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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

• Many different methods

– Galaxies

• Mostly statistical

• Secular evolution, e.g. mergers

• Baryonic acoustic oscillations

– Supernovae

• Excellent (individual) distance indicators

• Three main methods

– (Standard) luminosity, aka ’standard candle’

– Expanding photosphere method

– Angular size of a known feature



Physical parameters of core 
collapse SNe

• Light curve shape and the velocity 
evolution can give an indication of the 
total explosion energy, the mass and the 
initial radius of the explosion

Observables:
• length of plateau phase Δt
• luminosity of the plateau LV

•velocity of the ejecta vph

•E µΔt4·vph
5·L-1

•MµΔt4·vph
3·L-1

•R µΔt-2·vph
-4·L2



Expanding Photosphere Method

• Modification of Baade-Wesselink method 
for variable stars

• Assumes

– Sharp photosphere 
à thermal equilibrium

– Spherical symmetry 
à radial velocity

– Free expansion
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Photosphere Expansion

• Measured from absorption lines

– formed close to the photosphere

• not hydrogen lines à Fe II 

– remove redshift (from galaxy spectrum)

• Colour

– K-corrections
(redshift)
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Figure 2.6: Observed (black) and rest frame (cyan) spectrum of SN 2013eq (z =
0.041± 0.001) obtained with the OSIRIS mounted on the GTC on October 6th, 2013,
overlaid with the SDSS u′g′r′i′z′ filter transmission curves.

the problem arising for broad-band photometric measurements due to this shift in the

spectrum. For example, while in the observed frame the prominent Hα emission con-

tributes only very little towards the r′ magnitude, in the SN frame the Hα emission is

almost entirely encompassed by the filter. Consequently, observed magnitudes do not

necessarily reflect the true SN brightness. The transformation between the observed

apparent magnitude, mx, in a filter x, to the rest frame absolute magnitude, My, in a dif-

ferent filter y requires the aid of K-corrections (Oke & Sandage 1968; Kim et al. 1996;

Hogg et al. 2002):

My = mx − µ − Ax − Kxy, (2.2)

where µ is the distance modulus, Ax is the foreground reddening extinction toward the

source in the observed filter x and Kxy is the K-correction from observed filter x to rest

frame filter y. It is defined as (following the formulation of Hogg et al. 2002):
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where z is the redshift of the SN, λ⋆/! are the wavelengths in the rest/observed frame,

Lλ(λ) is the luminosity of the source at the wavelength λ, S x/y(λ) are the filter responses

of the x and y filters per unit wavelength and g
x/y

λ (λ) are the flux densities per unit

wavelength for a standard source in the x and y filters.

K-corrections were computed by using the acquired spectra of a respective SN and

the snake code (SuperNova Algorithm for K-correction Evaluation) within the S3 pack-
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Photosphere Expansion

Elmhamdi et al. (2003)Hamuy et al. (2001)

luminosity

radius

temperature



Expanding Photosphere Method

𝜃 =
𝑅
𝐷
=

𝑓&
𝜁&
(𝜋𝐵+ 𝑇

	
�

; 	𝑅 = 𝑣 𝑡 − 𝑡3 + 𝑅3; 	𝐷5 =
𝑣
𝜃
(𝑡 − 𝑡3)

• 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

• Multiple filters

• Influence of known date of explosion

A&A proofs: manuscript no. WholeSample_paper
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Fig. C.3: Distance fit for PS1-13wr 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.
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Fig. C.4: Distance fit for PS1-12bku 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.
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Fig. C.5: Distance fit for PS1-13abg using ζBVI as given in Hamuy et al. (2001) (left panel) and Dessart & Hillier (2005) (right
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Fig. 4: Distance fit for PS1-14vk using all available epochs and 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.
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Fig. 5: Distance fit for PS1-14vk using only those epochs that follow a linear relation and 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.

ously been observed (e.g. Hamuy et al. 2001; Jones et al.
2009).

– For some SNe the photometry provides independent esti-
mates of the time of explosion. In theses cases we use the
“observed” explosion epoch as an additional data point in
the fit and are able to significantly reduce the error in the
distance determination.

– In Section 3.4.2 we derived an epoch dependent vHβ/vFe 5169
ratio, which after about 30 days begins to diverge signifi-
cantly for the individual SNe. In those cases where we ap-
ply this ratio, we therefore only include data up to ∼ 30 days
from explosion.

– Jones et al. (2009) argue that after around 40 days from ex-
plosion the linearity of the θ/v versus t relation in Type II-
P SNe deteriorates. Considering the scarcity of data points
for our SNe, we use data up to ∼ 60 days from explosion
for the distance fits, whenever viable. For most SNe in our
sample the χ-t⋆ relation seems to be linear also in this ex-
tended regime. The exception is the PS1-14vk; a Type II-L
SN. A comparison between Figures 4 and 5 clearly illustrates
a breakdown in the linearity of the χ-t⋆ relation in the inter-
val between +33 and +49 days. When performing a χ-t⋆ fit

beyond the linear regime the distances are overestimated sig-
nificantly and the estimated epoch of explosion is consider-
ably earlier than when using only the linear regime. In light
of PS1-14vk being a Type II-L SN, this raises the question
whether the χ-t⋆ relation is generally valid for a shorter pe-
riod of time in SNe II-L compared to SNe II-P.

– Our errors on the distances (averaged over the BVI filters)
span a wide range between ∼ 3 % and ∼ 54 %, essentially de-
pending on the quality of the available data for each SN. E.g.
a strong constraint on the epoch of explosion reduces the un-
certainty of the distance fit significantly. Our final as well
as intermediate errors account for the uncertainties from the
photometry, the SN redshift, the K-corrections, the photo-
spheric velocities and – for the SNe 2013eq and PS1-13wr –
the dust extinction in the host galaxy.

Our intermediate results are presented in Table B.3 in the
appendix and a summary in Table 4. We have taken great care
to proceed with all SNe in the same manner as far as possi-
ble. Nonetheless, a case-by-case evaluation cannot be avoided
entirely. In the following we outline the particularities for each
individual SN.
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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
𝐷8 = 1 + 𝑧 (𝐷5



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)

– Absorption 

• Observational difficulties

– Needs multiple epochs 

– Spectroscopy to detect faint lines

– Accurate photometry



Hubble Diagram

• Independent of distance ladder

E.E.E. Gall et al.: An updated Type II supernova Hubble diagram

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 56160.9± 0.4 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. 7: SN II Hubble diagram using the distances determined via the EPM (left panel) and the SCM (right panel). EPM Hubble
diagram (left): the distances derived for our sample (circles) use the dilution factors published by Dessart & Hillier (2005). The
different colours (red/blue) denote the line that was used to estimate the photospheric velocities of the particular SN (Fe ii λ5169
or Hβ). We also included EPM measurements from the samples of Eastman et al. (1996, E96), Jones et al. (2009, J09) and Bose
& Kumar (2014, B14). The solid line corresponds to a ΛCDM cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7,
and the dotted lines to the range covered by an uncertainty of 5 km s−1 Mpc−1. SCM Hubble diagram (right): circle markers depict
the SCM distances derived for our sample using the explosion epochs previously derived via the EPM and applying the dilution
factors published in Dessart & Hillier (2005). The star shaped markers depict those SNe for which an independent estimate of the
explosion time was available via photometry. The colours are coded in the same way as for the EPM Hubble diagram. Similarly, the
solid and dotted lines portray the same relation between redshift and distance modulus as in the left panel. We also included SCM
measurements from the samples of Poznanski et al. (2009, P09, which includes all objects from the Nugent et al. (2006) sample),
Olivares et al. (2010, O10) and D’Andrea et al. (2010, A10). We separated the objects “culled” by Poznanski et al. (2009) from the
rest of the sample by using a different symbol. The three Type II-L SNe LSQ13cuw, PS1-14vk and PS1-13bmf are identified in both
the EPM and the SCM Hubble diagram.

(1996, Table 6), Jones et al. (2009, Table 5) and Bose & Kumar
(2014, Table 3) in the EPM Hubble diagram (see left panel of
Figure 7). These values were adopted as they are, without any
correction for potential systematic differences. In the cases of
Jones et al. (2009) and Bose & Kumar (2014) we selected the
distances given using the Dessart & Hillier (2005) dilution fac-
tors. In addition, Bose & Kumar (2014) give alternate results for
the SNe 2004et, 2005cs, and 2012aw, for which constraints for
the explosion epoch are available. We chose these values rather
than the less constrained distance measurements in these three
cases. Note that the Jones et al. (2009) sample has SN 1992ba in

common with the Eastman et al. (1996) sample and SN 1999gi
common with the Bose & Kumar (2014) sample.

Exploring the EPM Hubble diagram, it is immediately appar-
ent that our measured distances follow the slope of the Hubble
line, despite the rather poor quality of the data available for some
of our SNe.

3.8.2. SCM Hubble diagram

The SCM Hubble diagram shows the SCM distances derived
for our sample alongside SCM measurements from the sam-
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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
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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
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• 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 
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Table 2. EPM quantities for SN 2013eq.

Date MJD Epoch⇤ Averaged v
✓†B ⇥ 1012 ✓†V ⇥ 1012 ✓†I ⇥ 1012 Dilution factor

rest frame km s�1 ⇣BVI reference

2013-08-15 56 519.96 +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 56 529.96 +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 56 571.90 +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

Notes.

(⇤) Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56 503.882 (MJD). H01: Hamuy et al. (2001);
D05: Dessart & Hillier (2005). See also Fig. 4.
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Fig. 4. Distance fit for SN 2013eq using ⇣BVI as given in Hamuy et al. (2001; left panel) and Dessart & Hillier (2005; right panel). The diamond
markers denote values of � through 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 t?0 Average t?0 t30
factor Mpc Mpc days⇤ days⇤ MJD

H01
B 163± 45 5.8± 10.5
V 125± 22 151± 18 �0.5± 5.4 4.1± 4.4 56 499.6± 4.6
I 165± 23 7.1± 6.0

D05
B 177± 48 4.7± 9.8
V 136± 23 164± 20 �1.3± 5.1 3.1± 4.1 56 500.7± 4.3
I 180± 25 5.9± 5.6

Notes.

(⇤) Rest frame days before discovery on 56 503.882 (MJD). H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005). See also Fig. 4.

determining the expansion velocity at 50 days, although the er-
ror in the Fe ii �5169 velocities and the intrinsic error in Eq. (12)
also contribute to the total error.

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)
contribute 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.

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 et al.
(2001) and Dessart & Hillier (2005) give consistent values. This
is no surprise, bearing in mind that the dilution factors from
Hamuy & Pinto (2002) and Dessart & Hillier (2005) applied for
SN 2013eq di↵er by only 18–27% (see Table 2). Similarly, 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),
as well as by adopting the average SN II-P rise time as given
by Gall et al. (2015), are consistent not only with each other but
also with the EPM results.
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Table 4. SCM quantities and distance to SN 2013eq.

Estimate t30 V⇤50 I⇤50 v50 µ DL
of t0 via MJD mag mag km s�1 mag Mpc

EPM – H01 56 499.6± 4.6 19.05± 0.09 18.39± 0.04 4880± 760 36.03± 0.43 160± 32
EPM – D05 56 500.7± 4.3 19.06± 0.09 18.39± 0.04 4774± 741 35.98± 0.42 157± 31

Rise time – G15 56 496.6± 0.3 19.03± 0.05 18.39± 0.04 5150± 353 36.13± 0.20 168± 16

Notes.

(⇤) K-corrected magnitudes in the Johnson-Cousins Filter System. H01: Hamuy et al. (2001); D05: Dessart & Hillier (2005). See also Fig. 4.

It is remarkable how close our outcomes are within the er-
rors to the distance of 176 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 di�culty 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 = 0.041± 0.001 which inspired
us to embark on an analysis of relativistic e↵ects 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, ✓, 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 ✓† = ✓/(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 di↵erence 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 its 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 = 151± 18 Mpc
and DL = 164± 20 Mpc as well as times of explosions of
4.1± 4.4 d and 3.1± 4.1 d before discovery (rest frame), by using
the dilution factors in Hamuy et al. (2001) and Dessart & Hillier
(2005), respectively. Assuming that SN 2013eq was discov-
ered close to maximum light this would result in rise times
that are 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 = 160± 32 Mpc and DL = 157± 31 Mpc. By utilizing the
average rise time of SNe II-P as presented in Gall et al. (2015)
to estimate the epoch of explosion we find an independent SCM
distance of DL = 168± 16 Mpc.

The luminosity distances derived using di↵erent dilution
factors as well as either EPM or SCM are consistent with
each other. Considering the scarcity of viable velocity mea-
surements it is encouraging that our results lie relatively
close to the expected distance of ⇠176 Mpc calculated from
the redshift of SN 2013eq. Conversely, the EPM distances
can be used to calculate the Hubble constant, which (us-
ing D = cz/H0) results in H0 = 83± 10 km s�1 Mpc�1 and
H0 = 76± 9 km s�1 Mpc�1 applying the dilution factors from
Hamuy et al. (2001) and Dessart & Hillier (2005), respectively.
These are consistent with the latest results from Riess et al.
(2016, H0 = 73.0± 1.8 km s�1 Mpc�1).

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 that the requisite follow-up capabilities are in place.
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SN. The derived explosion epoch is then used as a base for the
second iteration, and the spectral epochs as well as vHβ/vFe 5169
ratios are adjusted accordingly. We repeat this process until the
explosion time converges.

3.6. SCM distances

In order to apply the SCM the SN magnitudes have to be con-
verted to the rest frame. We use the V- and I-band K-corrections
that were already evaluated for the EPM. These are then interpo-
lated to 50 d after explosion and used to correct the interpolated
50 d photometry.

The expansion velocity is determined using the relation pub-
lished by Nugent et al. (2006, Equation 2):

v50 = v(t⋆)
!

t⋆

50

"0.464± 0.017

, (4)

where v(t⋆) is the Fe ii λ5169 velocity at time t⋆ after explosion
(rest frame). For the SNe where we could not identify Fe ii λ5169
feature in their spectra we first applied either the vHα - vFe 5169 or
the vHβ - vFe 5169 relation and then utilized the derived Fe ii λ5169
velocities to estimate the expansion velocity at day 50. This pro-
cedure was repeated twice for those SNe where estimates of the
explosion epoch where available via the EPM (depending on di-
lution factors).

Finally, we use Equation 1 in Nugent et al. (2006) to derive
the distance modulus and thereby the distance:

MI50 = −α log10

# v50,Fe ii

5000

$

−1.36 [(V − I)50 − (V − I)0]+MI0 , (5)

where MI is the rest frame I-band magnitude, (V − I) the colour,
and v is the expansion velocity each evaluated at 50 days after
explosion. The parameters are set as follows: α = 5.81, MI0 =
−17.52 (for an H0 of 70 km s−1 Mpc−1) and (V − I)0 = 0.53,
following Nugent et al. (2006).

Our results are shown in Table 5. Additionally, we adopt the
SCM distances derived by Gall et al. (2016) for SN 203eq: DL

= 160± 32 Mpc and DL = 157± 31 Mpc, using the explosion
epochs calculated via the EPM and utilizing the dilution factors
either from Hamuy et al. (2001) or Dessart & Hillier (2005).

The final errors on individual distances span a range between
11 and 35 % depending mainly on whether the explosion epoch
is well constrained or not. While the I-band magnitude and the
(V − I) colour will not change significantly during the plateau
phase of Type II-P SNe and are therefore relatively robust, this
is not true for the expansion velocity. Any uncertainty in the ex-
plosion epoch directly translates into an uncertainty in the 50 d
velocity and thereby affects the precision of the distance mea-
surement. In our sample this is borne out in the fact the SCM dis-
tances derived using estimates for the explosion epoch from pho-
tometry, have significantly smaller relative uncertainties, than
those derived using estimates via the EPM.

3.7. Comparison of EPM and SCM distances

Figure 6 shows a comparison of our EPM and SCM distances.
For most SNe the distances derived applying either the EPM

or the SCM are consistent with each other. The exceptions are the
Type II-L SN LSQ13cuw and the Type II-P SNe PS1-13abg and
PS1-12bku for which the EPM distances are markedly smaller
or larger than the SCM distances.

A further inspection of Figure 6 reveals no obvious trend for
one technique to systematically result in larger distances than the
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Fig. 6: Comparison of EPM and SCM distances, using the di-
lution factors by Dessart & Hillier (2005). Circle markers de-
note SNe for which an estimate of the explosion epoch was ob-
tained 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.

other. A shift would indicate an H0 ! 70 km s−1 Mpc−1. A pos-
sible 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 photo-
spheric velocity.

3.8. The Hubble diagram

Figure 7 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 es-
timate the photospheric velocities. For reasons of better visi-
bility we only depict our distance results using the Dessart &
Hillier (2005) dilution factors, which give somewhat larger dis-
tances than the Hamuy et al. (2001) dilution factors. Our conclu-
sions are the same regardless of which set of dilution factors is
used. The grey points depict SNe from other samples. The solid
line in both panels represents a ΛCDM cosmology with H0 =
70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.7 We do not aim to
perform a fit for H0. The three Type II-L SNe LSQ13cuw, PS1-
14vk and PS1-13bmf are labeled in both the EPM and the SCM
Hubble diagram.

3.8.1. EPM Hubble diagram

In addition to the EPM measurements from our own sample we
also included EPM distances from the samples of Eastman et al.

7 The choice of H0 = 70 km s−1 Mpc−1 is rather arbitrary and adopted
mainly for consistency with the SCM parameters suggested by Nugent
et al. (2006). The general principles and our conclusions are the same,
notwithstanding the exact choice of H0.
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