J. Astrophys. Astr. (1988) 9, 93–106

Spectroscopic Observations of SN1987a in the LMC
J. B. Hearnshaw, V. J. McIntyre & A. C. Gilmore Mt John University
Observatory and Department of Physics, University of Canterbury, Private Bag Christchurch,
New Zealand
Received 1987 December 16; accepted 1988 March 4

Abstract. This paper describes the results of optical spectroscopy of
SN1987a carried out at Mt John University Observatory on a regular basis
since 1987 February 25. Typical spectra are presented in an evolutionary
sequence, and velocities of Balmer and selected metallic lines are measured
in either emission or absorption. The velocities are interpreted together
with the results of photoelectric photometry. The Barnes-Evans relationship has been applied to the photometry to give an angular diameter
of the photosphere. The expansion velocity of the photosphere is initially
about 3700 km s–1 which is similar to the asymptotic value from weaker
absorption lines such as the MgIb line. After 40 days the photosphere
appears to expand more slowly and it reaches a maximum size of about 145
A.U. after about 100 days before receding inwards. The photometry and
spectroscopy together result in a distance modulus of 18.3 ± 0.2.
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1. Introduction
We have obtained optical spectra of SN1987a on a regular basis since 1987 February
25. The purposes of this paper are: (i) to display a selection of typical spectra in an
evolutionary sequence, (ii) to show that the velocities of absorption and emission
features are consistent with the predictions of a simple model, and (iii) to derive the
radius of the photosphere from published photoelectric photometry and to show that
its initial velocity is in agreement with the spectroscopic data on Doppler shifts.

2. Observations and reductions
2.1 Spectroscopic Data
We have obtained medium resolution red photographic spectra of SN1987a on 86
nights between 1987 February 25 and October 31 inclusive, and blue spectra on 87
nights in the same interval. Most of the spectra were obtained on the 0.61 m Boller and
Chivens telescope at Mt. John University Observatory. A few were obtained on the
0.61 m Optical Craftsmen telescope, and those taken since August 24 have been on the
1 m McLellan telescope. The emulsion used was mainly Kodak IIIaF for red plates
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and IIaO for blue plates. These were sometimes hypersensitised for several hours in
H2. The dispersions were 9.0 nm mm–1 (second order red), and 6.0 nm mm–1 (third
order blue), and the resolutions were respectively 0.16 and 0.11 nm corresponding to
about 83 km s–1 (red) and 70 km s–1 (blue).
The plates were digitised on the Joyce-Loebl model 3CS microdensitometer at the
Physics Department, University of Canterbury, and the spectra were subsequently
analysed and displayed using the ATLAS spectroscopic reduction program on the
University’s Burroughs 6900 computer. This program fits a third order least squares
curve through the positions of selected comparison lines from a He-Ar lamp, allowing
wavelengths of a given pixel to be determined to aprecision of about 2Å, which is much
less than the intrinsic line widths in the supernova spectrum.
2.2 Photometric Data
The photoelectric photometry used for this analysis was the Johnson-Cousins UBVRI
photometry of Menzies et al. (1987) and Catchpole et al. (1987) from SAAO. An
extinction correction of AV = 0.60 (West et al. 1987) and R = AV /E(B – V) = 3.2 were
applied to the photometry. The reddening in (V – R)c was in the range 0.11 ± 0.01, the
actual value depending on colour index according to the methods recommended by
Taylor (1986). The Cousins (V – R)0 colour index was transformed to the Johnson
(V – R)0 index using the calibrations of Taylor (1986), assuming these results to be
valid for SN 1987a. Both the Cousins and Johnson photometry is affected by the lines,
especially the Hα line in the R band. The strong absorption components of the Ρ Cygni
profiles partially compensate for the emission. The effect of this contamination is
discussed further in Section 7. The results in Section 5 are fairly insensitive to the
adopted extinction and reddening.
3. Spectroscopic results
Typical blue and red spectra are displayed in Figs 1 and 2. These are density plots. No
correction for instrumental response has been made. Some line identifications are
included, mainly from the work of Ashoka et al. (1987). The spectrum is classified as a
Type II supernova; Hα is always a strong Ρ Cygni profile. However the Hβ and higher
Balmer lines faded during March to be weak or, in the case of Hβ, absent by March 27.
They were clearly visible again by mid-May and strengthened rapidly during the first
week of June. Hβ became completely dark in its centre by June 6.
Numerous changes in the spectrum occurred in the regions of Hα and Hβ during
March. In particular we note the emission bump at 647 nm on the short wavelength
side of the Hα emission, which was visible March 18.33 to about April 17 with a
maximum strength on March 22 (Hearnshaw & Haar 1987; Hanuschik & Dachs
1987), and also the double-peaked Hα emisson which we observed March 19.37 to
April 19.34 with a maximum strength of the second component (668 nm; He I?) around
March 25 (Hearnshaw & Haar 1987).
The virtual disappearance of Hβ at the end of March may have been partly due to
blending by other features (see March 27.42 spectrum in Fig. 1); however the
simultaneous weakening of Hγ and Hδ absorptions suggests that blending was not the
sole cause.
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Figure 1. SN 1987a: Density tracings of blue spectrograms between 1987 February 25 and
September 17.
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Figure 2. SN 1987a: Density tracings of red spectrograms between 1987 February 25 and
August 19.
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The emission in the near-UV was initially strong but declined rapidly. The spectrum
was completely dark below 380 nm from about March 6. However, two weak emission
features at 367 and 375 nm first seen on August 7.49 increased slowly in strength
during September (Hearnshaw & McIntyre 1987). One of these lines (probably that at
375 nm) may be nebular [O II] 373 nm which appeared and strengthened at about the
same time as [O I] 630 and 636 nm appeared (Anupama et al. 1988).
According to Branch (1987), strong Ti II 376 nm should have been visible from
March for envelope temperatures below 7000K. Our spectra show no sign of this line
at least during the first five months.
4. Radial velocities
The optical spectra consist of broad Ρ Cygni profiles with emission components
relatively close to their rest wavelengths and blue-shifted absorption components.
These latter in general declined rapidly to smaller velocities of expansion during the
first approximately 80 days but changed only slightly in velocity thereafter until the
present (late October). We have concentrated on the measurement of the velocities of a
few representative absorption and emission features which appeared well-defined in
most of our spectra and were readily identifiable. The emission lines measured were:
Hα and Na D, while the absorption lines measured were Hα, β, γ and δ, Na D, Mg b
and Fe II 501.8 and ‘456.5’, the latter being a blend of five Fe II lines (452.26, 454.95,
455.59, 458.38 and 462.93 nm).
Figs 3 to 7 show the velocity curves from the measured features in the LMC rest
frame (using v(LMC) = +270 km s–1).The data refer to the deepest mimima of the
respective absorptions, as estimated from the plotted spectra. Weighted mean rest
wavelengths of blended features were calculated from Kurucz & Peytremann (1975) gf
values for obtaining velocities, namely 517.82 nm for the Mg b triplet, 589.195 nm for
Na D and 456.53 nm for the Fe II blend in the blue. The velocities plotted are apparent
expansion velocities relative to the supernova centre of mass, i.e. (270 km s–1–vrad),
where vrad is the radial velocity as measured from the earth. These values are also
tabulated in Tables 1 and 2.
The best defined velocity curve is that for Hα absorption. The extrapolated blueshift
at time t = 0 (corresponding to the neutrino pulse at 1987 February 23.32 UT) was
v0 = – (20.15 ± 0.5) Mm s–1 with an initial apparent deceleration of (690 ± 70)
km s–1 d–1.
One striking feature of both the Hα and Na D emission lines investigated is that they
have redshifts of about 1.0 Mm s–1 (as seen in the LMC red frame). These are plotted
as negative expansion velocities in Figs 3 and 5. These redshifts are considerably
smaller than the full widths of the emissions at zero intensity, which were around 12
Mm s–1 for both lines in most of the time interval under study (t>80d), except the
early stages when they were broader. Since infalling matter is not a plausible scenario,
we interpret the redshifts as evidence for nonspherical asymmetry of the expansion,
with more material being ejected on the far side of the expanding envelope than
towards the observer on the near side. The asymmetry of some of the emission lines
(including Hα and Na D) may also be partly due to the asymmetry of the expansion,
and the strongly wavelength-dependent polarization found by Cropper & Bailey
(1987) and by Schwarz & Mundt (1987) also suggests that the ejecta lacked spherical
symmetry (see Jeffery 1987 for discussion of polarimetry).
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Table 1. Velocities measured from red plates (All velocities are in km s–1 ,
measured in the rest frame of SN).
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Table 1. Continued.

Table 2. Velocities measured from blue plates (All velocities are in km s–1,
measured in the rest frame of SN).
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Table 2. Continued.

One feature of the D line emission velocity is that the redshift of 1.0 Mm s–1 (in
LMC frame) was only observed for t >20d. It fell linearly from 2.4 Mm s–1 in the
interval 0 < t < 20d. Part of this early velocity change may be due to the feature being
composed mainly of He I(D3) 587.6 nm in the early stages, which would be seen to have
an apparent 900 km s–1 blueshift if it were assumed to be Na I(D l, 2) 589.2 nm as in this
analysis.
The absorption velocities show a correlation with line strength and hence optical
depth. The strongest features such as Hα have the largest velocities and highest optical
depths. Higher Balmer lines form deeper in the envelope at lower velocities. This is
shown clearly in Fig. 4 where the absorption velocity of Hα at t = 200d is about
5500 km s–1; of Hβ 3100 km s–1; and of Hγ and Hδ 1800 km s–1. The same
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Figure 3. SN 1987a: Absorption and emission velocities of Hα line.

Figure 4. SN 1987a: Absorption and emission velocities of Hα (dots), Hβ (crosses), Hγ (circles)
and Hδ (diamonds) lines.

phenomenon is observed for the two Fe II absorption features studied (Fig. 7) which
approached different asymptotic velocities of 2800 km s–1 (456.5 nm) and 2300 km s–1
(501.8 nm).
The lower velocities of weaker lines are expected from the Type II supernova model
of Kirshner & Kwan (1974) in which the lines form by scattering in a homologously
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Figure 5. SN 1987a: Absorption and emission velocities of Na

I

D line.

Figure 6. SN 1987a: Absorption velocities of Mg I b line.

expanding envelope above the photosphere. The expansion velocity v∝r, where
r = R/Rmax and Rmax is the maximum size of the outer edge of the envelope (Rmax ~ v0t).
Since the density in the envelope is expected to increase very rapidly with decreasing r
(pαr –7) for this model, it follows that optically thin lines should form close to the
photosphere, whereas optically thick lines are observed to have the larger velocities of
the material at a higher level.
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Figure 7. SN1987a: Absorption velocities of Fe

II
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‘456.5’ (crosses) and 501.8 (dots) lines.

Our results for Balmer and metallic line absorption velocities appear to be in good
agreement with data reported by other workers for the earlier stages of the expansion,
including Blanco et al. (1987), Ashoka et al. (1987), and Danziger et al. (1987).
5. Angular radius of photosphere
The Barnes–Evans relationship (Barnes & Evans 1976; Barnes et al. 1976) was used to
determine the angular size of the photosphere of SN1987a. The analysis followed that
used by Ashoka et al. (1987). We used here the following equation for the visual surface
brightness parameter FV
as determined by Barnes and Evans (1976). This gives
where φ is the angular diameter of the photosphere in milli-arcsec. The radius of the
photosphere is then
where a distance modulus of 18.6 corresponding to D = 52.5 kpc has been adopted
(Feast 1984).
The results are shown in Fig. 8 and are derived from the SAAO photometry of
Menzies et al. (1987) and Catchpole et al. (1987) (see Section 2.2). The photospheric
radius of a blue B3 I supergiant, such as Sk– 69°202, before the explosion is about
0.2 A.U. Presumably the outer layers of the star are suddenly restructured on shockwave breakout, and the first photometric radius at t = 1.5d gives R = 20 A.U. Then
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Figure 8. SN 1987a: Radius of the photosphere as deduced from VR Photometry.

there is a nearly linear increase until t = 38d of slope 3.7 ± 0.1 Mm s–1 . This velocity
decreases to 300 ± 200 km s–1 in the interval 38d < t < 70d. For t >70d the results
show a large scatter presumably due to the low altitude of SN 1987a from SAAO
during June and July. However, by t ≃ 100d the slope is zero, indicating a maximum
photospheric radius of about 145 A.U. These computations were repeated with AV
= 0.4 instead of 0.6, and the changes in the results were negligible.
In terms of angular measure, our results indicate a maximum angular radius (φ /2) of
about 2.8 milli arcsec at t ≃ l00d. These results are in quite good agreement with those
of Catchpole et al. (1987) who found (φ max/2) of about 3.4 milli arcsec also at about
t ≃ l00d. In their case the angular radius came from fitting a black-body curve using
UBVRIJHKL photometry to derive a blackbody colour temperature and hence the
surface flux and angular radius. In our case the surface flux used to derive the angular
radius comes from the assumption that SN 1987a obeys the empirical relation between
surface flux and (V– R)0 calibrated for normal stars such as Cepheids.
6. Interpretation of velocities
In free expansion the total size of the ejecta must be at least Rmax ~ v0t, where
v0 ≃20.15 Mms–1 = 11.6 A.U d–1 . Hα absorption occurs in a thick shell far above the
photosphere. The shell's position moves inwards relative to the expanding material,
and its actual radius is therefore less than ∫v(Hα )dt.
The absorption from weaker metallic lines is not so optically thick and occurs
deeper and closer to the photosphere. It seems plausible that the photosphere was
stationary in mass coordinates for t<38d but started to move inwards relative to the
expanding material after that time. The weaker metallic lines such as Mg b and Fe II
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501.8 nm had initial velocities of nearly 8 Mm s –1 when they first appeared at t~9d.
They were therefore expanding at over twice the photospheric velocity of 3.7 Mm s–1
in a shell of correspondingly greater radius than Rphot. However, the velocities from
these lines decline to about 2 to 3 Mm s–1 by t~40d, which means they are forming
very close to the photosphere at that time. The optical depth between the photosphere
and the outer extremity of the ejecta in the line centres must have declined
considerably in this early period. The fact that the weaker absorption velocities decline
to about equal the initial photospheric velocity is at least consistent with this model.
As the photosphere appears to expand less rapidly after t = 38d, it moves inwards
into more slowly expanding material. If the absorption shells also shrink inwards so as
to stay close to the photosphere, then the absorption velocities would also show a
decline. The fall of the Mg I b velocity from 2.9 to 2.0 Mm s–1 between t = 100 and
140d may be evidence for a further decrease in the size of the Mg I b shell due to the
shrinkage of the photosphere.
7. Distance to SN 1987a
The rate of increase of the angular size of the supernova photosphere derived
photometrically can be compared with the velocities of the absorption shell in the
envelope derived spectroscopically. The comparison will lead to a distance for the
supernova provided both photosphere and absorption shell have the same velocity
which we assume to be the case for t<38d. This is essentially Baade’s (1926) distance
method as applied by Kirshner & Kwan (1974) to the Supernovae SN19691 and 1970g
and recently by Branch (1987) to SN1987a based on an angular radius derived from
black-body fits to the photometry.
Our initial observed rate of increase of the angular radius was

which corresponds to 3700 km s–1 at 52.5 kpc (distance modulus = 18.6). Our smallest
absorption velocity was the asymptotic value for Fe II 501.8 nm of 2300 km s–1
However, this is the mean value of the line of sight component of the expansion over a
hemispherical shell close to the photosphere. The actual values will be zero near the
photospheric limb and only equal to Rphot in the disc centre. The mean value depends
on limb darkening and is well known to be 17/24 of Rphot when the limb darkening
coefficient is 0.6, the value usually adopted for pulsating variables such as Cepheids. In
this case the true expansion rate of the Fe II 501.8 nm shell is 3250 km s–1. This is
compatible with the photometric rate of increase of angular radius if d = (45.8 ± 5) kpc
or distance modulus = 18.3±0.2. The error bars refer to random (1σ) errors only.
The effect of the Hα line on the photometry is one source of systematic error. If this
causes a 5 per cent brightening of the R magnitude, then the effect of this is that the
angular sizes from the Barnes–Evans relationship are about 10 per cent too large and
the distance is 10 per cent too small. Thus a corrected distance modulus of 18.5 would
allow for 5 per cent contamination in R due to Hα Given the theoretical and
observational uncertainties, this is considered to be in very satisfactory agreement with
the accepted values of distance modulus 18.5 to 18.6. It is also close to a distance
of 55 ± 5 kpc obtained by Branch (1987) by a similar method.
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