
Supernovae as  
Distance Indicators 

Bruno Leibundgut 



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

 
F. Zwicky 



You must understand the physics of the galaxies 
before you can use them to mark the geometry of 
space.  
 

Walter Baade 
quoted by Alan Sandage 

 in ‘The Mount Wilson Observatory’ 
(2004) 



Three Current Methods 

•  Luminosity 
–  ”standard candle”, “standardizable candle” 

•  direct angular size 
–  rings, circumstellar interactions 

•  change in angular size 
– Baade-Wesselink method, expanding 

photosphere method, Spectral-fitting 
Expanding Atmosphere Model 



An old Method 

•  Parallax 
– Tycho’s SN 1572 
– Outside the solar 

system and part of 
the sphere of the 
fixed stars 

– violated the 
Aristotelian view of 
the world 



“Luminosity Distances” 
From a slide of Heber D. Curtis shown at the Great Debate: 

The conditions of star concentration obtaining in the Magellanic 
Clouds and in the globular clusters appear to render these 
regions of space unique as regards variable stars. 

The Magellanic Clouds contain:   1800 variable stars  

Total of all variables in the rest of the sky, excluding those in 
globular clusters:     1686 

 
Heber D. Curtis (1920)  

in the Great Debate 
as quoted by M. A. Hoskin in J. Hist. Astron. 7, 169;  

also on http://apod.nasa.give/diamond_jubilee/1920/cs_real.html) 
 



“Luminosity Distances” 
From a slide of Heber D. Curtis shown at the Great Debate: 
Within the past few years some twenty-five novae have been 
discovered in spiral nebulae, sixteen of these in the Nebula of 
Andromeda, as against about thirty in historical times within our 
own galaxy.  
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The problem with S And 

Comparison of novae in Andromeda and the 
Milky Way (Lundmark 1925) 

– huge luminosity for S And 
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Correlation of galaxy brightness 
and upper-class novae 
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The expanding universe 
Once the expansion was established the 
Hubble diagrams could be constructed 
𝑚=5log (𝑣) +25+𝑀−5log( 𝐻↓0 ) 

Took almost 40 years before this was done for 
supernovae 

Zwicky 1965 
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1970s and 1980s 
•  various Hubble diagrams 

–  David Branch, Gustav Tammann 

Branch 1973 
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Supernovae and Supernova Remnants 
Lecce 1973 



1980s – infrared puzzles 

•  First infrared light curves showed ”strange 
behavior” 
– second maximum 
– some variations 
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A distraction 
•  SN 1987A occupied everybody’s mind for 

several years 
– Nick Suntzeff, Mark Phillips, Bob Kirshner, 

and everybody else 

1987 

EPM or 
standard 
candles? 



Through the 1980s 

•  Assume standard candles 

Santa Cruz 1989 



1990s – Uncertainty and 
Relieve 

•  Discovery of clearly non-
standard objects 
– SN 1986G, SN 1991bg, 

SN 1991T 
•  Luminosity-width relation 

– Mark Phillips 
•  Development of 

correction methods 
– MLCS, SALT 
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Establishing the local sample 

•  Calán-Tololo survey 
– systematic search 

and (CCD) follow-up 
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Fig. 5. (top panel) The Hubble diagram in V for the SNe la in the Galán/ 
Tololo sample with TMAX^0.20. (bottom panel) The Hubble dia- 
gram for the same 26 events after correction for the peak luminosity-decline 
rate dependence. 

the assumed errors. The reduction of a by approximately a 
factor of 1.5 allows SNe la to be used as excellent distance 
indicators (with precisions in relative distances ~7%-10%). 
If we, again, interpret this scatter as being entirely due to 
peculiar velocities, the 11 nearest objects imply an rms ve- 
locity of 550 km s_1. A more detailed analysis of the veloc- 
ity field based on these data will be given in a separate paper 
(Suntzeff et al. 1996a). 

We can test the sensitivity of these results to dust extinc- 
tion in the host galaxies by restricting the sample even fur- 
ther to those objects for which we have been able to place an 
upper limit to the equivalent width of the Na I D interstellar 
lines ^0.5 Â. For gas typical of that found in the disk of our 
own Galaxy, such a limit corresponds to color excesses 
E(/5 —V)^0.1. For the 15 SNe meeting this condition (900, 
90af, 9IS, 9lag, 92J, 92ae, 92al, 92bc, 92bg, 92bh, 92bk, 
92bl, 92bo, 93B, 930), the zero points of the corrected 

Hubble diagrams prove to be —3.318±0.046 in Æ, —3.324 
±0.041 in V, and -3.039±0.046 in /, which are insignifi- 
cantly different than the zero points obtained from the 26 
SNe. 

4.2 The Hubble Constant 
Recently, Sandage and collaborators have measured Cep- 

heid distances to the host galaxies of six nearby SNe la (SN 
1937C in IC 4182, SNe 1895B and 1972E in NGC 5253, SN 
1981B in NGC 4536, SN 1960F in NGC 4496, and SN 
1990N in NGC 4639) with the aim to calibrate the Hubble 
diagram of the distant SNe la (Saha et al. 1994, 1995, 1996; 
Sandage et al. 1996). From these SNe, these authors ob- 
tained H(){B) =56±4 kms~1Mpc_1 and 7/0(V) =58±4 
kms-1Mpc-1 (Sandage et al. 1996). Since these values 
were calculated without including corrections for the peak 
luminosity-decline rate relation, a reexamination of the 
Hubble constant based on the Calán/Tololo SNe would seem 
in order. 

Owing to the poor quality of the light curves of SNe 
1895B and 1960F (Schaefer 1995, 1996), we are unable to 
derive a precise estimate of the decline rate parameter 
Am15(B). Hence, these two events are not considered in the 
remainder of this discussion. Although adequate photometry 
is available for SNe 1937C and 1972E, neither was observed 
at maximum light, so we must use the same ^-minimizing 
template-fitting technique employed for the Calán/Tololo 
SNe to estimate their peak magnitudes and decline rates. 
SNe 198IB and 1990N, on the other hand, have well- 
sampled fight curves with coverage beginning before maxi- 
mum fight so that the peak magnitudes and decline rates can 
be directly measured from the fight curves. To convert these 
values into absolute magnitudes, we assumed the true Ceph- 
eid distance moduli measured by Sandage and collaborators 
and the color excesses E(5 —V) from Burstein & Heiles 
(1984) for interstellar dust in our own galaxy. With this ap- 
proach we wish to make the nearby sample reflect the prop- 
erties of the distant sample for which we have not attempted 
to correct for possible obscuration in the host galaxies. Note 
that the mean #max—^max color, corrected for foreground 
extinction, of the four calibrating SNe is 0.01 ±0.07 (see 
Table 2), which is very close to the mean observed color of 
0.03±0.06 of the subsample of 26 Calán/Tololo events. 

The relevant data for these four SNe with Cepheid dis- 
tances are fisted in Table 2 in the following format: 

Table 2. Nearby SNe sample. 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

Distance SN Host Morph. Distance Modulus BMAX Vmax *MAX Am15(B) E(B-V) mmax MMAX MMAX Phot 

Galaxy Type Modulus Ref“ Ref6 

1937C IC 4182 S/Irr 28.36(09) 1 8.80(09) 8.82(11) — 0.87(10) 0.00(02) -19.56(15) -19.54(16) 1 1972E NGC 5253 Irr 27.97(07) 2 8.49(14) 8.49(15) 8.80(19) 0.87(10) 0.05(02) -19.69(18) -19.64(18) -19.26(21) 2 1981B NGC 4536 Sc 31.10(13) 3 12.03(03) 11.93(03) — 1.10(05) 0.00(02) -19.07(16) -19.17(15) 3,4,5 1990N NGC 4639 Sb 32.00(23) 4 12.74(03) 12.72(03) 12.95(05) 1.07(05) 0.00(02) -19.26(25) -19.28(24) -19.05(24) 6 

“References.- 1Saha et al. (1994); 2Saha et ai (1995); 3Saha et al. (1996); 4Sandage et al. (1996). 
6References.- 1 Pierce & Jacoby (1995); 2Phillips & Eggen (1996); 3Buta & Turner (1983); 4Barbon et al. (1982); 5Tsvetkov (1982); 6Lira (1995). 
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Growing angular size 

•  Baade-Wesseling or Expanding Photosphere 
–  idea goes back to Leonard Searle 
– Kirshner & Kwan 1973 
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EPM or 
standard 
candles? 



Importance of photospheric radius 
•  Model development through the 1990s 

– Bob Wagoner, Ron Eastman 
•  Application to several supernovae 

– Brian Schmidt, Mario Hamuy, Bob Kirshner 
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Figure 4.4 —: EPM distance versus CMB redshift for six filter/velocity combinations.

Hamuy 2001 



Standardizable Candle Method 
•  Luminosity of SNe IIP at 50 days past 

explosion correlates with the luminosity 
–  luminosity distance 

L64 SNe II AS STANDARDIZED CANDLES Vol. 566

TABLE 1
Redshifts, Magnitudes, and Expansion Velocities of the 17 Type II Supernovae

SN
czCMB

(!300 km s!1) A (V )GAL

A (V )host

(!0.3 mag) Vp Ip
vp

(km s!1) References

1986L . . . . . . . 1293 0.099 0.00 14.57(05) … 4150(300) 1
1987A . . . . . . . … 0.249 0.22 3.42(05) 2.45(0.05) 2391(300) 2, 3
1988A . . . . . . . 1842 0.136 0.00 15.00(05) … 4613(300) 1, 4
1990E . . . . . . . 1023 0.082 1.00 15.90(20) 14.56(0.20) 5324(300) 1, 5
1990K . . . . . . . 1303 0.047 0.50 14.50(20) 13.90(0.05) 6142(2000) 1, 6
1991al . . . . . . . 4484 0.168 0.15 16.62(05) 16.16(0.05) 7330(2000) 1
1992af . . . . . . . 5438 0.171 0.00 17.06(20) 16.56(0.20) 5322(2000) 1
1992am . . . . . . 14009 0.164 0.30 18.44(05) 17.99(0.05) 7868(300) 1
1992ba . . . . . . . 1165 0.193 0.00 15.43(05) 14.76(0.05) 3523(300) 1
1993A . . . . . . . 8933 0.572 0.00 19.64(05) 18.89(0.05) 4290(300) 1
1993S . . . . . . . . 9649 0.054 0.30 18.96(05) 18.25(0.05) 4569(300) 1
1999br . . . . . . . 1292 0.078 0.00 17.58(05) 16.71(0.05) 1545(300) 1
1999ca . . . . . . . 3105 0.361 0.30 16.65(05) 15.77(0.05) 5353(2000) 1
1999cr . . . . . . . 6376 0.324 0.00 18.33(05) 17.63(0.05) 4389(300) 1
1999eg . . . . . . . 6494 0.388 0.00 18.65(05) 17.94(0.05) 4012(300) 1
1999em . . . . . . 669 0.130 0.18 13.98(05) 13.35(0.05) 3557(300) 1
2000cb . . . . . . . 2038 0.373 0.00 16.56(05) 15.69(0.05) 4732(300) 1

References.—(1) Hamuy 2001; (2) Hamuy & Suntzeff 1990; (3) Phillips et al. 1988; (4) Benetti, Capellaro, &
Turatto 1991; (5) Schmidt et al. 1993; (6) Capellaro et al. 1995.

Fig. 1.—Expansion velocities from Fe ii l5169 vs. bolometric luminosity,
both measured in the middle of the plateau (day 50). Ridge line is a weighted
fit to the points and corresponds to (with reduced of 0.7).0.33(!0.04) 2v ∝ L xpp

Fig. 2.—Bottom: Raw Hubble diagram from SNe IIP V magnitudes. Top:
Hubble diagram from V magnitudes corrected for envelope expansion velocities.

solution:

vpV ! A " 6.504(!0.995) logp V ( )5000

p 5 log (cz)! 1.294(!0.131). (1)

The scatter drops from 0.95 to 0.39 mag, thus demonstrating
that the correction for expansion velocities standardizes the
luminosities of SNe II significantly. It is interesting to note that
most of the spread comes from the nearby SNe, which are
potentially more affected by peculiar motions of their host
galaxies. When we restrict the sample to the eight objects with

km s!1, the scatter drops to only 0.20 mag. Thiscz 1 3000
implies that the standard candle method can produce relative

distances with a precision of 9%, which is comparable to the
7% precision yielded by SNe Ia.
Figure 3 shows the same analysis but in the I band. In this

case the scatter in the raw Hubble diagram is 0.80 mag, which
drops to only 0.29 mag after correction for expansion velocities.
This is even smaller that the 0.39 spread in the V band, possibly
due to the fact that the effects of dust extinction are smaller
at these wavelengths. The least-squares fit yields the following
solution:

vpI ! A " 5.820(!0.764) logp I ( )5000

p 5 log (cz)! 1.797(!0.103). (2)
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Fig. 3.—Bottom: Raw Hubble diagram from SNe IIP I magnitudes. Top:
Hubble diagram from Imagnitudes corrected for envelope expansion velocities.

When the eight most distant objects are employed, the spread
is 0.21 mag, similar to that obtained from the V magnitudes.
Overall, the standard candle method is characterized by a

scatter of between 0.39 and 0.20 mag. Evidently more objects
in the Hubble flow are required to pin down the actual precision
of this technique. The choice of 50 days only has the purpose
to represent approximately the middle of the plateau phase, and
it is possible that other choices could deliver even better results.
In its present form, the method appears very promising for the
determination of cosmological distances. Note also that this
precision is better than that yielded by EPM (20% in distance,
or 0.43 mag; Hamuy 2001), and the standard candle technique
is far less complicated. It requires only a few spectra and pho-
tometry around day 50. A few extra photometric and spec-
troscopic observations are required during the plateau in order
to solve for dust extinction in the host galaxy. The time of
explosion is also required. Since the duration of the plateau
does not vary much among the different SNe II, it would suffice
to get some photometric observations during the plateau/neb-

ular phase transition. Alternatively, an EPM analysis can help
at determining , but this requires early-time observations.t0
The standard candle method can be used to solve for the

Hubble constant, provided a distance calibrator is available.
Among the objects of our sample, only SN 1987A has a precise
distance in the Cepheid scale. Assuming a Large Magellanic
Cloud distance of 50 kpc, we get from the entireH p 54! 130
sample of V magnitudes. When we restrict the sample to the
eight most distant objects, we get . The I mag-H p 55! 150
nitudes yield and , respectively. TheseH p 53! 10 56! 120
values agree comfortably well with the value from63! 4
Cepheids/SNe Ia (Hamuy et al. 1996; Phillips et al. 1999).
Clearly, more calibrators are required to improve this estimate,
especially considering that given its compact progenitor, SN
1987A is not a prototype of the plateau class and its light curve
is quite different than that of typical plateau events. It will be
interesting to see the results from SN 1999em that will soon
have a Cepheid distance measured with the Hubble Space
Telescope.
The specific task of checking the cosmic acceleration indi-

cated by SNe Ia requires observing SNe II at the maximum
possible redshift. For a typical SN II with duringM p !17.5V

the plateau phase, the apparent magnitude at shouldz p 0.3
be ∼23. Discovering such SNe is clearly feasible nowadays.
Obtaining such spectra will be difficult but certainly not im-
possible with the currently available 8 m class telescopes. In
the worst case scenario, the standard candle method can pro-
duce distance moduli with a precision of 0.39 mag so that 13
SNe II at should allow us to measure the distances ofz p 0.3
such objects with a precision of 5% and provide a robust check
on the results of SNe Ia.
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Test distance duality 

•  Luminosity distance and angular-size 
distance differ by 𝐷↓𝐿 /𝐷↓𝐴  = (1+𝑧)↑2  

•  Measure distances to the same  
object 

E.E.E. Gall et al.: Including Type II-L supernovae in the Hubble diagram & the distance to highest-z Type II supernova EVER

Table 5: SCM quantities and distances

SN Estimate t!0 V∗50 I∗50 v50 Estimate of µ DL

of t0 via mjd mag mag km s−1 velocity via mag Mpc

SN 2013ca EPM – H01 56382.3+9.7
−10.1 19.08± 0.10 18.56± 0.08 5427± 798 Fe ii λ5169 36.28± 0.43 180± 36

EPM – D05 56386.1+5.9
−9.4 19.12± 0.10 18.59± 0.08 5228± 758 36.22± 0.42 176± 34

LSQ13cuw G15 56593.4± 0.7 20.61± 0.10 20.00± 0.09 5616± 655 Hβ 37.93± 0.38 385± 67

PS1-13wr EPM – H01 56330.5± 12.5 21.38± 0.06 20.49± 0.07 4458± 963 Fe ii λ5169 38.21± 0.57 438± 115
EPM – D05 56332.2± 12.1 21.39± 0.06 20.49± 0.07 4368± 959 38.17± 0.58 430± 114

PS1-14vk EPM – H01 56717.0± 10.1 20.95± 0.29 20.63± 0.24 5228± 818 Fe ii λ5169 37.98± 0.75 394± 136
EPM – D05 56719.6± 9.7 21.02± 0.27 20.68± 0.23 5093± 816 37.99± 0.73 396± 133

PS1-12bku PS1 56160.90± 0.40 20.70± 0.07 20.18± 0.06 4258± 291 Fe ii λ5169 37.28± 0.23 286± 31
PS1-13abg PS1 56375.4± 5.0 22.27± 0.08 21.12± 0.09 4672± 438 Fe ii λ5169 39.32± 0.32 730± 107
PS1-13baf PS1 56408.0± 1.5 23.06± 0.22 22.38± 0.12 4093± 473 Hβ 39.60± 0.51 832± 194
PS1-13bmf PS1 56420.0± 0.1 22.51± 0.06 21.92± 0.11 4363± 256 Fe ii λ5169 39.18± 0.28 684± 87

PS1-13bni EPM – H01 56401.3± 7.9 23.39± 0.26 23.18± 0.20 5814± 1175 Hβ 40.65± 0.76 1348± 470
EPM – D05 56400.0± 8.6 23.39± 0.26 23.19± 0.20 5913± 1237 40.68± 0.77 1368± 487

∗K-corrected magnitudes in the Johnson-Cousins Filter System. H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005).
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Fig. 5: CHOOSE ONE out of Figures 5 and 6!! Comparison of
EPM and SCM distances, using the dilution factors by Dessart &
Hillier (2005). Circle markers denote SNe for which an estimate
of the explosion epoch was obtained via the EPM, while star-
shaped markers show those that have an estimate for the epoch of
explosion from photometry. Different colours denote the line that
was used to estimate the photospheric velocities of a particular
SN: red corresponds to Fe ii λ5169, and dark blue to Hβ. DEPM

L =

DSCM
L is shown as a dotted line.

A further inspection of Figure 6 reveals no obvious trend for
one technique to systematically result in larger distances than the
other. A possible exception might be PS1-13bni, however, due to
the large uncertainties in its distances, a clear statement cannot
be made. Similarly, there seems to be no obvious systematic shift
amongst the SNe (in red) for which the EPM and SCM distances
were derived using the Fe ii λ5169 line as an estimator for the
photospheric velocity.

Interestingly, the ratio between EPM and SCM distances
does seem to follow a trend for the measurements (in blue) rely-
ing on the vHβ/vFe 5169 relation, in that the DEPM

L /DSCM
L ratio in-

creases with distance. However, we emphasize that the errors in
the velocity measurements for these three objects are very large
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Fig. 6: CHOOSE ONE out of Figures 5 and 6!! Comparison of
EPM angular distances, using the dilution factors by Dessart &
Hillier (2005) with SCM luminosity distances. Circle markers
denote SNe for which an estimate of the explosion epoch was
obtained via the EPM, while star-shaped markers show those
that have an estimate for the epoch of explosion from photom-
etry. Different colours denote the line that was used to estimate
the photospheric velocities of a particular SN: red corresponds
to Fe ii λ5169, and dark blue to Hβ. DSCM

L /DEPM
L = (1 + z)2 is

shown as a dotted line. We assume a ΛCDM cosmology with H0
= 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.

and that this is likely an effect of (extremely) low number “statis-
tics”. (Edit depending of figure chosen!)

3.8. The Hubble diagram

Figure 9 shows the Hubble diagrams using EPM and SCM dis-
tances, respectively. The red and blue points represent SNe from
our sample for which either Fe ii λ5169 or Hβ was used to esti-
mate the photospheric velocities. For reasons of better visibility
we only depict our distance results using the Dessart & Hillier
(2005) dilution factors, which give somewhat larger distances
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But the theory of the expanding universe is in 
some respects so preposterous that we 
naturally hesitate to commit ourselves to it. For 
it contains elements apparently so incredible 
that I feel almost an indignation that anyone 
should believe in it – expect myself. 
 

Arthur Eddington  
The Expanding Universe (1933) 



Distance Indicators 


