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“Don’t believe in any of those methods. The only reliable way
of determining extragalactic distances is through supernova
investigations.”

[Fritz Zwicky — when asked by a student for his opinion on
the at that time exclusively used other methods of extragalac-
tic distance estimates. (according to A. Sandage)]

ABSTRACT. I review the presently existing four partly independent methods of determining
extragalactic distances through supernova investigations and conclude that, although each of
these methods has its difficulties, application of all of them on the same class of objects pro-

vides the opportunity of obtaining unique redundancy in determinations of extragalactic dis-
tances and Hubble’s constant.

1. INTRODUCTION

The presently existing methods of extragalactic distance determinations through su-
pernova investigations can be divided into two groups. One group of methods allows estimate
of the luminosity distance, dr, which is given as dy = (L/47£)}/2, with L as the absolute lu-
minosity and £ as the apparent, absorption corrected luminosity. Estimates of d;, have been
obtained by either determining L empirically {e.g., Cadonau, Sandage, and Tammann 1985) or
theoretically (Arnett, Branch, and Wheeler 1985).

The other group of methods allows estimates of the angular diameter distance, d4,
which is given as dz = D/6, with D as the linear diameter of the supernova and § as its an-
gular diameter. Estimates of d4 have been obtained by using either the Baade-Wesselink
method, which was first applied to Type I supernovae (SNel) by Branch and Patchett (1973)
and to Type II supernovae (SNell) by Kirshner and Kwan (1974), or the VLBI-spectroscopy
method (Bartel 1985; Bartel et al. 1985).

In the remainder I discuss each of the four methods in more detail, point out their
strengths, underlying assumptions, and possible improvements, and indicate their future
prospects.
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2. EXTRAGALACTIC DISTANCE DETERMINATIONS VIA SUPERNOVA INVESTIGA-
TIONS

2.1. Luminosity Distance — Empirical Approach

Since the time when Kowal (1968) demonstrated that SNel may have a small disper-
sion of their absolute maximum magnitude, M(maz), SNel have been seriously considered
as candidates for luminosity distance determinations. The SNel’s high absolute luminosities
would make them particularly attractive for most of the methods discussed here since they
could probably be observed with the Hubble Space Telescope up to redshifts of z = 0.5. SNell,
in contrast, are known to have a large dispersion of their M(maz) and are therefore unsuitable
for use as luminosity distance indicators. In the empirical approach, M(maz) of an SNI is es-
timated with a few, more closely located intermediate distance calibrators and then compared
with the absorption-corrected apparent maximum magnitude.

The underlying assumptions are that:

i) all SNel or a distinguishable subclass of them have the same M (maz);
ii) dr is known for at least one SNI or a member of the subclass; and

iii) the apparent maximum magnitude can be corrected with sufficient accuracy for ab-
sorption effects.

Observationally SNel have remarkably homogeneous light curve shapes so that they were
thought to have the same M(maz). Recently Cadonau et al. (1985) selected 12 SNel in
assumed-to-be dust-free E/SO galaxies and found Mp(maz) = —19.69 % 0.13 + 5log(H,/50).
To estimate Hy they used two nearby calibrators, SN 1937c in IC4182 and SN 1954a

in NGC4214, and made an assumption on the degree of internal absorption. They in-

ferred the calibrator distances by identifying a few red supergiants whose absolute mag-
nitudes were inferred from observations of red supergiants in even closer galaxies. The
distances of the latter were estimated through Cepheid observations. Cadonau et al. ob-
tained Mp(maz) = —20.0 + 0.4 and Ho = 431}% km s~! Mpc~?, the latter value being

in agreement with Sandage and Tammann’s (1985) value of Hy = 50+ 7 km s~ Mpc~1.

De Vaucouleurs and Corwin (1985) obtained for the local calibrators SN 1572 (Tycho’s SN,
type not quite certain) and SN 1885 (in M31, SNI with peculiar light curve) a mean of

M,; = —18.55 + 0.28 and a value for Hy consistent with de Vaucouleurs and Bollinger’s (1979)
value of Hp = 100+ 10 km s—! Mpc~!.

However, it is not clear how reliable the assumptions are. The existence of proba-
bly two- to fivefold “underluminous” peculiar SNel with light curve shapes similar to those of
“normal” SNel (see, e.g., Wheeler and Levreault 1985; Uomoto and Kirshner 1985) could con-
taminate the sample of SNel used to calibrate the extragalactic distance scale. But since the
peculiar SNel have different spectra from the “normal” ones and were found only in spirals,
one may hope that a distinguishable subclass of SNel with the same M(mazx) exists.

2.2. Luminosity Distance — Theoretical Approach

Arnett, Branch, and Wheeler (1985) attempted to bypass the aforementioned error-
prone technique of the step-by-step calibration of the luminosity of SNel and computed
L(maz) directly from their knowledge of nuclear physics and radiative transfer in the SN shell.

It is thought that an SNI’s progenitor is a mass-accreting carbon oxygen white dwarf
in a binary system that disrupts completely when its mass approaches the Chandrasekhar mass
of 1.4 Mp. The optical luminosity in Arnett et al’s physical model results from the trapping
and thermalization of the 4-rays and positrons emitted by the decay of 5®Ni through 5¢Co to
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56Fe with the value for L(maz) being a function of the incinerated mass My; of ®*Ni. Assum-
ing a blackbody spectrum for SNel allowed conversion from L(maz) to Mp(maz), required for
comparison with apparent blue magnitudes of observed SNel, and thus allowed estimates of
distances and Hp.

The underlying assumptions are that

i} the physical model is correct;
ii) My; =0.613:3 Mg;
iii) all SNel have the same L(maz);
iv) all SNel at maximum light have continuum blackbody spectra with a temperature of
20000 K; and

v) the apparent luminosity or the apparent magnitude can be corrected for absorption
effects with sufficient accuracy.

With these assumptions, Arnett et al. (1985) obtained for SNel Mp(maz) = —19.573:3 and
Hy = 59135 km s~! Mpc~1,

However, again, it i8 not clear how justified their assumptions are. In particular,
the existence of underluminous SNel casts some doubt on the reliability of their estimates of
Mg (maz) and Hg. The method needs to predict not only the SN’s light curve but also the

SN’s spectrum in order to be applicable to a distinguishable subclass with the same absolute
magnitude.

2.3. Angular Diameter Distance — Baade-Wesselink Method

This method was suggested by Baade (1926) for application to Cepheids. The method
was first applied to Cepheids by Wesselink (1946a,b; see also 1985) and later to SNel by
Branch and Patchett (1973) and to SNell by Kirshner and Kwan (1974). Like Arnett et al.’s
method, it allows direct distance determinations independent of any intermediate calibrators.

The radial, linear diameter, D, is estimated from the SN’s expansion rate, vezp, given
by the Doppler broadening of the emission and absorption lines in the SN’s spectrum, and the
time period, t, between the date of explosion and the date of observation. The transverse an-
gular diameter, 0, is estimated from the brightness, B, (T) at temperature T, and the observed
flux density S, at frequency v so that d, = D/ becomes di, = (Ro + vegpt){7 B, /S,)T0® with
Ry as the (usually ignored) initial radius of the SN at t = 0.

The underlying assumptions are that:

i) SNe near maximum light are blackbodies;
ii) SNe are circularly symmetric; and

iii) the observed flux density can be corrected for absorption effects with sufficient accu-
racy.

Recently Branch et al. (1981) obtained a value for the distance to SN 1979¢ in M100, a galaxy
in the Virgo cluster, of 23 &+ 3 Mpc. If we assume that the distance to M100 is within 10% of
the distance to the Virgo cluster center, since M100 is within 6° of this center and has a red-
shift consistent with this location, and if we use a value for the infall-corrected redshift velocity
of the Virgo cluster center of 1250 & 150 km s~! (see, e.g., Huchra 1985; Aaronson et al. 1982),
we get Hy = 541’13 km s~! Mpc~l.

However, again, it is not clear whether the assumptions are justified. In particular,
we would expect deviations from a blackbody spectrum if the opacity at the photosphere were
dominated by scattering (Wagoner 1981). Panagia (1985) indeed detected large deviations
from a blackbody spectrum in the spectrum of SN 1981b, with a blackbody at T'= 15800 K
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fitting the optical spectrum, and a blackbody at T = 9400 K fitting the IR and UV spectra.
The computation of model SN atmospheres (Hershkowitz, Linder, and Wagoner 1985; Shaviv,
Wehrse, and Wagoner 1985) would be useful to free, at least to some extent, distance determi-
nations via this method from assumption i}.

2.4. Angular Diameter Distance ~ VLBI-Spectroscopy Method

The VLBI-spectroscopy method (Bartel 1985; Bartel et al. 1985) includes a direct ra-
dio interferometric measurement of the angular diameter and the morphology of a SN. When
such a measurement is combined with a value of the linear diameter of the SN obtained, like in
the Baade-Wesselink method, from the expansion velocity of the SN and the elapsed time since
explosion, the SN’s distance can be estimated. The advantage of this method over the others is
that 6 can be determined directly. However, even the strongest supernovae are relatively weak
radio emitters with Ssor, < 10 mJy (Weiler et al. 1985), so that the method is presently re-
stricted to sources not farther away than ~ 40 Mpc.

The underlying assumptions here are that:

i) the diameter of the radiosphere is equal to the diameter of the outer boundary of the
SN’s shock front, which is given by the maximum width of the SN’s emission and ab-
sorption lines and the elapsed time since the explosion; and

i) SNe are circularly symmetric.

VLBI observations were made of SN 1979¢ at several epochs after the time of explosion with
an array of up to eight telescopes in Europe and the U.S. (Bartel 1985; Bartel et al. 1985).
Fig. 1 displays a radio map of SN 1979c situated in the galaxy M100 in the Virgo cluster.
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Figure 1. Radio map of the supernova SN 1979c, which is situated at the southern edge of a
spiral arm of the galaxy M100.

Use of the most sensitive telescopes and VLBI system enabled determinations of the
angular diameter at 5 GHz at three different times and other determinations at other frequen-
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cies. Further observations are planned. The angular diameter determinations at 5 GHz are
displayed in Fig. 2 and indicate consistency with uniform expansion (# o t) of the radiosphere.
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Figure 2. The angular diameter determinations for a shell model. For the extreme models of
a ring and a uniform sphere, the ordinate scale has to be multiplied by 0.75 and 1.25, respec-
tively. The solid line represents uniform expansion. The latest determination is preliminary.

Bartel et al. obtained a value for the distance to SN 1979¢ of lgfg Mpc and, with the
same line of reasoning as mentioned above for the computation of Branch et al.’s value, ob-
tained a value for Hy of 65732 km s~! Mpc~!. The dominant contribution to the errors is the
uncertainty of §. Since the SN is still quite compact with respect to the angular resolution ob-
tained with the VLBI array, its morphology has not yet been determined. The value of 8 was
computed for an optically thin shell model with an uncertainty of +25% given by the predic-
tions from the extreme models of a uniform sphere and a ring (see, e.g., Marscher 1985). Fur-
ther observations could probably be used to determine the morphology and thus to decrease
the uncertainty of 6.

However, again, as for the other methods, it is not clear how justified the assumtions
are. In principle, VLBI observations allow determination of the SN’s brightness distribution
and thus its degree of circular symmetry at the plane on the sky. Bartel et al. have as yet ob-
tained only a coarse bound on any deviation from circular symmetry of the brightness distribu-
tion, but more accurate and useful determinations are probably possible. In any event, the de-
gree of circular symmetry in all three dimensions cannot be determined but has to be inferred
from plausibility arguments. On the basis of supernova remnant {SNR) observations, they in-
cluded in their computation of d; and Hy an uncertainty of the degree of circular symmetry of
the SN’s brightness distribution of +15%.

Also, on the basis of SNR observations and on the basis of considerations of models of
the relationship between the radiosphere and the outer boundary of the SN’s shock front (see,
e.g., Chevalier 1982, 1986; Bandiera, Pacini, and Salvati 1983; Fransson 1986), they included
in their computations an uncertainty of assumption i) of also £15%. More, and more accurate,
VLBI measurements of SN 1979c and other supernovae at distances up to ~ 40 Mpc, and mod-
eling of the relationship between the radiosphere and the outer boundary of the SN’s shock
front could probably result in more accurate values of dr, and Hp.

https://doi.org/10.1017/51539299600007085 Published online by Cambridge University Press

659


https://doi.org/10.1017/S1539299600007085

660 N. BARTEL

3. CONCLUSIONS

Investigations of supernovae provide the unique opportunity of obtaining at least partly
independent distance determinations with four different methods. Three of these methods al-
low direct determinations independent of any local distance calibrators. The VLBI-spectroscopy
method may (in principle) be the most direct of the four methods since it depends on the least
number of assumptions. However, given the present sensitivity of telescopes and VLBI equip-
ment, the method is restricted to supernovae with distances < 40 Mpc, probably large enough
for a more accurate determination of Hp, but too small for a determination of ¢gg. A combina-
tion of all four methods may be required to constrain gg.

This work was supported by the NSF under grant no. AST-8300796.
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