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calibrations – albeit at the cost of requiring multi-epoch spec-
troscopy alongside photometric observations. The SCM, in com-
parison, is less observationally expensive requiring mainly data
around the midpoint of the plateau phase, but akin to the SN Ia
distance determinations, it does rely on local distance anchors.
Nevertheless, both methods offer alternative distance estimates,
and more importantly, are affected by different systematic effects
compared to the SNe Ia.

In order to create a EPM/SCM Hubble diagram based on
Type II-P SNe, distance measurements at and beyond the Hub-
ble flow are essential. Galaxies in the local neighbourhood are
affected by peculiar motions that can be difficult to model and
therefore limit the precision with which cosmological redshifts
can be measured.

Barring a few exceptions, applications of the EPM or its vari-
ations have remained confined to SNe within the local Universe
(e.g., Hamuy et al. 2001; Leonard 2002; Elmhamdi et al. 2003;
Dhungana et al. 2015). To our best knowledge the EPM has only
been adopted for SNe with redshifts z > 0.01 by Schmidt et al.
(1994) who performed the EPM on SN 1992am at z ∼ 0.049,
Eastman et al. (1996) who also included SN 1992am in their
sample and Jones et al. (2009) whose sample encompassed SNe
with redshifts up to z = 0.028. Schmidt et al. (1994) were the
first to investigate the implications of applying the EPM at higher
redshifts.

On the other hand, probably due to the relative ease of ob-
taining the minimum requisite data, the SCM is much more com-
monly applied to SNe at all redshifts 0.01 < z < 0.1 (e.g. Hamuy
& Pinto 2002; Maguire et al. 2010; Polshaw et al. 2015) and even
to SNe IIP at redshifts z > 0.1 (Nugent et al. 2006; Poznanski
et al. 2009; D’Andrea et al. 2010).

Motivated by the discovery of SN 2013eq at a redshift of z
= 0.041± 0.001 we undertook an analysis of the relativistic ef-
fects that occur when applying the EPM to SNe at non-negligible
redshifts. As a result, we expand on earlier work by Schmidt
et al. (1994), who first investigated the implications of high red-
shift EPM. We wish to ensure that the difference between angu-
lar distance and luminosity distance – that becomes significant
when moving to higher redshifts – is well understood within the
framework of the EPM.

This paper is structured as follows: observations of SN
2013eq are presented in §2; we summarize the EPM and SCM
methods in §3; our results are discussed in §4.

2. Observations and data reduction

SN 2013eq was discovered on 2013 July 30 (Mikuz et al. 2013)
and spectroscopically classified as a Type II SN using spectra ob-
tained on 2013 July 31 and August 1 (Mikuz et al. 2013). These
exhibit a blue continuum with characteristic P-Cygni line pro-
files of Hα and Hβ, indicating that SN 2013eq was discovered
very young, even though the closest pre-discovery non-detection
was on 2013 June 19, more than 1 month before its discovery
(Mikuz et al. 2013). Mikuz et al. (2013) adopt a redshift of 0.042
for SN 2013eq from the host galaxy. We obtained 5 spectra rang-
ing from 7 to 65 days after discovery (rest-frame) and photome-
try up to 76 days after discovery (rest-frame).

2.1. Data reduction

Optical photometry was obtained with the Optical Wide Field
Camera, IO:O, mounted on the 2m Liverpool Telescope (LT;
Bessell-B and -V filters as well as SDSS-r′ and -i′ filters). All

Fig. 1: SN 2013eq and its environment. Short dashes mark the
location of the supernova at αJ2000 = 17h33m15s.73, δJ2000 =
+36◦28′35′′.2. The numbers mark the positions of the sequence
stars (see also Table A.1) used for the photometric calibrations.
SDSS-i′-band image taken on 2013 August 08, 8.7 d after dis-
covery (rest frame).

data were reduced in the standard fashion using the LT pipelines,
including trimming, bias subtraction, and flat-fielding.

Point-spread function (PSF) fitting photometry of SN
2013eq was carried out on all images using the custom built
SNOoPY1 package within iraf2. Photometric zero points and
colour terms were derived using observations of Landolt stan-
dard star fields (Landolt 1992) in the 3 photometric nights and
their averaged values where then used to calibrate the magni-
tudes of a set of local sequence stars as shown in Table A.1 in the
appendix and Figure 1 that were in turn used to calibrate the pho-
tometry of the SN in the remainder of nights. We estimated the
uncertainties of the PSF-fitting via artificial star experiments. An
artificial star of the same magnitude as the SN was placed close
to the position of the SN. The magnitude was measured, and the
process was repeated for several positions around the SN. The
standard deviation of the magnitudes of the artificial star were
combined in quadrature with the uncertainty of the PSF-fit and
the uncertainty of the photometric zeropoint to give the final un-
certainty of the magnitude of the SN.

A series of five optical spectra were obtained with the Optical
System for Imaging and low-Intermediate-Resolution Integrated
Spectroscopy (OSIRIS, grating ID R300B) mounted on the Gran
Telescopio CANARIAS (GTC) and the Intermediate dispersion
Spectrograph and Imaging System (ISIS, grating IDs R158R and
R300B) mounted on the William Herschel Telescope (WHT).

The spectra were reduced using iraf following standard
procedures. These included trimming, bias subtraction, flat-
fielding, optimal extraction, wavelength calibration via arc
lamps, flux calibration via spectrophotometric standard stars,
and re-calibration of the spectral fluxes to match the photome-

1 SuperNOva PhotometrY, a package for SN photometry implemented
in IRAF by E. Cappellaro; http://sngroup.oapd.inaf.it/snoopy.html
2
iraf (Image Reduction and Analysis Facility) is distributed by the

National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under co-
operative agreement with the National Science Foundation.
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Extragalactic Distances

Required for a 3D picture of the (local) universe



Extragalactic Distances
The Astronomical Journal, 146:69 (14pp), 2013 September Courtois et al.

Figure 8. Perspective view of the V8k catalog after correction for incompleteness and represented by three layers of isodensity contours. The region in the vicinity of
the Virgo Cluster now appears considerably diminished in importance. The dominant structures are the Great Wall and the Perseus–Pisces chain, with the Pavo–Indus
feature of significance.
(A color version of this figure is available in the online journal.)

contour maps after making corrections for incompletion. The
first step is to evaluate the intrinsic properties of a complete
sample of galaxies, say, as characterized by the Schechter
(1976) luminosity function. In that early work by Hudson, only
diameters were available over most of the sky, so he had to
determine an equivalent diameter function. The next step is to
formulate how deeply into the luminosity (or diameter) function
one is sampling as a function of distance. This analysis gives a
measure of how much luminosity is being lost in increasing
distance shells. Here we assume a linear relation between
redshift and distance, a reasonable assumption: corrections for
lost galaxies increase with distance from negligible to important,
but over the same range, relative deviations between redshift and
distance decrease from significant to small. The correction is
made in the form of a fifth-order polynomial fit to the depletion
of galaxies in successive shells in redshift. The correction is
made with an adjustment to the luminosities of galaxies in
the catalog, effectively an assumption that the missing galaxies
reside near the bright galaxies that have been included. The
increase in the amount of lost light is modeled by a fourth-
order polynomial fit to the amount of lost light from an assumed
Schechter function in successively increasing velocity shells.
The resulting sample is smoothed on a grid with a Gaussian
smoothing of 100 km s−1 within 1000 km s−1 that increases with
distance so the peak compared with an unadjusted luminosity is
constant but the luminosity is spread over an increasing volume
with distance. The correction is made to luminosity rather than

number through the assumed Schechter function. The number
of lost galaxies becomes very large at the edge of the survey
but the lost luminosity is modest since most of the light in a
complete sample is in the brightest galaxies which are included.
The adjustment factor at 8000 km s−1, the radial dimension
of the data cube on the cardinal axes, is a factor of 2.5. The
adjustment factor grows to 10 in the extreme corners of the cube
at almost 14,000 km s−1. Blue luminosities are used since that
was what was available when V8k was constructed.

In the accompanying movie, the transition from displays
of individual galaxies to maps adjusted for incompleteness is
shown by a dissolve to a density isosurfaces plot. We nest
cuts at three density levels, at 0.3, 0.1, and 0.07 L⋆ galax-
ies per (100 km s−1)3, respectively. Two roughly orthogonal
perspective views are given in Figures 8 and 9. The isoden-
sity values associated with the surfaces are chosen to display
a large range of structures from the Local Group to dense
clusters and the Great Wall, and so that the major structures
appear well defined and separated. In Figure 8 the observ-
ing point is roughly edge-on to the Great Wall and isolates
the Virgo/Local Supercluster from its neighbors. The Great
Wall appears as a massive superstructure running up to the
Hercules Cluster. It is now clear that what has been called the
Virgo or Local Supercluster is a relatively minor element within
the V8k volume. The two dominant structures are the Great
Wall and the Perseus–Pisces filament. The Southern (Sculptor)
Wall is a significant appendage to Perseus–Pisces. Likewise, the
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Extragalactic Distances

• Many different methods

– Galaxies

• Mostly statistical

• Secular evolution, e.g. mergers

• Baryonic acoustic oscillations

– Supernovae

• Excellent distance indicators

• Three main methods

– (Standard) luminosity, aka ’standard candle’

– Expanding photosphere method

– Angular size of a known feature



Expanding Photosphere Method

• Modification of Baade-Wesselink method 
for variable stars

• Assumes

– Sharp photosphere à thermal equilibrium

– Spherical symmetry à radial velocity

– Free expansion



Expanding Photosphere Method
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• R from radial velocity

– Requires lines formed close to the photosphere

• D from the surface brightness of the black 
body

– Deviation from black body due to line opacities

– Encompassed in the dilution factor 𝜁(



Expanding Photosphere Method

• Measures an angular size distance

– Not important in the local universe

– Interesting for cosmological applications

– Mostly for H0

• Cosmology

– Include time dilation

– Metric theories of gravity imply
𝐷7 = 1 + 𝑧 (𝐷4



Expanding Photosphere Method
• Principle difficulties

– Explosion geometry/spherical symmetry

– Uniform dilution factors?

• Develop tailored spectra for each supernova 
à Spectral-fitting Expanding Atmosphere Method 
(SEAM) – see Christian Vogl’s talk on Friday

– Absorption 

• Observational difficulties

– Multiple epochs 

– Spectroscopy to detect faint lines

– Photometry
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Fig. 2: Bessel-B, V , SDSS-r′, i′ light curves of SN 2013eq. The
vertical ticks on the top mark the epochs of the observed spectra.

2013eq within its host galaxy, the host extinction deduced above
from the Na iD absorption is likely to be an upper limit. For the
Galactic extinction we adopt a value of E(B−V)Gal = 0.034 mag
from Schlafly & Finkbeiner (2011).

With the objective of estimating the redshift of the SN, we
performed a series of cross correlations using SNID (Supernova
Identification, Blondin & Tonry 2007). Suggested matches were
scrutinized and the selected results span a range of redshifts be-
tween 0.037 and 0.046. This encompasses the redshift of 0.042
reported by Mikuz et al. (2013) for the host galaxy of SN 2013eq.
We therefore adopt this value as the redshift of the SN, and give
the range in redshifts mentioned above as a conservative esti-
mate of its uncertainty: z = 0.042+0.004

−0.005. This is also consistent
with the redshift of z = 0.041 derived from the blended Na iD
λλ5890,5896 absorption in the +25 d spectrum of SN 2013eq.

2.2. Photometry

SN 2013eq was likely observed shortly after peak brightness
and the initial magnitudes of 18.548± 0.030 and 18.325± 0.022
measured in Bessel-B and SDSS-r′, respectively, are presumably
very close to the maximum in these bands. The light curves ini-
tially decline at relatively steep rates of 3.5± 0.1 mag/100 d in
Bessel-B, 2.1± 0.2 mag/100 d in Bessel-V , 2.1± 0.2 mag/100 d
in SDSS-r′, and 3.4± 0.0 mag/100 d in SDSS-i′ until about 10
to 15 days after discovery. Then the decline rates slow down
to 0.95± 0.02 mag/100 d in Bessel-V , 0.17± 0.02 mag/100 d in
SDSS-r′, and 0.60± 0.03 mag/100 d in SDSS-i′ between ∼25 d
and ∼55 d after discovery, whilst the Bessel-B light curve dis-
plays no break. Type II-P SNe display a plateau phase with al-
most constant brightness after a short (or sometimes negligible)
initial decline (e.g. Anderson et al. 2014). Typically the plateau
phase lasts up to 100 d before the light curve drops onto the ra-
dioactive tail. This transition was, however, not observed for SN
2013eq. Table A.2 in the appendix shows the log of imaging ob-
servations. The light curve is presented in Figure 2.
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Fig. 3: SN 2013eq spectroscopy. The first (+2 d) spectrum is
the classification spectrum (Mikuz et al. 2013; Tomasella et al.
2014). ∗Flux normalized to the maximum Hα flux for better vis-
ibility of the features. The exact normalizations are: flux/1.0 for
the +1 d, +7 d and +11 d spectra; flux/1.1 for +15 d; flux/1.6 for
+25 d; flux/0.8 for +65 d.

2.3. Spectroscopy

Table A.3 in the appendix shows the journal of spectroscopic
observations. In addition to the spectra obtained for our study
we also included the publicly available classification spectrum3

obtained on 2013 July 31 and August 1 (Mikuz et al. 2013). The
fully reduced and calibrated spectra of SN 2013eq are presented
in Figure 3. They are corrected for reddening (E(B − V)tot =
0.096 mag) and redshift (z = 0.042).

The strongest feature in the spectra is Hα, which would be
matched by the corresponding features at about 4850 Å, 4300 Å
and 4100 Å in the blue to be Hβ, Hγ and Hδ. In the classification
spectrum, only Hα and Hβ profiles are visible though relatively
weakly. They become stronger at later epochs and we can discern
also Hγ, and Hδ. We can also discern a feature at about 5900 Å
that is typically assigned to He i λ5876. Leonard et al. (2002)
claim that it evolves into a blend with Na iD at later epochs in
SN 1999em.

Finally, we can observe weak lines of intermediate mass el-
ements between 4000 and 5500 Å. In particular Fe ii 5169 which
is visible in the spectra from +11 d on. Fe ii 5018 is visible only
in the +65 d spectrum. At this epoch we also see weak lines
around 4450 Å and 4860 Å that are attributed to a blend of Fe ii,
Ba ii and Ti ii in SN 1999em by Leonard et al. (2002).

3 Classification spectra from the Asiago Transient Classifica-
tion Program (Tomasella et al. 2014) are publicly available at
http://graspa.oapd.inaf.it/cgi-bin/output_class.cgi?sn=2011
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2013eq within its host galaxy, the host extinction deduced above
from the Na iD absorption is likely to be an upper limit. For the
Galactic extinction we adopt a value of E(B−V)Gal = 0.034 mag
from Schlafly & Finkbeiner (2011).

With the objective of estimating the redshift of the SN, we
performed a series of cross correlations using SNID (Supernova
Identification, Blondin & Tonry 2007). Suggested matches were
scrutinized and the selected results span a range of redshifts be-
tween 0.037 and 0.046. This encompasses the redshift of 0.042
reported by Mikuz et al. (2013) for the host galaxy of SN 2013eq.
We therefore adopt this value as the redshift of the SN, and give
the range in redshifts mentioned above as a conservative esti-
mate of its uncertainty: z = 0.042+0.004

−0.005. This is also consistent
with the redshift of z = 0.041 derived from the blended Na iD
λλ5890,5896 absorption in the +25 d spectrum of SN 2013eq.

2.2. Photometry

SN 2013eq was likely observed shortly after peak brightness
and the initial magnitudes of 18.548± 0.030 and 18.325± 0.022
measured in Bessel-B and SDSS-r′, respectively, are presumably
very close to the maximum in these bands. The light curves ini-
tially decline at relatively steep rates of 3.5± 0.1 mag/100 d in
Bessel-B, 2.1± 0.2 mag/100 d in Bessel-V , 2.1± 0.2 mag/100 d
in SDSS-r′, and 3.4± 0.0 mag/100 d in SDSS-i′ until about 10
to 15 days after discovery. Then the decline rates slow down
to 0.95± 0.02 mag/100 d in Bessel-V , 0.17± 0.02 mag/100 d in
SDSS-r′, and 0.60± 0.03 mag/100 d in SDSS-i′ between ∼25 d
and ∼55 d after discovery, whilst the Bessel-B light curve dis-
plays no break. Type II-P SNe display a plateau phase with al-
most constant brightness after a short (or sometimes negligible)
initial decline (e.g. Anderson et al. 2014). Typically the plateau
phase lasts up to 100 d before the light curve drops onto the ra-
dioactive tail. This transition was, however, not observed for SN
2013eq. Table A.2 in the appendix shows the log of imaging ob-
servations. The light curve is presented in Figure 2.
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2.3. Spectroscopy

Table A.3 in the appendix shows the journal of spectroscopic
observations. In addition to the spectra obtained for our study
we also included the publicly available classification spectrum3

obtained on 2013 July 31 and August 1 (Mikuz et al. 2013). The
fully reduced and calibrated spectra of SN 2013eq are presented
in Figure 3. They are corrected for reddening (E(B − V)tot =
0.096 mag) and redshift (z = 0.042).

The strongest feature in the spectra is Hα, which would be
matched by the corresponding features at about 4850 Å, 4300 Å
and 4100 Å in the blue to be Hβ, Hγ and Hδ. In the classification
spectrum, only Hα and Hβ profiles are visible though relatively
weakly. They become stronger at later epochs and we can discern
also Hγ, and Hδ. We can also discern a feature at about 5900 Å
that is typically assigned to He i λ5876. Leonard et al. (2002)
claim that it evolves into a blend with Na iD at later epochs in
SN 1999em.

Finally, we can observe weak lines of intermediate mass el-
ements between 4000 and 5500 Å. In particular Fe ii 5169 which
is visible in the spectra from +11 d on. Fe ii 5018 is visible only
in the +65 d spectrum. At this epoch we also see weak lines
around 4450 Å and 4860 Å that are attributed to a blend of Fe ii,
Ba ii and Ti ii in SN 1999em by Leonard et al. (2002).

3 Classification spectra from the Asiago Transient Classifica-
tion Program (Tomasella et al. 2014) are publicly available at
http://graspa.oapd.inaf.it/cgi-bin/output_class.cgi?sn=2011
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SN 2013eq
• Two different dilution factors applied

– Hamuy et al. 2001 (H01)

– Dessart & Hillier 2005 (D05)

• Both give a good distance to SN 1999em,
e.g. Jones et al. (2009)

E.E.E. Gall et al.: The distance to SN 2013eq

Table 1: Interpolated rest-frame photometry and temperature evolution of SN 2013eq

Date MJD Epoch∗ B∗∗ V∗∗ I∗∗ T⋆,BVI

rest-frame (d) mag mag mag K
2013-08-01 56505.93 +1.97 17.95± 0.27 18.09± 0.09 17.71± 0.07 >12000
2013-08-06 56511.00 +6.84 18.15± 0.19 18.25± 0.10 17.81± 0.06 12498± 7532
2013-08-10 56514.99 +10.67 18.29± 0.15 18.36± 0.10 17.96± 0.06 11888± 4175
2013-08-15 56519.96 +15.44 18.43± 0.12 18.45± 0.11 17.99± 0.07 10622± 2347
2013-08-25 56529.96 +25.05 18.73± 0.12 18.55± 0.11 18.15± 0.08 8580± 1050
2013-10-06 56571.90 +65.34 19.91± 0.21 18.93± 0.12 18.24± 0.07 5318± 242

∗Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56503.882 (MJD). ∗∗Johnson-Cousins Filter
System. For the first epoch the data are insufficient to estimate a temperature. We therefore derived a lower limit of 12000 K using
a black body fit to the interpolated photometry.

Table 2: EPM Quantities for SN 2013eq

Date MJD Epoch∗ Averaged v
θ†B × 1012 θ†V × 1012 θ†I × 1012 Dilution factor

rest-frame km s−1 ζBVI reference

2013-08-15 56519.96 +15.44 6835± 244 4.9± 1.8 4.8± 1.5 5.3± 1.2 0.41 H01
4.4± 1.6 4.2± 1.3 4.7± 1.1 0.53 D05

2013-08-25 56529.96 +25.05 5722± 202 6.1± 1.5 6.1± 1.3 6.1± 0.9 0.43 H01
5.3± 1.3 5.3± 1.1 5.3± 0.8 0.59 D05

2013-10-06 56571.90 +65.34 3600± 104 8.8± 1.5 10.5± 1.4 8.8± 0.8 0.75 H01
8.0± 1.4 9.5± 1.2 8.0± 0.7 0.92 D05

∗Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56503.882 (MJD). H01: Hamuy et al.
(2001); D05: Dessart & Hillier (2005). See also Figure 4.
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Fig. 4: Distance fit for SN 2013eq using ζBVI as given in Hamuy et al. (2001) (left panel) and Dessart & Hillier (2005) (right panel).
The diamond markers denote values of χ through which the fit is made; circle markers depict the resulting epoch of explosion.

the rest-frame by applying the K-corrections. The expansion ve-
locity is determined using the relation in equation 12. We then
use our measured Fe ii λ5169 velocities to estimate an appropri-
ate value for 50 d.

We repeated the above procedure three times using the epoch
of explosion derived via EPM with the dilution factors from
Hamuy et al. (2001) and Dessart & Hillier (2005). We addition-
ally, estimated the explosion epoch by utilizing the average rise
time for SNe II-P of 7.0± 0.3 as given by Gall et al. (2015) as-
suming that SN 2013eq was discovered close to maximum. This
is likely a valid assumption given its spectral and photometric
evolution. Finally, equation 11 – which essentially describes the

relation between the I-band magnitude, the (V − I)-color and the
expansion velocity 50 days after explosion – is applied for each
of the three cases.

Note, that the uncertainty in the explosion epoch will intro-
duce and error to all quantities derived at 50 days after explosion.
An earlier explosion epoch will ultimately result in a larger dis-
tance. This has been discussed also by Nugent et al. (2006), who
found that the explosion date uncertainty has the largest impact
on the final error compared to other contributions, and also by
Poznanski et al. (2009) who, in contrast, find that their results
vary only little with the explosion epoch arguing that the magni-
tudes and colors are relatively constant during the plateau phase.
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Standardizable Candle Method

Introduced by Hamuy & Pinto (2002)

– Normalised luminosity during the plateau 
phase of SNe IIP

– Normally at 50 days
after explosion

Used widely for SNe IIP
– Nugent et al. 2006

– Poznanski et al. 2009

– Olivares et al. 2010

– Maguire et al. 2010

– Polshaw et al. 2015

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)

Hamuy & Pinto 2002



Standardizable Candle Method

• Straightforward simple method

– Only few observations required

• Issues

– Need to know explosion time

• Often not too obvious from observational data

– Measurement during a ’faint’ epoch

• Plateau and not maximum

– Spectroscopy often difficult

• Faint phase and faint lines

• Attempts to use prominent hydrogen lines 



E.E.E. Gall and O. Thers : The distance to SN 2013eq

Table 2: EPM Quantities for SN 2013eq

Date MJD Epoch∗ Averaged v
θ†B × 1012 θ†V × 1012 θ†I × 1012 Dilution factor

rest-frame km s−1 ζBVI reference

2013-08-15 56519.96 +15.43 6835± 244 5.06± 0.54 4.93± 0.44 5.38± 0.35 0.41 H01
4.48± 0.48 4.36± 0.39 4.76± 0.31 0.53 D05

2013-08-25 56529.96 +25.03 5722± 202 6.63± 0.61 6.56± 0.51 6.71± 0.36 0.45 H01
5.75± 0.53 5.70± 0.45 5.83± 0.31 0.59 D05

2013-10-06 56571.90 +65.28 3600± 104 8.73± 1.32 10.50± 1.20 8.81± 0.64 0.75 H01
7.91± 1.20 9.51± 1.08 7.98± 0.58 0.92 D05

∗Rest frame epochs (assuming a redshift of 0.042) with respect to the first detection on 56503.882 (MJD). H01: Hamuy et al.
(2001); D05: Dessart & Hillier (2005). See also Figure 4.
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Fig. 4: Distance fit for SN 2013eq using ζBVI as given in Hamuy et al. (2001) (left panel) and Dessart & Hillier (2005) (right panel).
The diamond markers denote values of χ though which the fit is made; circle markers depict the resulting epoch of explosion.

Table 3: EPM distance and explosion time for SN 2013eq

Dilution Filter DL Averaged DL t0 Average t0
Factor Mpc Mpc days∗ days∗ mjd

H01
B 169± 37 8.3± 2.6
V 127± 19 156± 15 1.0± 0.9 6.3± 0.9 56497.4± 1.0
I 171± 15 9.5± 0.5

D05
B 183± 40 6.9± 2.4
V 139± 20 169± 16 0.0± 0.8 5.0± 0.9 56498.7± 0.9
I 185± 17 8.0± 0.4

∗Rest frame days before discovery on 56503.882 (MJD). H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005). See also Figure
4.

nanski et al. (2009) who, in contrast, find that their results vary
only little with the explosion epoch arguing that the magnitudes
and colors are relatively constant during the plateau phase. See-
ing that the explosion epoch is relatively well constrained for SN
2013eq by applying the EPM, we find only a very small contribu-
tion to the measured V- and I-band magnitudes and consequently
also the (V − I) color at 50 days after explosion. These are of the
same order as the original uncertainties in the magnitudes. The
time of explosion uncertainty is, however, more significant when
determining the expansion velocity at 50 days, even though the
error in the Fe ii λ5169 velocities and the intrinsic error in Equa-
tion 12 contribute to a larger degree.

The uncertainty in the redshift plays an almost negligible
role. For completeness we did however propagate its error when
accounting for time dilation. Note, that Hamuy & Pinto (2002)
find peculiar motions in nearby galaxies (cz < 3000 km s−1) con-
tribute significantly to the overall scatter in their Hubble dia-
gram; however this is not a relevant issue for SN 2013eq.

The final uncertainties in the distance modulus and the dis-
tance are propagated from the errors in MI50 , v50,Fe ii and (V− I)50.
The derived distance moduli and luminosity distances as well as
the intermediate results are given in Table 4.
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Table 4: SCM quantities and distance to SN 2013eq

Dilution t0 V∗50 I∗50 v50 µ DL

Factor mjd mag mag km s−1 mag Mpc
H01 56497.4± 1.0 19.05± 0.04 18.33± 0.03 5078± 422 36.14± 0.23 169± 18
D05 56498.7± 0.9 19.06± 0.04 18.33± 0.03 4961± 413 36.10± 0.22 166± 17

∗Johnson-Cousins Filter System. H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005). See also Figure 4.

4.5. Comparison of EPM and SCM distances

An inspection of Table 3 reveals, that the two EPM luminosity
distances derived using the dilution factors from Hamuy & Pinto
(2002) and Dessart & Hillier (2005) give consistent values. This
is no surprise, bearing in mind that the dilution factors factors
from Hamuy & Pinto (2002) and Dessart & Hillier (2005) ap-
plied for SN 2013eq differ by only 18-24 % (see Table 2). Simi-
larly, the resulting explosion epochs are also consistent with each
other.

Likewise, the SCM distances calculated utilizing the times
of explosion found via EPM and the dilution factors from either
Hamuy & Pinto (2002) or Dessart & Hillier (2005) (see Table
4), are consistent not only with each other but also with the EPM
results.

It is remarkable how close our outcomes are within the er-
rors to the distance of 180 Mpc calculated from the redshift of
SN 2013eq with the simple formula D = cz/H0 (for H0 =
70 km s−1 Mpc−1). While this is of course no coincidence for the
SCM-distances (which are based on H0 = 70 km s−1 Mpc−1), the
EPM-distance is completely independent as to any assumptions
concerning the Hubble constant. This is particularly encourag-
ing, considering the scarcity of data points for our fits stemming
mostly from the difficulty of measuring the velocities of weak
iron lines in our spectra. It seems that both the SCM and the EPM
are surprisingly robust techniques to determine distances even at
non-negligible redshifts where high cadence observations are not
always viable.

5. Conclusions

We presented optical light curves and spectra of the Type II-P
SN 2013eq. It has a redshift of z = 0.042+0.004

−0.005, which inspired
us to embark on an analysis of relativistic effects when apply-
ing the expanding photosphere method to SNe at non-negligible
redshifts.

We find that for the correct use of the EPM to SNe at non-
negligible redshifts, the observed flux needs to be converted into
the SN rest frame, e.g. by applying a K-correction. In addition,
the angular size, θ, has to be corrected by a factor of (1+ z)2 and
the resulting EPM distance will be an angular distance. However,
when using a modified version of the angular size θ† = θ/(1+z)2

the EPM can be applied in the same way as has previously been
done for small redshifts, with the only modification being a K-
correction of the observed flux. The fundamental difference is
that this will result in a luminosity distance instead of an angular
distance.

For the SCM we follow the approach of Nugent et al. (2006),
who outline it’s use for SNe at cosmologically significant red-
shifts. Similar to the EPM their formulation of the high red-
shift SCM requires the observed magnitudes to be transformed
into the SN rest frame, which in practice corresponds to a K-
correction.

We find EPM luminosity distances of DL = 156± 15 Mpc
and DL = 169± 16 Mpc as well as times of explosions of

6.3± 0.9 d and 5.0± 0.9 d before discovery (rest frame), by mak-
ing use of the dilution factors as given by Hamuy et al. (2001)
and Dessart & Hillier (2005), respectively. Assuming SN 2013eq
was discovered close to maximum light this would result in rise
times that are broadly in line with those of local SNe II-P (Gall
et al. 2015). With the times of explosions derived via the EPM –
having used the dilution factors from either Hamuy et al. (2001)
or Dessart & Hillier (2005) – we find SCM luminosity distances
of DL = 169± 18 Mpc and DL = 166± 17 Mpc.

The luminosity distances derived using different dilution fac-
tors as well as either EPM or SCM are consistent with each
other. Considering the scarcity of viable velocity measurements
it is encouraging that our results lie relatively close to the ex-
pected distance of ∼ 180 Mpc calculated from the redshift of SN
2013eq.

With current and upcoming transient surveys, it appears to
be only a matter of time until statistically significant numbers
of SNe II-P become available also at non-negligible redshifts.
Consequently, the promise of yielding sound results will turn the
EPM and SCM into increasingly important cosmological tools,
provided the requisite follow-up capabilities are in place.
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Figure 1. Evolution of the ring collision from 1994 to 2014 (days 2,270 - 9,975) from a combination of HST B- and R-band images. The
brightness of the ring has been reduced by a factor of 20 by applying a mask to the images. This makes it possible to see the morphology
of the ring at the same time as the faint ejecta and regions outside. The flux scale is otherwise the same for all panels. Note that the spot
seen to the south-west already in the first image is a star. Note also that the color evolves with time, which is consistent with the upper
panel in Fig. 2. The size of the field is 2.100 ⇥ 1.800. North is up, east is left.
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Figure 2. Upper panel: R and B band light curves of the full
ring from HST photometry. Middle panel: Light curve in individ-
ual emission lines from the shocked ring from spectroscopy with
VLT/UVES, using a 0.800slit. Note the di↵erent scales on the ver-
tical axis in the panels and the scaling factors for the B-light curve
and the lines. Bottom panel: The same for the narrow H↵, [N II]
�6583 and [O III] �5007 lines from the un-shocked clumps.

phase ended ⇠ 8, 000 days after the explosion and the

hotspots are now fading in our observations that extend
to 9,975 days.
The flux from the hotspots peaked earliest on the east

side of the ring. After the peak they, however, all decay,
with the south-east decaying most rapidly. Light curves
for the individual spots show that the most rapid fading
is now in the southeast (Fig. 3, middle panel).
The high-resolution spectroscopy from the UVES al-

lows us to separate the contribution to the light curve
from the un-shocked ring (emitting narrow lines) and the
shocked hotspots (emitting lines with typical velocities
⇠ 300 km s�1) In the middle panel of Fig. 2 we show the
light curves of three di↵erent lines from the shocked gas
(H↵, [Fe XIV] �5303 and [O III] �5007), which all show
a similar evolution as the HST light curves. In the lower
panel we show the fluxes of the strongest narrow lines
from the un-shocked gas (H↵, [N II] �6583 and [O III]
�5007). Up to ⇠7,000 days the unshocked [O III] and H↵
lines increase in flux, caused by pre-ionization by the soft
X-rays. After this epoch all three lines, however, decline
more steeply than the lines from the shocked gas.
From UVES observations of H↵ we also find that the

shocks are radiative up to at least ⇠ 700 km s�1, and
possibly up to ⇠ 1, 000 km s�1, depending on the angle
of the shocks relative to the line of sight (Gröningsson
et al. 2008, Migotto et al., 2015, in prep.). This can
be compared to the velocities derived from the proper
motions in Sect. 2, where the average was found to be
⇠ 540 km s�1. Although the radial and proper motion
velocities are in perpendicular directions, the 43� inclina-
tion of the ring results in a similar correction, assuming
that the expansion is radial from the explosion centre.

Fransson et al. 2015 Indebetouw et al. 2014



The emission line components
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Figure 19. Two-dimensional STIS spectra from 2004 (lower) and 2010 (upper) of the Hα (left strong line) and [Ca ii] (right fainter line) regions from the central slit
in Figure 13. To show the faint [Ca ii] line better, the intensity levels have been shifted compared to Figure 13. Note the absence of any high-velocity reverse shock
component similar to that of Hα for [Ca ii]. We also show the position of the [O i] doublet, which can be seen also in the ejecta with a velocity distribution similar to
the [Ca ii] lines. The velocity scales are in units of 1000 km s−1 from Hα and [Ca ii], respectively.
(A color version of this figure is available in the online journal.)
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Figure 20. Upper panel: evolution of the [Ca ii] λλ7292, 7324 flux with time
with UVES and STIS. The squares are from UVES and the circle point at
6355 days from STIS. The triangles show the flux from the regions of the line
not affected by the narrow lines, multiplied by a factor 2.5. Lower panel: same
for the Mg ii λλ9218, 9244. The fluxes from the unblocked regions of the lines
have in this case been scaled by a factor 1.4.
(A color version of this figure is available in the online journal.)

replaced by spline interpolations. To estimate the uncertainty
introduced by this interpolation, we have also calculated the
flux from the line, omitting these regions. These are shown as
triangles. For a comparison with the interpolated line, we have
multiplied these fluxes by a constant factor 2.5. As an extra
check, we also show the flux from the STIS 2004 observation
measured from the central area shown in Figure 13. This flux
(7.4 × 10−15 erg cm−2 s−1 on day 6355 after the explosion) is
similar to that found from UVES, and well within the error bars.

We see in Figure 20 that the flux increased monotonically by
a factor of ∼4–6 up to day ∼7000. At later epochs it is nearly
constant. This increase in flux is an important indication that
there is additional energy input to the inner ejecta in addition to
the radioactive energy source. In L11 these lines were used as
an independent confirmation of the HST photometry, where the
spatial information was combined with the photometry to show
that the increased flux was coming from the inner ejecta, and
not from the reverse shock region.

At these stages, the [Ca ii] λλ7292, 7324 lines are mainly
excited by fluorescence of UV emission through the H&K
lines (Li et al. 1993; Kozma & Fransson 1998b; Jerkstrand
et al. 2011). Therefore, the Ca ii triplet λλ8498, 8542, 8662
is expected to have the same total flux as the λλ7292, 7324
lines, unless collisional de-excitation is important. The STIS
spectrum in Figure 4 shows that there indeed is a line feature
at this wavelength range, and with a flux consistent with that
of the λλ7292, 7324 lines, although it is more smeared out in
wavelength than the λλ7292, 7324 lines.

We also note the presence of an additional broad line with a
peak wavelength close to that of He i λ5876/Na i λλ5890, 5896.
Chugai et al. (1997) claim that this is Na i and based on modeling
by Jerkstrand et al. (2011) this is a likely identification.

3.4. The λ9220 Å Feature

The broad line at ∼9220 Å has no obvious identification. The
full extent is ±3500 km s−1, indicating an origin in the core of
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7. Description of the proposed programme and attachments
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Fig. 1. Left: HST WFC3 F625W image from Feb. 2013, showing the ejecta and the circumstellar ring. The ring
diameter is 1.600. Middle: H↵ profile from FORS from 2006 (red) to 2012 (black). The broad ±11, 000 km s�1

profile is from the reverse shock and the ⇠ ±3, 000 km s�1 component is from the inner ejecta, while the
intermediate and narrow lines originate from the shocked and unshocked ring (Fransson et al. 2013). Right:
The UVES [N II] � 6583 profile from the ring from Dec. 2013, showing the unshocked and shocked components
(Migotto et al., in prep.).

Fig. 2. Left: 3D map of the [Si I] + [Fe II] emission at 1.644 µm from SINFONI in 2011. Darker and bigger
points correspond to brighter emission. The ring and the normal to the ring are shown in black. The blue blob
and line indicate the position of the observer and the line of sight, respectively. (From Larsson et al. 2013,
a movie is available in the online material). Middle: 2D image of the same line. Note the centrally peaked
brightness profile, in contrast to the H↵ image above. (Larsson et al. 2013) Right: SINFONI image overlaid on
the ALMA CO (red) + SINFONI (green) + HST (blue) images. (Indebetouw et al. 2013).
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Fig. 3. Left: Evolution of the H↵ profile from UVES from 2007 to 2013. Note the increase in the maximum
blue velocity of H↵, showing how shocks with increasing velocity cools. Middle: The [Fe XIV] 5303 profile stays
nearly constant, coming from 106 K gas immediately behind the shock, where the high velocity shocks are seen
already at early epochs. Right: Light curves of the H↵, [O III] 5007 and [Fe XIV] 5303 lines. Upper panel shows
the fluxes of the narrow, un-shocked component and the lower the intermediate width shocked component. It
is clear that they are all decaying, signaling the last phase of the ring destruction. (Migotto et al, in prep.)
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Evolution of the inner ejecta
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IR observations

[Si I]/[Fe II] 1.644µm 
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Inner ejecta

• Complicated region with 
emission from
– Cold dust (mm, ALMA; SiO, CO)

– Infrared emission lines (𝜇m, SINFONI; He, 
H2, Si/Fe)

– Optical emission lines (nm, HST; H)

• Different spatial distributions 3

Figure 2. Contour maps from 2005 of the spatial intensity distribution of Hα (HST), the H2 2.40 µm band, He I 2.058 µm, and
[Si I]/[Fe II] 1.644 µm (from SINFONI within ±3000 km s−1 for each line). The major axis of the circumstellar ring is 1.8? ′′and inclined
by ∼ 43◦ to the line-of-sight. The contours are linearliy spaced between the maximum (red) and minimum (blue) ejecta region for each
image. The star marks the center of the ring.

qualitative results for the spectral fits are not sensitive
to these assumptions.
The lines profiles are assumed to be Gaussian with a

FWHM of 2300 km s−1, the same as that found for the
CO lines (Kamenetzky et al. 2013). To obtain the best
S/N we coadd the K-band spectra from 2005 and 2007.
In the upper panel of Fig. 3 we show this together with
the synthetic spectrum.
Excitation from the H2 ground state requires photons

between 912 Å and 1130? Å. UV fluorescence may be
caused by photons created internally in the ejecta (Sect.
5). There may also be UV emission from the ring col-
lision. Observationally, Lyα is strong from the ring
(France et al. 2011) and resonance fluorescence with Lyα
from the H2 v = 2 vibrational level (Shull 1978) may be
possible. This process, however, requires either a temper-
ature of ! 1000 K or a sufficiently strong UV radiation
field for a significant population of this level. Between
912 Å and ∼ 1150 Å little is known about the flux from
the ring.
To test the UV fluorescensce model we have taken the

relative H2 line strengths from Model 14 of Black & van
Dishoeck (1987) and again scaled this to the 2.122 µm
flux. The relative line strengths are not very sensitive to
the specific shape of the spectrum in the far-UV or to
the density as long as this is " 104 cm−3. The result is
shown in the lower panel of Fig. 3.
The relative flux of the 2.122 µm and the 2.40 µm lines

is similar in the two models and close to the observed ra-
tio, especially considering the uncertain continuum level.
This, together with the good fit of the line profiles, con-
firms the H2 line identifications.
From the line fits we estimate the total luminosity in

the 2014 (day 10,120) spectrum of the 2.40 µmH2 lines to
∼ 6.2× 1032 erg s−1 and of the 2.122 µm line to ∼ 2.4×
1032 erg s−1. Uncertainties in these luminosities come
mainly from the level of the assumed continuum. This
should be compared to the total input from positrons
which is ∼ 1036 erg s−1, which is ∼ 1/3 of the bolometric
luminosity (Larsson et al. 2011).
The main difference in the K-band between the UV

fluorescence and non-thermal electron models is in the
(2,1)S(1) 2.248 µm/(1,0)S(1) 2.122 µm ratio. In the
UV dominated case Gredel & Dalgarno (1995) find this
to be 0.54 compared to 0.06 in the non-thermal elec-
tron case. From Fig. 3 we see that the 2.248 µm and
(1,0)S(0) 2.223 µm lines give a better fit to the feature
at ∼ 2.25 µm for the UV-fluorescence model. Examin-
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Figure 3. Upper panel: Coadded K band spectra from 2005–
2007 (blue), together with the synthetic spectrum (black) for the
non-thermal electron excitation model The individual contribu-
tions from H2 (magenta), H I (cyan), He I (green) and the con-
tinuum (red dashed line) are shown. Lower panel: Same for the
UV dominated H2 excitation model.

ing the total fits in Fig. 3, there is a preference for the
UV excitation model, mainly from weaker lines at 1.953,
2.034, 2.071, 2.351 µm, which may be present in the ob-
servations. This choice is fairly marginal, given the S/N
level of the spectrum and the possibility of other weak
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Figure 1. Compilation of K band spectra from 2005, 2007, 2011
and 2014. Each spectrum is shifted by 5×10−18erg cm−2 s−1 Å−1

relative to the previous. Change to days?

mal and atmospheric backgrounds do not create artefacts
that would mimic the Q-branch emission from the SN.

3. RESULTS

In Fig. 1 we show a compilation of the K-band spectra
from 2005 to 2014, days 6832, 7606, 8694 and 10,120.
In order to minimise the contamination from the ring
and to be able to compare the fluxes from the same co-
moving region we use an expanding elliptical aperture
enclosing the emitting H2 region down to a level of 50%
of the peak value. In Fig. 2 below this corresponds to
the yellow central contour. Scattered light from the ring
was removed as in Larsson et al. (2016) and the spectrum
was binned by a factor three.
The strongest line at all these epochs is the He I 2.058

µm line. We also see a faint Brγ line at 2.166 µm. In
addition to these, there is a clear line at 2.12 µm and a
strong, broad feature at 2.40 µm. Based on the wave-
lengths and absence of other natural candidates we iden-
tify the 2.12 µm line as the (1,0) S(1) transition in H2
and the feature at 2.40 µm as a blend of the (1,0) Q(1 –
3) transitions at 2.406, 2.413, 2.423 µm.
In Fig. 2 we show the spatial distribution in 2005 of

the 2.40 µm feature together with Hα from HST (Lars-
son et al. 2013), He I 2.058 µm, and [Si I]/[Fe II] from
SINFONI (Kjær et al. 2010). The emission from the cir-
cumstellar ring in the 2.40 µm image is a result of con-
tinuum emission, as well as contributions from H I (19-5
and 20-5). From the figure we note that the 2.40 µm
emission has a markedly different distribution compared
to Hα. Most of the emission is, in contrast to Hα, con-
centrated to the center in a way similar to the He I 2.058
µm and 1.664 µm [Si I]/[Fe II] lines (Larsson et al. 2013).

4. ORIGIN OF THE H2 EMISSION

4.1. Spectral modeling

To check that the identification of the lines with H2 is
consistent with wavelengths and expected relative fluxes,
as well as the presence of other lines in this spectral win-
dow, we have calculated synthetic spectra for different
assumptions for the H2 excitation. Because the tem-

perature in the H rich gas in the SN core is ! 200 K
(Jerkstrand et al. 2011; Kamenetzky et al. 2013) ther-
mal excitations of the vibrational levels are likely to be
unimportant. The remaining possibilities are excitation
by non-thermal electrons or alternatively by UV fluores-
ence.
There are two sources of non-thermal electrons in the

ejecta. The radioactive decay of 44Ti produces positrons,
which give rise to a cascade of non-thermal electrons
with energies " 10 eV. Whether these will reach the H
rich blobs of the ejecta depends on the magnetic field.
Coulomb collisions only are not enough to trap them
in the iron rich regions where the positrons are created
(Jerkstrand et al. 2011), but even a weak field decreases
the mean free path dramatically. It is, however, conceiv-
able that at least a fraction of the positrons may escape
the 44Ti sites and may then ionize and excite the H rich
parts of the core.
The other source of fast electrons may be X-rays from

the interaction with the ring. We have shown that the
evolution of the optical flux from the ejecta (Larsson
et al. 2011) is now dominated by these X-rays. When
X-rays are absorbed and ionize the ejecta they will give
rise to fast electrons, which will result in a similar cas-
cade of non-thermal electrons as the positrons (Fransson
et al. 2013).
To test the non-thermal electron scenario we use the

relative fluxes calculated by Gredel & Dalgarno (1995,
their Table 4). It should be noted that the relative
strengths of the lines depend on the rotational temper-
ature of the ground state levels as well as the degree of
ionization. The calculation referred to assumes a tem-
perature of 300 K for the ground state populations and
an electron energy of 30 eV. We have then normalized
the different H2 fluxes to the flux of the 2.122 µm line.
In addition, we have added the He I 2.058 µm and Brγ
at 2.116 µm with fluxes adjusted to fit the observations.
Besides lines there is clearly a continuum contribution.

This is not caused by scattered light from the ring since
we see the same spatial distribution in line free regions,
e.g., between 2.30– 2.35 µm. The origin of this is not
clear. Continuum emission from H and He has the severe
problem that the temperature in the ejecta is extremely
low, ! 300 K. Bound-free continua are therefore only
seen as narrow features close to the ionization thresholds.
One interesting candidate for the continuum is dust

emission from ultra-small grains. From ALMA observa-
tions we know there is a strong source of dust emission
in the core of the SN (Matsuura et al. 2015) with tem-
perature of ∼ 20? K. Simulations show that the size dis-
tribution of grains is likley to range from small clusters
of size ∼ 10 Å to micron sized grains (Sarangi & Cherch-
neff 2015). As is seen in from e.g., refection nebulae (?),
the ultra-small grains will because of their small heat ca-
pacity be transiently heated by UV photons to very high
temperatures (e.g., Draine 2011) and emit their radia-
tion in the mid-NIR. We propose this to be the origin
of the continuum emission, linking the NIR to the mm
observations. The exact temperature depends on the in-
tensity of the UV radiation and its spectral distribution.
Here we assume a blackbody of temperature of 1000 K
and adjust the level to the flux at 2.35 µm. While the
absolute fluxes are sensitive to the continuum level, our
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Figure 4. Upper panel: HST images of SN 1987 with WFC3 in the F625W filter on days 8,717 (2011-01-05), 9,480 (2013-02-06), and 9,975
(2014-06-15). The middle panel shows the di↵erence images of 2013-2011, 2014-2013 and 2014-2011, respectively. Blue means fainter and
red brighter. Inside the ring the asymmetric ejecta of the ejecta can be seen. Note the gradual appearance of several small spots, as well as
di↵use emission, outside the inner ring in the south-east. New spots can also be seen in the north-east, as well as to the north-west. Note
that the two new spots in the north-west do not coincide with the stars labelled in the upper left image. The residuals in the south-east
corner of the di↵erence images are due to a saturated star and the radial streak north-west of the ring in the two first di↵erence panels is
due to a di↵raction spike of a star outside the field shown. The lower panels show the narrow band images in the F502N ([O III]), F658N
([N II]) and F645N (continuum) filters. The field size is 3.000 ⇥ 2.400.

et al. 1997; Pun et al. 2002; Orlando et al. 2005). The
fast decay of the narrow lines from the un-shocked gas
can be explained as a result of the non-radiative shocks,
which traverse lower density gas, replacing the narrow
line emission with soft X-ray emission, in combination
with a decreasing emission measure of the pre-shock gas
in the clumps.
The range of densities in the un-shocked ring has been

estimated to 1 ⇥ 102 cm�3 up to 3 ⇥ 104 cm�3 (Mat-
tila et al. 2010), while the shock speed from the X-ray
imaging is ⇠ 1, 820 km s�1 (Maggi et al. 2012; Helder
et al. 2013), coming from shocks propagating in the low-
density component of the gas. Assuming that the inter-
action with the ring started on day 5,600 (Helder et al.
2013), the blast wave has expanded by ⇠ 7⇥ 1016 cm up
to day 9,975, or ⇠ 10% of the radius of the ring. This
is of the same order as the distance of the new hotspots
outside the ring. It is therefore conceivable that the new
hotspots are a result of either the interaction of the blast
wave with very dense clumps embedded in gas with den-
sity ⇠ 103 cm�3 outside the ring, and close to the equa-
torial plane, or pre-ionization by the X-rays. The fact
that the main part of the ring has faded most in the
south-east, where the majority of the new spots are seen
supports the former interpretation.
The time scale for the complete destruction of the ring

depends on the mass, geometry and density distribution
in the clumps (Pun et al. 2002). The mass estimate for
the ring, 5.8⇥10�2 M� (Mattila et al. 2010), only refers
to the mass ionized by the initial shock breakout, and the

mass of the hotspots and gas outside of the ring could
be considerably larger. However, extrapolating the light
curves in Fig. 2 shows that the ring should fade away
between ⇠ 2020 (based on the individual lines) and ⇠
2030 (based on the HST light curves). The former esti-
mate is likely to be more reliable, as the lines isolate the
emission from the shocked ring component. The hotspots
will be gradually destroyed by instabilities and conduc-
tion by the hot surrounding gas (Borkowski et al. 1997;
Pun et al. 2002; Orlando et al. 2005).
The structure outside the inner ring is complex with a

possible hour-glass shape (Sugerman et al. 2005; France
et al. 2015), which will now be possible to probe. As
the shock progresses beyond the circumstellar ring, it
will trace the history of mass loss from the supernova’s
progenitor, revealing the distribution of gas that is now
unseen, and providing useful information to discriminate
among di↵erent models for the progenitor of SN 1987A.
The lower general density will result in a mainly adia-

batic shock wave, except for clumps with densities com-
parable to the inner ring. However, the new hotspots
we found probably only represent a small fraction of the
mass outside the ring. We expect SN 1987A will be-
come more thoroughly X-ray dominated as the youngest
supernova remnant evolves.

5. CONCLUSIONS

Needed?
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Destruction of the ring

• Ring emission has 
peaked

• Shock is 
dissolving the ring 
between 2020 
and 2030

seen in the final image from 2014, but with hindsight, some of
these are faintly visible in the 2013 image. The new hotspots
are a factor of 10–20 fainter than the old hotspots. The new
spots, as well as diffuse emission outside the ring, can also be
seen in the narrow-band images in Figure 4. It is interesting that
most of the new spots are in the same region as where the
faintest hotspots in the ring are present. The diffuse emission is
likely to be a combination of Hα from the reverse shock region
(France et al. 2015) and gas producing line emission outside
the ring. The latter may be a result of photoionization of the
wind from the red supergiant stage of the progenitor by X-rays
from the shock.

4. DISCUSSION

To interpret these observations we consider the ram pressure
acting on the clumps, given by P V V tn

ejecta
2 2 3rµ µ µ- + -

t n 5- , where n is the power-law index of the ejecta density
profile, V n

ejectar µ - , V is the ejecta velocity at the reverse
shock, assumed to be at a constant radius, and t is the time since
explosion. The pressure will increase with time as long as the
reverse shock is in the steep part of the ejecta density profile.
This pressure drives transmitted shocks into clumps of gas in
the circumstellar ring.

If the density of a clump is sufficiently high, radiative
cooling will cause the clump to collapse to an even higher
density. The result will be an optically emitting hotspot (Pun
et al. 2002). If instead, the density of a clump falls below the

Figure 2. Upper panel: R- and B-band light curves of the full ring from HST
photometry. Middle panel: light curve in individual emission lines from the
shocked ring from spectroscopy with VLT/UVES, using a 0″. 8 slit. Note the
different scales on the vertical axis in the panels and the scaling factors for the
B light curve and the lines. Bottom panel: the same for the narrow Hα, [N II]
λ6583 and [O III] λ5007 lines from the unshocked clumps.

Figure 3. Upper panel: F625W, HST/ACS image from 2006 December 6.
Boxed regions indicate where 2D Gaussian fits were applied, and the
corresponding hotspot locations are identified with black dots. Middle panels:
evolution of the fluxes from the individual hotspots in the R band for the north–
east (NE), north–west (NW), south–east (SE), and south–west (SW) quadrants
of the ring numbered as in the image above. Lower panels: evolution of radii
from the center (in arcseconds) of the different spots as a function of time for
the different quadrants. The radial positions are calculated with respect to the
average positions of the ring before the impact of the shock, seen as a drop at
5000–6000 days in the radial positions. The dashed lines give a linear least
square fit to the data after the impacts of the different spots used for the velocity
determinations.
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SN 1987A – the supernova 
that keeps giving

• Asymmetric explosion

• Molecule and dust formation in the inner 
ejecta

• Ionisation of the inner ejecta (H𝛼) by the 
ring emission

• Ring destruction has started


