peculiar observational characteristics of SN

1998bw. Patat & Piemonte (1998a) have classified SN 1998bw as

a Type Ic supernova, since spectral lines resulting from helium,

silicon and hydrogen are weak or absent in the early spectra.

However, at MB � 218:88 mag at maximum (Galama et al.

1998), this object was three times brighter than the average SN Ic,

and early spectra show extremely broad lines and unusual line

ratios (Lidman et al. 1998). SN 1998bw rivals the brightest radio

supernovae yet observed and radio observations indicate that the

shock of the explosion was relativistic (Kulkarni et al. 1998;

Wieringa et al. 1998). Assuming the association and the low

redshift (Tinney et al. 1998) the GRB was also unusual ± at least

four orders of magnitude fainter than other GRBs (Galama et al.

1998).

To what extent SNe are associated with GRBs is unclear owing
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to the low numbers of well-observed Ib/c SNe and the large

positional error of most GRBs. Wang & Wheeler (1998) argue that

all Ib/c could produce GRBs, but because of beaming we would

see only a fraction. Kippen et al. (1998) found no evidence for an

association between SNe and strong GRBs, and Bloom et al.

(1998) model the radio signature and suggest that 1 per cent of

GRBs are produced by SNe. If SN 1998bw is a member of a

previously unobserved subclass of GRB progenitors (Iwamoto et al.

1998), we have a rare opportunity to test and refine our under-

standing of SNe and GRBs.

1.2 Type Ib/c supernovae

Supernovae of type Ib/c are identified by their early optical

spectra, which lack the deep Si ii absorption feature seen at 6150 AÊ

in Ia spectra and the prominent hydrogen lines of Type II SNe.

Unlike Ia SNe, Ib/c objects are radio emitters and are typically

fainter at maximum by MB , 1:5 mag (Filippenko 1997). The

parent galaxies of these events (Sbc or later) and heterogeneity of

this class suggest that Ib/c SNe are powered by the same

mechanism as Type II SNe ± core collapse of a massive star. The

progenitors of Ib/c SNe have been modelled as Wolf±Rayet stars

which have lost their hydrogen envelopes either via close binary

interaction (Nomoto, Iwamoto & Suzuki 1995), through a strong

stellar wind (Woosley, Langer & Weaver 1993) or a combination

of the two mechanisms (Woosley, Langer & Weaver 1995).

This class is further divided into Ib SNe with strong helium

lines in the early spectra, and Ic where helium lines are weak or

absent. Opinion varies as to the relationship between Ic and

helium-rich Ib SNe and whether there is a smooth or bimodal

variation of He i strengths (Filippenko et al. 1995; Clocchiatti et al.

1996). Ic progenitors may have lost their helium envelopes in

another stage of mass loss, leaving a bare CO star at core collapse

(Harkness et al. 1987; Nomoto et al. 1995) or the helium envelope

may be poorly mixed with the Ni56 (Woosley & Eastman 1997).

Piemonte (2000) stresses the spectral and photometric variation

for both Ib and Ic SNe. These variations indicate a wide range of

ejecta mass, which would depend on the main-sequence mass of

the progenitor and its mass-loss history as well as secondary

parameters such as metallicity and convection (Woosley et al.

1995). In general, ejecta mass is expected to be small compared to

other SN types.

1.3 SN 1998bw

The models for SN 1998bw presented to date tend to fall into two

classes ± an intrinsically energetic event or hypernova (Iwamoto

et al. 1998; Woosley et al. 1999) with a massive progenitor star

and more normal SNe artificially brightened by beaming (Wang &

Wheeler 1998). Radio observations suggest that material has been

ejected irregularly by a central engine (Li & Chevalier 1999). All

models agree in requiring some form of non-symmetric geometry,

possibly produced by an asymmetric explosion.

With such diverse interpretations, it is important that all avail-

able data are used to provide observational limits for the models.

In this paper we present the results of a cooperative spectral

monitoring campaign carried out at Siding Spring, Australia, on

the Anglo-Australian Telescope (AAT), UK Schmidt Telescope

(UKST) and Siding Springs Observatories (SSO) 2.3-m telescope

between 1998 May and November and compare the spectral

evolution and velocity shifts of SN 1998bw with other well-

observed Ic SNe.

2 O B S E RVAT I O N S

Spectral observations of SN 1998bw were made in Director's

override time and service time on the AAT and the UKST, and

with the cooperation of scheduled observers on the SSO 2.3-m

telescope. Unfortunately, the site experienced the poorest observ-

ing statistics of the decade and .60 per cent of allocated time was

lost. We obtained useful spectra at 10 epochs which span 7 to 94 d

past Vmax (or 23 to 110 d past the GRB event). Observational

details are given in Table 1.

Observations were made using the scheduled instruments for

the telescopes which included both conventional long-slit spectro-

graphs (DBS, RGO) and fibre-fed spectrographs (2dF, FLAIR).

The Nasmyth B Imager at the 2.3-m telescope was used as a long-

slit spectrograph by inserting blue and red grisms and an order-

sorting filter. Long-slit data were processed in the usual way using

the figaro data reduction package (Shortridge et al. 1997). A first

order correction has been made for background emission from the

galaxy, but narrow emission from underlying H ii regions remain

in the spectra. At least two wavelength regions were observed on

each of the long-slit data epochs, and spectra were combined by

normalizing to match the overlap regions.

Data taken on FLAIR were processed using the iraf data reduc-

tion package as outlined in Drinkwater & Holman (1996). 2dF

observations were extracted using the s-dist and c-dist utilities

from figaro. Sky emission was removed using neighbouring fibres.

It was not possible to correct the 2dF or FLAIR data for background

galaxy emission, but the level of contamination was low during

this period with the exception of the narrow nebular lines.

q 2000 RAS, MNRAS 314, 807±814

Table 1. Spectral observations of SN 1998bw.

ut Date Age1 Telescope Instrument l Coverage l Res. Observer
(days) (AÊ ) (AÊ FWHM)

98/05/19.7 7 2.3 m Nasmyth B Imager 3600±10200 14 Jones, Bessell
98/05/20.6 8 UKST FLAIR 4001±7151 13 Russell, Parker
98/05/23.8 11 2.3 m Nasmyth B Imager 3600±9990 14 Jones, Bessell
98/05/23.8 11 AAT 2dF 3600±7900 12 Stathakis, Lewis
98/05/27.8 15 AAT 2dF 4035±6263 5 Lewis
98/05/29.7 17 UKST FLAIR 3950±7202 13 Hartley, Parker
98/05/30.7 18 UKST FLAIR 3950±7202 13 Hartley, Parker
98/05/31.8 19 AAT RGO 3520±9300 5 Stathakis, James
98/06/16.6 35 UKST FLAIR 5700±7560 12 Hartley, Parker
98/06/26 45 2.3 m DBS 3850±7590 6 Germany, Schmidt
98/08/14 94 2.3 m DBS 3800±7550 6 Germany, Schmidt

1 Age is given relative to the date of visual maximum, 1998 May 12.2 (Galama et al. 1998).
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Spectral evolution of SN 1998bw 809

Telluric absorption lines have been removed from the data using

observations of low-metallicity stars observed on days 7, 11 and

19, scaled where necessary to match the strongest O2 features.

Considering the poor conditions it is probably not surprising that

telluric line ratios were variable and weak residuals can be seen in

the spectra, particularly around 7500 to 8100 AÊ and at

l . 9500 �A.

Long-slit observations were corrected for instrumental response

using a contemporaneous observation of a spectrophotometric

standard. Fibre observations did not include accompanying

standards, so a linear interpolation between bracketing long-slit

observations were used to correct these data. As these observa-

tions were made in non-photometric conditions and through

narrow fibres or slits (,2 arcsec), correction to absolute flux was

made by scaling to match the V-band light curve (Galama et al.

1998; McKenzie & Schaefer 1999) (the V-band was not covered

on day 35 so the R-band was used). The success of this method

was checked by comparing the photometry in the B and R bands

with spectrophotometry from the corrected spectra, measured

using filter responses from Bessell (private communication). Both

B and R bands resulted in a mean ratio of 0.95, with s � 6 per cent

(Fig. 1). Errors at the edge of the spectra are likely to be larger and

in general line fluxes from this data set should be regarded with

caution. For the purpose of comparison, spectra shown in this

paper have been normalized by the V-band photometry, and shifted

to rest wavelengths using vz � 2580 km s21 as derived from the

narrow H ii region emission. Both the fluxed and normalized

spectra are available via anonymous ftp at ftp.aao.gov.au/
pub/local/ras/98bw.

3 S P E C T R A L E VO L U T I O N

Early spectral evolution of SN 1998bw has been presented in

Iwamoto et al. (1998) (days 29 to 111). In Fig. 2 the spectral

evolution of SN 1998bw is shown between days 7 and 94. During

this period, spectra are dominated by a strong continuum peaking

around 5400 AÊ , with a small number of broad features which

become increasingly dominant relative to the continuum. Line-

widths remain approximately stable. Our observation on day 94

agrees qualitatively with the description by Patat & Piemonte

(1998b) of the spectrum on day 123.

The breadth of the spectral features and the uncertainty in

continuum level hampers detailed analysis. In this paper we

present preliminary results by looking at the most notable features

of the spectrum in comparison to classic Ic SNe SN 1983V

(Clocchiatti et al. 1997), SN 1987M (Filippenko, Porter & Sargent

1990) and SN 1994I (Clocchiatti et al. 1996; Filippenko et al.

1995), and to SN 1997ef which has unusually broad lines and

bears the closest resemblance to SN 1998bw (Iwamoto et al.

2000).

3.1 Days 7±19

Eight of our spectra fall within the photospheric period, during

which the B-band and V-band light curves were declining steeply

prior to the radioactive tail. Spectra show little change over the

period in the range 4000 to 7000 AÊ , as seen in Fig. 3 (left panel),

where spectra have been binned in wavelength and time to

improve the signal-to-noise ratio. The height of the continuum is

poorly defined as overlapping P-Cygni profiles result in line

blanketing over much of the spectral range ± apparent peaks are

merely regions of relatively low opacity (Iwamoto et al. 1998). In

the right panel of Fig. 3 spectra of other supernovae are shown at

similar epochs. Qualitatively SN 1998bw is very different from

the other supernovae, with merged absorption blueward and

q 2000 RAS, MNRAS 314, 807±814

Figure 1. Comparison of B-band (top panel) and R-band (bottom panel)

spectrophotometry from the corrected spectra with published photometry.

Both bands show scatter with s � 6 per cent.

Figure 2. Spectral evolution of SN 1998bw. Ages are shown relative to

date of visual maximum, 1998 May 12. Spectra have been normalized by

the V-band photometry (see text) and offset in flux for the purpose of

comparison.
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redward of 5300 AÊ . SN 1998bw lacks the spectral detail and the

overall effect is that of heavy smoothing. However, detailed

comparison between the SNe spectra show that the same bands

can be identified, and most differences in SN 1998bw can be

attributed to the large linewidths.

In Table 2, the wavelengths of the observed minima in SN

1998bw (day 19) are compared with those measured from other

SNe, and converted to relative velocities (in units of 103 km s21)

for suggested line identifications (see below). Estimates of

measurement errors are shown, reflecting how distinct the minima

are for each line. SN 1998bw blueshifts are ,30 per cent higher

than SN 1983V and ,50 per cent higher than SN 1994I, but are

comparable with SN 1987M.

The absorption band between 4100 and 4300 AÊ is resolved into

q 2000 RAS, MNRAS 314, 807±814

Figure 3. Left: SN 1998bw on days 7 to 11 and days 17 to 19. Right: Spectra of other Ic SNe at similar epochs. All spectra have been corrected for the

redshift of the parent galaxy. Positions of median line centres shifted by 210 000 km s21 relative to rest are shown in both panels for the Fe ii multiplet

l4274, Mg ii l4481, Fe ii ll4923, 5018, 5169, Na i ll5890, 5896 and Si ii ll6347, 6371.

Figure 4. Left: Comparison of spectra taken on days 19, 45 and 94. Spectra have been normalized as in previous plots and shifted to rest at z � 0:0086: In

addition, nebular lines from nearby H ii regions have been removed. Right: Spectra of other Ic SNe at similar epochs. Median rest wavelengths are indicated

for Mg i] l4571, Fe ii l5215, Na i ll5890, 5896, [O i] ll6300, 6363 and Ca ii] ll7298, 7323.
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Spectral evolution of SN 1998bw 811

two minima in SN 1998bw by days 17±19. The two minima are

also seen in SN 1983V and SN 1994I. This absorption band is

present but not resolved in SN 1997ef. In SN 1987M the band

extends blueward compared to the other SNe. The absorption band

is attributed to Fe ii blends, centred at rest wavelengths of 4274

and 4555 AÊ (Clocchiatti et al. 1997). An alternative identification

for the second minimum is Mg ii l4481 (Filippenko 1997), which

gives velocities which are more in agreement with other features

for all but SN 1987M. Other species identified in this region are

Ti ii and C ii (Baron et al. 1996) and Cr ii (Iwamoto et al. 1998).

Fe ii is also the usual identification for the absorption band

between 4700 and 5200 AÊ . In SN 1987M the feature is resolved

into three minima which match well with Fe ii ll4923, 5018,

5169 (multiplet 42). In SN 1983V and SN 1994I only two minima

are resolved, identified as 5018 and 5169 AÊ (Clocchiatti et al.

1997; Iwamoto et al. 1998; Iwamoto et al. 2000). However, we

find that the identification of the bluer line as 4923 AÊ results in

better agreement with other features. In SN 1998bw the band is

only marginally resolved on day 19, with 4923 AÊ unusually

dominant. In SN 1997ef the line ratios are more typical, and the

band is resolved into two minima (Iwamoto et al. 2000).

In Ic SNe spectra, Na i ll5890, 5896 absorption typically

strengthens later than the Fe ii features, becoming dominant

around day 30 and fading by day 100. The line emerges more

slowly in SN 1998bw compared with SN 1983V, SN 1987M and

SN 1994I, but is comparable to SN 1997ef. The Na i blueshift is

similar to Fe ii blueshifts for all four SNe in Table 2. The presence

of He i l5876 discussed for other Ic SNe (Clocchiatti et al. 1996;

Clocchiatti et al. 1997) cannot easily be ascertained for SN

1998bw since the weaker line would be severely blended with

Na i.

The Si ii ll6347, 6371 absorption shows the largest shift in

velocity during this period, with minima velocities of

211600 km s21 on day 11 and 27900 km s21 on day 19. In

Table 2, the Si ii line has the lowest blueshift of the measured lines

for all SNe. The line profile of the Si ii feature is similar to that of

SN 1983V, suggesting that there may be contribution from a

second line resolved in SN 1983V, SN 1994I and SN 1997ef and

identified by Clocchiatti et al. (1997) as O i l6158.

3.2 Days 19±94

Late-time spectral evolution of SN 1998bw is shown in Fig. 4 (left

panel). During this period the light curve is decaying linearly via

radioactive decay (McKenzie & Schaefer 1999), and as expected

we see a transition from an absorption-dominated photospheric

spectrum to an emission-dominated nebular spectrum, though on

day 94 the transition is still not complete. Early nebular spectra of

SN 1994I and SN 1987M are shown in comparison to SN 1998bw

in Fig. 4 (right panel). SN 1998bw evolves slowly compared to the

other two SNe ± the day 94 spectrum bears a closer resemblance

to SN 1987M on day 62 than day 96, and is very similar to SN

1994I on day 56. In order to separate the new emission from the

other features in SN 1998bw, the day 45 spectrum has been

subtracted from the day 94 spectrum, after scaling by the V-band

q 2000 RAS, MNRAS 314, 807±814

Table 2. Absorption minima measurements.

Line l r 98bw 83V 87M 94I
(AÊ ) 19d 13d 11d 6d

Ca ii 3950 3750 ^ 201 3760 ^ 20 3760 ^ 10
215:2 ^ 1:52 214:4 ^ 1:6 214:4 ^ 0:8

Fe ii 4274 4130 ^ 30 4150 ^ 20 4060 ^ 30 4170 ^ 30
210 ^ 2 28:7 ^ 1:6 215 ^ 2 27 ^ 2

Mg ii 4481 4330 ^ 30 4370 ^ 20 4360 ^ 20 4380 ^ 20
210 ^ 2 27:4 ^ 1:4 28:1 ^ 1:4 26:8 ^ 1:4

Fe ii 4555 4330 ^ 30 4370 ^ 20 4360 ^ 20 4380 ^ 20
215 ^ 2 212:2 ^ 1:4 212:8 ^ 1:4 211:5 ^ 1:4

Fe ii 4923 4700 ^ 20 4780 ^ 10 4750 ^ 10 4800 ^ 50
213:6 ^ 1:3 28:7 ^ 0:6 210:5 ^ 0:6 28 ^ 3

Fe ii 5018 4820 ^ 30 4780 ^ 10 4820 ^ 10 4800 ^ 50
212 ^ 2 214:2 ^ 0:6 211:8 ^ 0:6 213 ^ 3

Fe ii 5169 4960 ^ 30 5000 ^ 20 4980 ^ 10 5020 ^ 10
212 ^ 2 29:8 ^ 1:2 211:0 ^ 0:6 28:6 ^ 0:6

Na i 5893 5660 ^ 30 5710 ^ 10 5677 ^ 5 5710 ^ 7
211:9 ^ 1:5 29:3 ^ 0:5 211:0 ^ 0:3 29:3 ^ 0:4

Si ii 6357 6190 ^ 30 6240 ^ 20 6152 ^ 5 6280 ^ 20
27:9 ^ 1:4 25:6 ^ 1 29:7 ^ 0:3 23:7 ^ 1:0

O i 7774 7490 ^ 10 7560 ^ 20
211:0 ^ 0:4 211:4 ^ 1:1

1 Position of absorption minima in wavelength (AÊ ).
2 Relative velocity (103 km s21).
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photometry. Likewise, day 36 has been subtracted from day 56 for

SN 1994I. The results are compared in Fig. 5.

Velocity shifts of the main features are given in Table 3. [O i]

ll6300, 6363 is blueshifted in SN 1987M and SN 1994I. In SN

1998bw on day 94 the line profile is symmetric, but in the residual

emission it is also blueshifted by , 2500 km s21. Ca ii] ll7291,

7323 has a similar blueshift in SN 1987M and SN 1994I. In SN

1998bw the blueshift is significantly greater, but in the residual

spectrum the profile is similar to SN 1994I, so apparent

differences are probably owing to contribution from the persisting

photospheric features. The Ca ii] to [O i] ratio is greater in SN

1987M than in SN 1994I and SN 1998bw, which has been

attributed to a difference in the relative abundances of calcium and

oxygen (Filippenko et al. 1995). While Mg i] l4571 is the usual

identification for the emission peak at 4500 AÊ (Filippenko 1997),

an alternative identification is given by Patat et al. (1998b) as Fe ii

l4555, and both transitions give an adequate fit to the line with a

symmetric profile. We adopt the Mg i] identification for this paper.

Approximate linewidths have been measured using abline in

figaro (Table 3). Linewidths are similar for the Mg i], [O i] and

Ca ii] emission for each supernova. The mean width of these lines

in SN 1998bw on day 94 is 11600 ^ 400 km s21 which is ,45 per

cent broader than SN 1987M and SN 1994I. Na i emerges as a P-

Cygni profile between days 19 and 94, evolving more slowly in

equivalent width and in emission to absorption ratio than SN

1987M and SN 1994I. A noticeable difference between SN

1998bw and SN 1987M is the width of the absorption component

of Na i, which is only half the width in SN 1987M, and

considerably narrower than the emission lines.

The peak at 5200 AÊ has been tentatively identified as Fe ii

l5215 (Patat & Piemonte 1998b). This transition is typically seen

in older Ia SNe, but not in Ic SNe, and Patat and Piemonte note

that its presence would indicate that SN 1998bw was a type Iac

SN. However, the feature is also present in SN 1987M and more

weakly in SN 1994I during the early nebular phase. It fades

relative to Mg i], [O i] and Ca ii] at later times. It therefore seems

reasonable to assume that the presence of Fe ii emission in Ic SNe

spectra is typical during the transition from the photospheric to the

nebular phase. In the residual spectrum (Fig. 5) the feature is

weaker relative to the 4500 AÊ peak and has a markedly different

profile. This supports the identification of the 4500 and 5200 AÊ

peaks as transitions of different species, and indicates that the

q 2000 RAS, MNRAS 314, 807±814

Table 3. Velocity shifts and widths during the nebular
phase.

Line l r 98bw 94I 87M 87M
(94d) (56d) (62d) (96d)

Mg i] 4571 21.41 10.9 10.2 21.0
11.92 8.4 8.6 7.3

[O i] 6315 10.7 21.2 21.9
11.4 7.8 10.0

Ca ii] 7308 24.0 21.6 22.7 22.6
12.1 8.2 7.5 6.5

Na i] 58933 210.1 211.3 210.0 29.9
11.1 9.0 5.5 4.5

1 Velocity shift of line centre (103 km s21).
2 Width of features at half height (103 km s21).
3 Absorption component.

Figure 6. The 7000 to 9000 AÊ region of Ic SNe spectra is dominated by the

O i l7774 multiplet and Ca ii ll8498, 8542, 8662 (rest wavelengths are

shown). These lines are blended in SN 1998bw on day 11 (a) and day 19

(b), but are well separated in SN 1987M on day 7 (c). Note that weak

residual telluric lines are present in the SN 1998bw spectra, especially

around 7600 AÊ .

Figure 5. Top: Difference between spectra of SN 1998bw observed on day

45 and 94, after scaling by the V-band photometry. Narrow lines from

nearby H ii regions have been removed. Excess emission from broad

nebular lines are visible as SN 1998bw enters the supernebular phase.

Bottom: Difference between day 36 and 56 spectra of SN 1994I.
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Spectral evolution of SN 1998bw 813

5200 AÊ peak is fading and/or is artificially enhanced by a

relatively high continuum level.

3.3 7000±9000 AÊ

The red spectral region of SN 1998bw is shown in Fig. 6 for days

7 and 19. It is this region which differs most markedly from

typical Ic SNe such as SN 1987M (shown on day 7). In these SNe,

strong absorption from O i l7774 and Ca ii ll8498, 8542, 8662

are well-separated by an absorption-free region missing in SN

1998bw. Iwamoto et al (1998) have successfully modelled this

region for day 29 with a photospheric velocity of 28000 km s21.

However, by day 21 their model predicts that the two features

should be resolved, and that by day 7 O i and Ca ii are unblended.

Similar evolution is predicted by the direct analysis models of

Branch (2000). In SN 1997ef this behaviour is seen, with blended

absorption on day 3 and well separated features on day 30

(Iwamoto et al. 2000). In SN 1998bw, however, there is no sign of

significant separation as late as day 19, our last epoch covering

this region.

While it is presumably possible to fit this region by increasing

the mass of the progenitor, and therefore the line widths of the O i

and Ca ii profiles, there are two limitations which need to be

considered. The first is that we do not expect to see redshifted

absorption from a simple expanding envelope. Under this

assumption, O i cannot contribute to the absorption band redward

of 7774 AÊ , irrespective of the linewidth. The second limitation is

that we detect a shallow dip at ,8100 AÊ which we identify as the

minimum of the Ca ii absorption. This feature aligns well with the

Ca ii ll3933, 3968 line profile, and the velocity of

215300 km s21 is already higher than blueshifts of other lines at

this epoch (Table 3).

In order to reproduce the spectrum on day 19 we would require

a highly unusual geometry to produce redshifted absorption from

O i, or to produce Ca ii absorption with a second minimum at

around 224000 km s21. An alternative explanation is the presence

of a third component absorbing at around 7700±8000 AÊ . Adequate

fits can be produced with lines of rest wavelength 8000±8350 AÊ ,

and candidate species include C ii, C iii and N i. A relatively weak

contribution from any of these species would result in the blended

spectrum we observe. Modelling is required to further investigate

this region, and to determine whether unusual abundances, density

or temperature distribution can explain the observations.

4 C O N C L U S I O N

During the period between 7 and 94 d after V-band maximum, we

have seen that SN 1998bw resembles other Ic SNe sufficiently to

support this classification, but has unusually slow spectral

evolution. On day 94 we see the emergence of a nebular spectrum,

which retains many of the characteristics of the photospheric

period. The late onset of the supernebular phase, compared to SN

1987M (62 d) and SN 1994I (56 d), is consistent with the ejection

of an unusually large mass, as predicted by light-curve models

(Iwamoto et al. 1998; Woosley et al. 1999).

By day 19, SN 1998bw blueshifts are up to 50 per cent larger

than other Ic SNe. However, increased blueshifts alone seem

insufficient to explain the unusually smooth and blended spectrum

which persists to late times ± for instance SN 1998bw on day 19

has similar blueshifts to SN 1987M on day 11, but SN 1987M has

well-defined spectral features. Emission line widths on day 94 are

45 per cent broader than SN 1994I and SN 1987M and Na i

absorption is far broader in SN 1998bw on day 94 than in SN

1987M at similar epochs. The line profiles of SN 1998bw may

have disproportionally strong absorption wings ± we lack an

example of an unblended feature at earlier times for confirmation.

Using the standard model for a homologously expanding

envelope, absorption lines which are broader but of similar

blueshift imply that the absorption region in SN 1998bw spans a

larger range of velocity space, at both higher and lower velocities

than other Ic SNe, as expected for a massive envelope. A closer

inspection of the 7000±9000 AÊ region of SN 1998bw suggests that

we are also seeing contribution from enhanced line species.

Unusually strong lines from species such as N i, C ii, C iii, Ti ii and

Cr ii may help to produce the extensive line blending. If so, this

could indicate an overabundance of these elements, or unusual

physical properties of the ejecta.

More work is required in establishing line identifications and

spectral characteristics, best carried out using spectral models.

Whether or not SN 1998bw was associated with GRB 980425, it is

of great interest as an extreme example of Ic SNe. SN 1997ef

bears some resemblance to SN 1998bw and may be an

intermediate object between SN 1998bw and classical SNe, though

it is too early to say whether we are seeing a bimodal or continuous

variation in properties. Thanks to the interest inspired by the g-ray

burst, SN 1998bw has been observed extensively and successful

modelling of this object is likely to enhance our understanding of

this relatively poorly observed class of supernova.
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