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ABSTRACT

Based on optical imaging and spectroscopy of the Type II-Plateau SN 2013eq, we present a comparative study of commonly used
distance determination methods based on Type II supernovae. The occurrence of SN 2013eq in the Hubble flow (z = 0.041 + 0.001)
prompted us to investigate the implications of the difference between “angular” and “luminosity” distances within the framework of
the expanding photosphere method (EPM) that relies upon a relation between flux and angular size to yield a distance. Following a
re-derivation of the basic equations of the EPM for SNe at non-negligible redshifts, we conclude that the EPM results in an angular
distance. The observed flux should be converted into the SN rest frame and the angular size, 6, has to be corrected by a factor of
(1 + 2)°. Alternatively, the EPM angular distance can be converted to a luminosity distance by implementing a modification of the
angular size. For SN 2013eq, we find EPM luminosity distances of D; =151+ 18 Mpc and Dy, = 164 + 20 Mpc by making use of
different sets of dilution factors taken from the literature. Application of the standardized candle method for Type II-P SNe results in
an independent luminosity distance estimate (D, = 168 + 16 Mpc) that is consistent with the EPM estimate.

Key words. supernovae: individual: SN 2013eq — distance scale

1. Introduction

Supernovae have proven to be useful as distance indicators and
are pivotal to estimating fundamental cosmological parameters
such as the expansion rate, geometry, age, and energy content
of the Universe. Observations using thermonuclear (Type Ia) su-
pernovae (SNe) led to the surprising conclusion that the Uni-
verse was expanding at an accelerating rate (Riess et al. 1998;
Perlmutter et al. 1999; Leibundgut 2001; Goobar & Leibundgut
2011).

Although the use of SNe Ia is very well established, it is
also possible to use core-collapse SNe (Hamuy & Pinto 2002).
In particular, two methods for distance determinations — using
Type II-Plateau (P) SNe — have received the most attention.
The first is the expanding photosphere method (EPM) that was
developed by Kirshner & Kwan (1974) based on a proposition
by Leonard Searle, who suggested that the Baade-Wesselink
method (Baade 1926; Wesselink 1946), used to determine the
radii of pulsating stars, could be adapted to estimate distances to
SNe. This could be done by linking the photospheric expansion
to the observed expansion velocities. Thus the EPM is essentially
a geometrical technique relying on the comparison between the

* Spectra of SN 2013eq are available in the Weizmann Interactive Su-
pernova data REPository (WISeREP): http://wiserep.weizmann.
ac.il

Article published by EDP Sciences

angular size of an object and its observed flux. Over the past
40 years a variety of improvements have been suggested e.g. the
introduction of distance correction factors to adjust for dilution
effects in scattering atmospheres, detailed modelling of SN at-
mospheres, and cross-correlation techniques to measure line ve-
locities (e.g. Wagoner 1981; Eastman et al. 1996; Hamuy et al.
2001; Dessart & Hillier 2005). A somewhat different, though re-
lated form, is the spectral-fitting expanding atmosphere method
(SEAM; Baron et al. 2004), in which model fits to the SN spec-
tra are used to determine key variables.

The other commonly used method for distance determina-
tion using SNe II-P is the standardized candle method (SCM,;
Hamuy & Pinto 2002). It rests on the expectation that a more
energetic, and consequently more luminous explosion will pro-
duce ejecta having a higher kinetic energy per unit mass. This
results in a correlation between the bolometric luminosity and
the expansion velocities during the plateau phase, allowing for
a normalization of the SN luminosity, yielding a distance esti-
mate. A number of groups have further built upon the SCM, for
example by simplifying extinction corrections, or exploring al-
ternatives to the commonly employed iron lines to measure the
ejecta velocities (e.g. Nugent et al. 2006; Poznanski et al. 2009).
Techniques relying solely on photometric data are also being ex-
plored (de Jaeger et al. 2015). The obvious advantage of being
significantly less demanding in terms of the data required, comes
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at the cost of lowered accuracy compared to the SCM. Indeed,
the above study reports a dispersion of 0.43 mag for a colour-
based distance estimation method, compared to 0.29 mag for the
SCM.

Even though Type II-P SNe are intrinsically fainter than SNe
Ia, and thus more challenging to observe at large distances, they
occur more frequently per unit volume (e.g. Li et al. 2011), al-
lowing the possibility of building statistically significant sam-
ples. Moreover, the EPM has the striking virtue that it is inde-
pendent from local calibrations — albeit at the cost of requiring
multi-epoch spectroscopy alongside photometric observations.
The SCM, in comparison, is less observationally expensive re-
quiring 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 alter-
native 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 Hubble
flow are essential. Galaxies in the local neighbourhood are af-
fected 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. 2016). 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
commonly 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 relativis-
tic effects 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 redshift EPM. We wish to ensure that the difference be-
tween angular 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 Sect. 2; we summarize the EPM and
SCM methods in Sect. 3; our results are discussed in Sect. 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 Ha and Hp, 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
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Fig. 1. SN 2013eq and its environment. Short dashes mark the location
of the supernova at aygg = 17"33™15573, 8yp000 = +36°2835%72. 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 discovery (rest frame).

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, 10:0, mounted on the 2 m Liverpool Telescope (LT;
Bessell-B and -V filters as well as SDSS-7 and -i’ filters). All
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
SNOoPY! package within IRAF>. 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 and
Fig. 1 that were in turn used to calibrate the photometry 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 posi-
tion 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 uncer-
tainty of the photometric zeropoint to give the final uncertainty
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

! SuperNOva PhotometrY, a package for SN photometry imple-
mented 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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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-
try. The spectra were also corrected for telluric absorption using
a model spectrum of the telluric bands.

A weak NaID absorption, with an equivalent width of
EWyaip = 0.547 £0.072 A, can be detected in the +25d spec-
trum of SN 2013eq. Applying the empirical relation between
Na1D absorption and dust extinction given in Poznanski et al.
(2012, Eq. (9)), this translates into an extinction within the host
galaxy of E(B—V)pest = 0.062+0.028 mag. Even though the EW
Na1D absorption is a commonly used diagnostic of extinction,
as has been noted on numerous occasions, it is not always re-
liable (e.g. Poznanski et al. 2012). Given the remote location of
SN 2013eq (projected distance of ~14.6 kpc from the host galaxy
nucleus, assuming z = 0.041 and Hy = 70kms~! Mpc™!), the
host extinction deduced above is likely to be an upper limit. Al-
though one expects the local environments of core-collapse SNe
to be different from those of SNe Ia, there is some indication for
a positive correlation between Ay and the radial position of the
SN within the host galaxy (e.g. Holwerda et al. 2015). For the
Galactic extinction we adopt a value of E(B—V)ga = 0.034 mag
(Schlafly & Finkbeiner 2011).

The Na1D absorption lends itself to an estimate of the red-
shift. Applying Eq. (12) in Leonard et al. (2002, using the values
for the rest wavelengths and oscillator strengths of the individual
lines as given in their Table 4), and taking the rest wavelength of
the Na1D 445890, 5896 multiplet to be Anaip = 5891.94 /OX, a
comparison with the observed wavelength of the blend in our
+25d spectrum yields z = 0.041+0.001. This is consistent
with the redshift of 0.042 reported by Mikuz et al. (2013) for
the host galaxy of SN 2013eq. As a further test we performed
a series of cross correlations using SNID (Supernova Identifi-
cation, Blondin & Tonry 2007). Suggested matches were scruti-
nized and the selected results span a range of redshifts consistent
with our result. We therefore adopt z = 0.041 + 0.001 as redshift
of the SN.

2.2. Photometry

SN 2013eq was likely observed shortly after peaking in the
optical bands (the light curve clearly shows a decline be-
fore settling onto the plateau), and the initial magnitudes
of 18.548 +0.030 and 18.325+0.022 measured in Bessell-B
and SDSS-7/, respectively, are presumably very close to the
maximum in these bands. The light curves initially decline
at relatively steep rates of 3.5+0.1 mag/100d in Bessell-B,
2.1+0.2 mag/100d in Bessell-V, 2.1+0.2 mag/100d in
SDSS-#', and 3.4 +0.1 mag/100d in SDSS-i’ until about 10 to
15 days after discovery. Then the decline rates slow down to
0.95+0.02 mag/100d in Bessell-V, 0.17 +£0.02 mag/100d in
SDSS-r/, and 0.60 + 0.03 mag/100d in SDSS-i between ~25d
and ~55d 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 100d before the light curve drops onto the
radioactive tail. This transition was, however, not observed for
SN 2013eq. Table A.2 shows the log of imaging observations as
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Fig. 2. Bessell-B, V, SDSS-#/, i’ light curves of SN 2013eq. The vertical
ticks on the top mark the epochs of the observed spectra. The unfiltered
magnitudes are from Mikuz et al. (2013).

well as the final calibrated magnitudes. The light curve is pre-
sented in Fig. 2.

2.3. Spectroscopy

Table A.3 shows the journal of spectroscopic observations. In
addition to the spectra obtained for our study we also included
the publicly available classification spectrum® obtained on 2013
July 31 and August 1 (Mikuz et al. 2013). The fully reduced and
calibrated spectra of SN 2013eq are presented in Fig. 3. They are
corrected for reddening (E(B — V)i = 0.096 mag) and redshift
(z=10.041).

The strongest feature in the spectra is Ha, which would be
matched by the corresponding features at about 4850 A, 4300 A
and 4100 A in the blue to be HB, Hy and Hé. In the classifica-
tion spectrum, Ha and HB profiles are visible though relatively
weakly. They become stronger at later epochs and we can discern
also Hy, and H5. We can also discern a feature at about 5900 A
which is typically assigned to He 1 A5876. Leonard et al. (2002)
claim that it evolves into a blend with Na1D at later epochs in
SN 1999em.

Finally, we can observe weak lines of iron between 4000 and
5500 A. In particular Fe 11 15169 which is visible in the spectra
from +11 d on. Fe 11 45018 is visible only in the +65 d spectrum.
At this epoch we also see weak lines around 4450 A and 4860 A
which have been attributed to a blend of Fell, Ball and Till
in SN 1999em by Leonard et al. (2002). The pseudo-equivalent
width (pEW) of the Fe 11 15018 feature can be used as a proxy for
the progenitor metallicity (Dessart et al. 2014). For SN 2013eq,
we measure a pPEWgeyr 5018 =—13.4 + 0.4 A in our 65d spec-
trum, that would place it in the 0.1-0.4 Zg range, provided the
15 M models are an appropriate choice for SN 2013eq. In-
terestingly, in their study of the potentially very low metallic-
ity (Z < 0.1Z) Type II-P supernova, LSQ13fn, Polshaw et al.
(2016) find that the SCM relation is violated.

3 Classification spectra from the Asiago Transient Classification
Program (Tomasella etal. 2014) are publicly available at http://
graspa.oapd.inaf.it/cgi-bin/output_class.cgi?sn=2011
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Fig. 3. SN 2013eq spectroscopy. The first (+2 d) spectrum is the clas-
sification spectrum (Mikuz et al. 2013; Tomasella et al. 2014). *Flux
normalized to the maximum He flux for better visibility of the features.
The exact normalizations are: flux/1.9 for the +1d and +7 d spectrum;
flux/2.0 for +11d; flux/2.2 for +15d; flux/2.1 for +25d; flux/2.3 for
+65d.

3. Methods
3.1. The expanding photosphere method

As mentioned earlier, the EPM was originally suggested by
Kirshner & Kwan (1974) and in the past decades a number of
improvements and variations have been presented. In this sec-
tion, however, we will only outline the most basic principle of
the EPM, laying the foundation for the more detailed deriva-
tions in Sect. 3.2 regarding the application of the EPM at higher
redshifts.

The photospheric angular size @ of a Type II supernova of
redshifts z < 1 can be described as*:

9 = 25 =2 L
D aBy(T)

where R is the photospheric radius, D the distance to the SN,
fa the observed flux density, £, the distance correction factor
or dilution factor, and B,(T') the Planck function evaluated at
observed photospheric temperature 7. £, is derived from model
atmospheres and is used to correct dilution effects of scattering
atmospheres meaning that a SN will not emit as a perfect black
body. Approximately one day after explosion the SN achieves a
state of homologous expansion and the photospheric radius of
the SN at a certain time ¢ is

ey

R =uv(t — t9) + Ry. 2)
4 Note that most publications that make use of the EPM leave out the
factor of “2” in Eq. (1). Although it eventually cancels out in the final
distance result (see Eq. (3)) in the interest of completeness and correct-
ness, we will preserve this factor in Eq. (1).
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v is the photospheric expansion velocity of the SN, 7, is the time
of explosion and Ry the initial radius. Compared to the extent of
the ejecta Ry becomes negligible very soon. It should be noted
that neglecting Ry can introduce a small error when applying
Eq. (2) at epochs within the first 1-2 weeks after explosion,
where — depending on the photospheric velocities and the ini-
tial radius of a particular SN — Ry might still be in the 10% range
of the photospheric radius R. Combining Eqs. (1) and (2) the re-
lation between the photospheric angular size 3, the photospheric
expansion velocity v, measured at time ¢ can be expressed as

2
D= 300 —10). 3)

This means that with a minimum of two measurements spaced
in time of ¥} and v, Eq. (3) can be solved for the distance D and
time of explosion .

3.2. EPM at high redshifts

The comparison of the flux with the angular size of an object
forms the cornerstone on which the concept of the EPM rests
(cf. Eq. (1)). However, it is advisable to be prudent when deal-
ing with SNe at non-negligible redshifts, where the “angular dis-
tance” and the “luminosity distance” differ by a factor of (1 +z)?
(e.g. Rich 2001):

— DL .
T (L+22 @

While at z = 0.01 a factor of (1 + z)? results only in a ~2% dis-
crepancy, this effect increases quadratically and at a redshift of
only 0.05 the difference between luminosity distance and angu-
lar distance is already ~10%.

Bearing in mind our derived redshift of z=0.041 + 0.001 for
SN 2013eq, relativistic effects cannot be ignored. We therefore
re-derive the basic equation for the EPM for non-negligible red-
shifts. In the following “x” will be used to denote the SN rest
frame, while “<O” will be used for variables in the observed
frame.

The luminosity distance to the SN, Di, can be expressed as

Dy

L 1
ered Ax

= S 5
1o 4xD2 (1 +2) )
where fgjrzd is the observed energy flux in the observed wave-

length interval AAdo, corrected for galactic and extragalactic ex-
tinction and L,, is the total monochromatic luminosity in the
rest frame wavelength interval AA,. The factor (1 + z) takes into
account that fgfj{zd and L,, are given in different coordinate sys-
tems. L,, can also be expressed in terms of the monochromatic
radiation emitted in all directions: L,, = {iﬂBﬂ* (T,) - 47TR%(,
where B,, (T,) is the Planck function evaluated at the photo-
spheric temperature T, of the SN and 47R2 is the surface area
of the SN with radius R,. £y, is the dilution factor in the SN rest
frame. Equation (5) can therefore be rewritten as:

R, | fon'd+2) ©
Dy \ & By (Ty)

The photospheric angular size, or angular separation of the pho-
tosphere, 6 of a SN can be expressed as

R
0=2->,

Dy )

5> Note that we use the symbol “4” to denote the actual angular size,
while the symbol “9” denotes the approximation of the angular size
that is only valid at low redshifts (as in Egs. (1) and (3)).
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where Dy is the “angular distance”.

When dealing with non-negligible redshifts, the two terms
% in Egs. (6) and (7), are obviously not the same. While Eq. (1)
is indeed valid for z < 1 Egs. (4), (6) and (7) can be combined
to derive the correct relation between 6 and the observed flux:

d
FEE

e (1427,
2, BMT*) 1+

0=2(1+2)> (®)

where we defined 67 := 6/(1 + z)>. Even though 6" is not an
“angular size” in the mathematical sense, it corresponds® to the
“angular size”, ¥, that was utilized for EPM in previous publica-
tions (e.g. Schmidt et al. 1994; Jones et al. 2009). Equation (3)
thus transforms to

20 0 2v
Dy = ?(l -1) = T1 000 —— (" - 1), 9)
or

2
D, = 9—;’(;* o (10)

where r* is the time in the SN rest frame.

After careful examination of the various equations finding
their way into the final distance result, let us draw attention to a
few particular points.

— First, the term fdered(l + z) in Eq. (8) can be transformed

fdered in the SN rest frame by applying a K-correction to

observed flux. This was already recognized by Schmidt et al.
(1994, see their Eq. (6)) who also note that their 8 (which
corresponds to !/, 8" in this paper) is not an “angular size”
as in Wagoner (1977). Consequently, their distance result has
to be interpreted as a luminosity distance.

— Second, in order to determine the correct angular size, 6, of
objects at non-negligible redshifts the factor of (1 + z)> has
to be taken into account.

— Third, when calculating the luminosity distance instead of
the angular distance the factors of (1 + z)? in Egs. (4) and
(8) “cancel” each other out, resulting in Eq. (10) which is
basically identical to the formulation that is commonly used
(see Eq. (3)). In short, the use of 6 will result in an angular
distance, while the use of 6" will result in a luminosity dis-
tance. This is a vital distinction that has, to our best knowl-
edge, hitherto been ignored. Accordingly, EPM distance re-
sults in literature that follow a formulation similar to Eq. (3)
— the correct high-redshift formulation of which is Eq. (10) —
should be regarded as luminosity distances.

We want to emphasize that in order to correctly apply the EPM
also to SNe at non-negligible redshifts the only correction to be
made (compared to the low redshift EPM) is the K-correction
of the observed flux. This implies the use of 6 in Eq. (10) and
also means that previously published applications of the EPM
are correct (regarding this matter) if the resulting distances are
seen as luminosity distances and K-corrections were either ap-
plied or negligible.

6 Aside from the aforementioned factor of “2” (see footnote 4).

3.3. The standardized candle method

The SCM for Type II SNe was first suggested by
Hamuy & Pinto (2002). Here however, we follow the ap-
proach of Nugent et al. (2006), who were the first to apply the
SCM to SNe at redshifts of up to z~0.3. The basic concept of
the SCM is briefly outlined in the following.

Equation (1) in Nugent et al. (2006) describes a correlation
between the rest frame /-band magnitude, My, the rest frame (V-
I)-colour and the expansion velocity at 50 days after explosion:

U
—aloglo( ;‘8860“) —1.36[(V = Dso = (V = Dol + My,

Y

with @ = 5.81, M;, = —17.52 (for an Hy of 70 km s Mpc’l)
and (V — I)g = 0.53. An advantage of this formulation is that
no reddening correction is required for the observed photome-
try which can introduce an additional error if the host galaxy
reddening is unknown. This works reasonably well under the as-
sumption that the extinction laws are similar in most galaxies.
Therefore the observed magnitudes only need to be transformed
to the rest frame which can be easily attended to by applying a
K-correction. Consequently, Eq. (11) can be adopted for local as
well as more distant SNe. A practical limitation may be the spec-
tral coverage of the rest frame / band at higher redshift needed
for a precise K-correction.

The expansion velocity is typically estimated using the
Fe1r 15169 line (e.g. Hamuy & Pinto 2002; Nugent et al. 2006;
Poznanski et al. 2009). As spectroscopic data 50 days after ex-
plosion might not always be available, Nugent et al. (2006) ex-
plored the time dependence of the Fe 1115169 velocity and found
that at 50 d after explosion it can be estimated using the follow-
ing relation (Nugent et al. 2006, Eq. (2)):

Mlso =

; (12)

0.464 £0.017
50)

vs0 = v(t )(t

where v(r*) is the Fe 1115169 velocity at time t* after explosion.

4. Results and discussion

Measuring the distance to SN 2013eq using the EPM or SCM,
requires a number of preparatory steps, like deriving the colour
temperatures and velocities (for EPM) or the magnitudes and
velocities at 50 days after explosion (for SCM). The EPM ad-
ditionally relies on the use of appropriate dilution factors’.
Eastman et al. (1996) calculated model atmospheres for Type 11
SNe and derived a set of dilution factors for the filter combi-
nations { BV}, {VIc}, {BVIc} and {JHK}. Hamuy et al. (2001)
later re-calculated the dilution factors for a different photomet-
ric system and expanded the number of filter combinations to
{BV}, {VI}, {BVI}, {VZ}, {VJ}, {VH}, {VK}, and {JHKN}
using the same atmospheric models. Dessart & Hillier (2005)
also computed dilution factors for the filter sets {BV}, {VI},
{BVI} and {JHK}, based on a large set of photospheric-phase
models of Type II SNe. The R-band is typically excluded due to
the strong Ha contribution.

In the case of SN 1999em, the EPM distance derived
by Leonardetal. (2002) using the dilution factors from
Hamuy et al. (2001) was ~30% shorter than the Cepheid

7 Strictly, the term “correction factors” would be more appropriate
as the calculations incorporate departures from a blackbody spectrum
above and beyond a non-zero albedo.
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distance to the host galaxy of SN 1999em, NGC 1637
(11.7 £ 1.0 Mpc, Leonard et al. 2003). This discrepancy was re-
solved by Dessart & Hillier (2006) who applied the dilution fac-
tors reported in Dessart & Hillier (2005); these are systemati-
cally larger than those of Hamuy et al. (2001). This resulted in a
distance estimate to ~1.7% of the Cepheid value.

Here, we will use the dilution factors given by both
Hamuy et al. (2001) and Dessart & Hillier (2005), for the filter
combination BVI, respectively, so as to include all available data
for SN 2013eq in our EPM distance estimate.

4.1. Temperature evolution

Ideally, an estimate of the photospheric temperature should be
used for the EPM. In practice however, it is difficult to di-
rectly measure the photospheric temperature. Consequently, the
colour temperature is commonly used for the EPM as an esti-
mator for the photospheric temperature (e.g. Hamuy et al. 2001;
Leonard et al. 2002; Dessart & Hillier 2005; Jones et al. 2009).
While these are conceptionally different, this should be a rea-
sonable approximation. In particular, the dilution factors pre-
sented in either Hamuy et al. (2001) or Dessart & Hillier (2005)
are functions of specific colour temperatures. In our case we use
the B, V, and I photometry to estimate the colour temperature as
to be consistent with the BVI dilution factors.

This in turn requires us to transform the SDSS-i band
photometry to the Johnson-Cousins Filter System used in
Hamuy et al. (2001) and Dessart & Hillier (2005). Taking into
consideration that the EPM requires the flux in the SN rest
frame we first calculate K-corrections by using the SN 2013eq
spectroscopy and the SNAKE code (SuperNova Algorithm for
K-correction Evaluation) within the S3 package (Inserra et al.
2016). For the SDSS-i filter we determine the K-correction to the
rest frame Johnson-Cousins / band. Then, the uncorrected ob-
served photometry is interpolated to the epochs of spectroscopic
observations, and subsequently dereddened and K-corrected.
Eventually, the adjusted B, V, and /-band magnitudes are con-
verted into physical fluxes. The colour temperature at each epoch
is derived by fitting a black body curve to the deduced fluxes and
effective wavelengths of the corresponding filters.

We carried out ancillary blackbody fits and added or sub-
tracted the uncertainties in all possible combinations. The stan-
dard deviation of the resulting range of temperatures was taken
to be a conservative estimate of the uncertainty in the tempera-
ture. We adopted this approach in order to make full use of all
available information across all bands.

The results are presented in Table 1.

4.2. Velocities

The knowledge of the line velocities in SN 2013eq is crucial to
both the EPM and the SCM. The velocities are measured using
IRAF by fitting a Gaussian function to the minima of the various
lines. The uncertainty in the velocity determination is presumed
to be in the 5% range.

Dessart & Hillier (2005) show that the velocity measured
from the Fell 15169 absorption matches the photospheric ve-
locity within 5-10%. However, they also point out that this line
is only visible at later epochs. Leonard et al. (2002) and Leonard
(2002) argue that lines such as Fe 11 115018, 5169 will overesti-
mate the photospheric velocities and that instead weak Fe II lines
such as 114629, 4670, 5276, 5318 give more accurate results.
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An overestimation of the photospheric velocities would lead to
distances that are too large for both the EPM and the SCM.

Whilst a precise stipulation of the photospheric velocity is
indeed desirable we have to bear in mind that in the case of
SN 2013eq, many of the weaker lines favored by Leonard et al.
(2002) and Leonard (2002) for the EPM are only visible in
the +65d spectrum. However, the EPM requires measurements
of the photospheric velocity for no less than two epochs. This
leaves only three possible Fe II lines that are visible in more than
one spectrum of SN 2013eq: Fe1r 15018, FeIr 15169 and the
blended line Ba11/ Fe 11 16147. For the purposes of the EPM an
average of the measured absorption velocities from these three
lines will be used (see Table 2).

For the SCM we infer the velocity at 50 days after explosion
by means of the Fe 1 15169 velocities and Eq. (12) (see Sect. 4.4
for more details).

4.3. The EPM distance to SN 2013eq

Having performed all necessary measurements we are now ready
to wade into the final steps towards calculating an EPM dis-
tance for SN 2013eq. As mentioned above, we use the BVI di-
lution factors as given by Hamuy et al. (2001, which are based
on the dilution factors calculated by Eastman et al. 1996) and
Dessart & Hillier (2005). Both groups find that the dilution fac-
tor essentially is a function of the colour temperature that can be
described as {(Ts) = >; ag,i(104 K/Ts) with S representing the
filter subset (in our case { BVI}). The parameters ags; are given
in Appendix C, Table 14 for Hamuy et al. (2001) and Table 1 for
Dessart & Hillier (2005).
In order to apply Eq. (8) to SN 2013eq we rewrite it as

dered
*,F

0" =24 = ,
& pvi T BvD)TB(Asc ety , T pvi)

where A, . is the effective wavelength of the corresponding
Filter, F, in the rest frame. Note that we use §' instead of 6 in
our calculations in order not to introduce an additional error on
the final result due to the uncertainty of the redshift.

Finally, rearranging Eq. (10) gives us:

(13)

o -1
. 14
Dy, 14

Y=o~
For each filter B, V, and I, values of y at the corresponding
epochs are fitted linearly using Dy and # as parameters. The er-
rors are estimated by executing complementary fits through the
same values of y, but adding or subtracting the uncertainties in
all possible combinations. The standard deviations of the result-
ing range in distances as well as epochs of explosion are then
employed as conservative estimates of their respective uncertain-
ties. The results are presented in Fig. 4 and Table 3 for each set of
dilution factors from Hamuy et al. (2001) and Dessart & Hillier
(2005), respectively.

Note that while the derived distances and explosion epochs in
the B- and I-band are very similar, the V-band distance is about
24% smaller than the I-band distance for both sets of dilution
factors. Similar effects have also been observed by other groups
performing the EPM. Hamuy et al. (2001), for example, find a
difference of up to 20% in their distances when applying the
EPM to SN 1999em for varying filter combinations and attribute
these disparities to systematic errors in the dilution corrections.
Jones et al. (2009) apply the EPM to 12 SNe and find varying
results for for different filter combinations for all their SNe. In



E.E. E. Gall etal.: The distance to SN 2013eq

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

Epoch* B y I Ty vi
Date MJD 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 1836+0.10 17.96+0.06 11888 +4175
2013-08-15 56519.96 +15.44 18.43+0.12 1845+0.11 17.99+0.07 10622 + 2347
2013-08-25 56 529.96 +25.05 18.73+£0.12 18.55+0.11 18.15+0.08 8580+ 1050
2013-10-06  56571.90 +65.34 1991+0.21 18.93+0.12 18.24+0.07 5318+ 242

Notes. ) Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56 503.882 (MJD). *) Magnitudes in the Johnson-
Cousins Filter System, K-corrected and amended for dust extinction. For the first epoch the data are insufficient to estimate a temperature. We
therefore derived a lower limit of 12 000 K using a black body fit to the interpolated photometry.

the case of SN 1999em the distances reported by Jones et al.
(2009) differ by almost 26% between the BV and the VI filter
combinations. It stands to reason that the discrepancies appear-
ing when applying the EPM for different filter combinations are
reflected also when applying it to single filters instead of filter
combinations.

This disagreement could be due to the use of tabulated dilu-
tion factors. Dessart & Hillier (2006) find that when using mod-
els tailored to SN 1999em, the EPM distances derived in the dif-
ferent band passes are in accord with each other. An advantage
of using tailored models is that the dilution factors can be eval-
uated alongside other EPM parameters (such as the colour tem-
perature), and can thereby be adjusted for differences between
individual SNe. For instance, our observations (Sect. 2.3) im-
ply a subsolar metallicity for SN 2013eq, but the dilution fac-
tors are only available for solar metallicity models. Neverthe-
less, such tailored approaches remain currently unviable even for
small sample sizes, and will be even more so for the significantly
larger samples that will become available in the near future.

Our final errors on the distance are in the range of ~12% and
take into account the uncertainties from the magnitudes, the red-
shift, the K-corrections, the velocities and the host galaxy red-
dening. These are propagated through all calculations and build
the basis for the uncertainties of the flux, the colour tempera-
ture, and the angular size. In an attempt to estimate the global
errors of their distances Jones et al. (2009) perform 1000 Monte
Carlo simulations varying over parameters such as photometry,
redshift, foreground & host-galaxy extinction, line expansion ve-
locity, photospheric velocity conversion as well as dilution fac-
tors and find errors between 10 and 41% for distances to the
SNe in their sample. Leonard (2002) follow a similar approach
in calculating a set of simulations while varying over the veloc-
ities, magnitudes and dilution factors. They find statistical dis-
tance errors for SN 1999em of only a few percent, however they
point out that the error of the EPM distance to SN 1999em is
likely dominated by systematic errors as the results derived us-
ing dilution factors for different filter combinations vary by as
much as 19%. Dessart & Hillier (2006) discuss potential error
sources in detail. In particular, they note that the uncertainty in
the angular size, propagated from the error in the flux, is temper-
ature dependent, and that an uncertainty in the flux has a larger
influence on the final error than an uncertainty in E(B — V). This
stems from the fact that extinction effects on the temperature es-
timate and the measure of the angular size will compensate each
other to some extent. This has also been discussed previously by
Schmidt et al. (1992), Eastman et al. (1996), and Leonard et al.
(2002).

4.4. The SCM distance to SN 2013eq

Compared to the EPM the utilization of the SCM is somewhat
less laborious. As mentioned in Sect. 3.3, to begin with, the
magnitudes used for the SCM have to be transformed to the
SN rest frame. We therefore calculate K-corrections by using
the SN 2013eq spectroscopy and the SNAKE code (SuperNova
Algorithm for K-correction Evaluation) within the S3 pack-
age (Inserra et al. 2016). For the SDSS-i band we select the
K-corrections to the rest frame Johnson-Cousins [ filter. These
values are then interpolated to an epoch of 50 d post-explosion.

We next need to derive the magnitude /5, and colour (V —1)sg
i.e., 50d after explosion. We therefore fit low-order polynomials
to the uncorrected photometry and subsequently transform it to
the rest frame by applying the K-corrections. The expansion ve-
locity is determined using the relation in Eq. (12). We then use
our measured Fe1 45169 velocities to estimate an appropriate
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. Applying, Eq. (11) — which essentially describes the
relation between the /-band magnitude, the (V — I)-colour and
the expansion velocity 50 days after explosion — for each of the
three cases, gives us M/,,. Finally, the distance modulus can be
calculated, u = Isy — Mj,,, which in turn can be converted into a
luminosity distance via Dy [Mpc] = 104/5-3 Mpc.

Note that the uncertainty in the explosion epoch will in-
troduce an error in all quantities derived at 50 days after ex-
plosion. An earlier explosion epoch will ultimately result in a
larger distance. 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 contribu-
tions, and also by Poznanski et al. (2009) who, in contrast, find
that their results vary only little with the explosion epoch ar-
guing that the magnitudes and colours are relatively constant
during the plateau phase. We find that even though the explo-
sion epoch for SN 2013eq by applying the EPM has relatively
large uncertainties, this contributes only little to the uncertain-
ties of the V- and /-band magnitudes and consequently also
the (V — I) colour at 50 days after explosion. These are of the
same order as the original uncertainties in the photometry. The
time of explosion uncertainty is, however, more significant when
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Table 2. EPM quantities for SN 2013eq.

Epoch* Averaged v

Dilution factor

Date MJD rest frame kms™! 9}; x 1072 93 X101 6] x 1012 lpyr  reference
20130815 5651996  +1544 6835244 L, t 6 ph TS IL: 04l 0L
20130825 5652996  +25.05 5722202 OF12 1L 0108 043 HOL
20131006 5657190  +6534 3600104 o= > 1DIELA SAEAE O 0]

Notes. ™ Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56 503.882 (MJD). HO1: Hamuy et al. (2001);

DO0S5: Dessart & Hillier (2005). See also Fig. 4.
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Fig. 4. Distance fit for SN 2013eq using {py; as given in Hamuy et al. (2001; left panel) and Dessart & Hillier (2005; right panel). The diamond
markers denote values of y 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 Dy, Averaged Dy,

o
0 Average t¥ t

factor Filter Mpc Mpc days* days* ’ M%D
B 163 £45 5.8+10.5

HO1 Vv 125+22 151 +18 -05+54 41+44 56499.6+4.6
1 165 +23 7.1+ 6.0
B 177 +48 4.7+9.8

D05 Vv 136 +23 164 +20 -13+5.1 3.1+4.1 56500.7+4.3
1 180 +25 59+5.6

Notes. ) Rest frame days before discovery on 56 503.882 (MJD). HO1: 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 11 15169 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 < 3000kms™')
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 M, vso penr and (V —1)sp.
The derived distance moduli and luminosity distances as well as
the intermediate results are given in Table 4.
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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 differ 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 I Vs Iz, Us0 u Dy
of fy via MJD mag mag kms™! mag Mpc
EPM - HO1 56499.6+4.6 19.05+0.09 18.39+0.04 4880760 36.03+0.43 160+32
EPM - D05 56500.7+4.3 19.06+0.09 18.39+0.04 4774+741 3598+042 157+31
Rise time - G15 56496.6+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.

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/Hy (for Hy =
70kms~! Mpc~'). While this is of course no coincidence for the
SCM-distances (which are based on Hy = 70kms~! Mpc™!), 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 = 0.041 + 0.001 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, 6, has to be corrected by a factor of (1 + 7)? and
the resulting EPM distance will be an angular distance. However,
when using a modified version of the angular size 8" = 6/(1 +
z)> 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 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 Dy = 151 + 18 Mpc
and Dy 164 £20Mpc as well as times of explosions of
4.1 +4.4d 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 Dy, = 160 =32 Mpc and Dy, = 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 Dy = 168 + 16 Mpc.

HO1: Hamuy et al. (2001); DOS5: Dessart & Hillier (2005). See also Fig. 4.

The luminosity distances derived using different 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/Hy) results in Hy=83+10kms™' Mpc™! and
Hy=76+9kms™! Mpc™! 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, Hy=73.0+ 1.8 kms~! Mpc™").

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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Appendix A: Additional tables

Table A.1 lists the local sequence stars that were used to calibrate

the photometry of SN 2013eq (see also Sect. 2.1).

Tables A.2 and A.3 show the journals of imaging and spec-
troscopic observations, respectively. In addition to the spectra

Table A.1. Optical sequence stars.

obtained for our study we also included the classification spec-
trum obtained on 2013 July 31 and August 1 with the Asi-
ago Faint Object Spectrograph and Camera (AFOSC) mounted
on the Asiago 1.82-m Copernico Telescope (Mikuz et al. 2013;
Tomasella et al. 2014).

Bessell B Bessell V SDSS » SDSS
Star RA Dec

mag error mag error mag error mag error

1 17:33:16.920 +36:28:13.48 19.251 0.044 18.677 0.033 18.293 0.030 18.079 0.021
2 17:33:19.218  +36:28:06.82 19.294 0.044 18.098 0.026 17.259 0.019 16.603 0.016
3 17:33:17.518 +36:27:49.13 20.254 0.083 18.973 0.041 18.208 0.030 17.584 0.014
4 17:33:15.701  +36:27:28.09 19.875 0.065 18.546 0.030 17.719 0.022 16.695 0.010
5 17:33:10.460 +36:27:17.35 19.307 0.043 18.755 0.036 18.385 0.033 18.186 0.023
6 17:33:02.387 +36:26:44.13 17.538 0.017 17.062 0.013 16.745 0.014 16.581 0.010
7 17:33:08.137 +36:26:01.99 19.939 0.073 18.697 0.037 17917 0.025 17.078 0.011
8 17:33:15.256  +36:26:13.71 19.780 0.056 18.483 0.032 17.660 0.022 16.280 0.009
9 17:33:15912 +36:26:24.68 21.074 0.182 19.675 0.073 19.043 0.054 18.520 0.034
10 17:33:15.047 +36:26:38.23 18.303 0.022 17.821 0.017 17.521 0.018 17.369 0.014
11 17:33:23.409 +36:26:08.63 20.283 0.088 19.232 0.057 18.429 0.029 17.852 0.019
12 17:33:28.011 +36:29:49.18 18462 0.023 17901 0.021 17.516 0.017 17.353 0.039
13 17:33:22.442  +36:30:27.64 17.512 0.016 17.203 0.013 16913 0.034 16.895 0.011
14 17:33:22.348 +36:29:45.53 19.704 0.057 18.468 0.036 17.670 0.021 17.179 0.013
15  17:33:17.825 +436:29:49.07 20.870 0.163 19.656 0.077 18.870 0.049 17.988 0.023
16  17:33:17.123  +36:29:05.82 19.063 0.038 18.337 0.025 17.898 0.021 17.664 0.015
17  17:33:13.687 +36:29:11.64 18.720 0.027 17.954 0.021 17.422 0.017 17.154 0.013
18  17:33:10.398 +36:29:47.99 18.899 0.033 18.147 0.022 17.660 0.020 17.403 0.013
19  17:33:03.204 +36:29:20.77 17.583 0.015 17.170 0.014 16.899 0.013 16.812 0.011
20 17:32:58.976 +36:28:54.90 18.400 0.028 17.713 0.023 17.253 0.015 17.075 0.014
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Table A.2. Photometric observations.

A&A 592, A129 (2016)

Date MID Rest fraine Bessell B B Bessell V . Telescope
epoch mag error K-corr mag error K-corr
2013-08-06 56510.98 +6.82 18.548 0.191 -0.017+0.007 18.496 0.053 -0.064 +0.007 LT
2013-08-08 56512.90 +8.66 18595 0.095 -0.004+0.007 18.537 0.048 -0.069 +0.007 LT
2013-08-10 56514.90 +10.58 18.659 0.050 0.009+0.007 18579 0.032 -0.072+0.007 LT
2013-08-16 56 520.89 +16.34 18.930 0.055 0.046+0.006 18.686 0.037 -0.062+0.007 LT
2013-08-26 56 530.93 +25.98 - - - 18.880 0.089  0.001 +£0.007 LT
2013-09-27 56562.86 +56.66 20.275 0.085 0.253+0.006 19.189 0.038 0.042+0.007 LT
2013-09-28 56563.91 +57.66 20.348 0.462 0.257+0.006 19.186 0.060 0.043 +£0.007 LT
2013-10-16 56 581.85 +74.90 20991 0.282 0.316+0.009 19.495 0.129 0.066 +0.007 LT
2013-10-17 56582.82 +75.83 21.067 0.469 0.319+0.009 19341 0.192 0.067 +£0.007 LT
Date MID Rest fraine SDSS ¥ B SDSS . Telescope
epoch mag error K-corr mag error K-corr

2013-08-06 56510.98 +6.82 18.325 0.033  0.027+0.007 18370 0.024 —0.080 +0.007 LT
2013-08-07 56511.00 +6.84 18.330 0.093  0.027 +£0.007 - - - GTC
2013-08-08 56512.90 +8.66 18.375 0.034 0.045+0.007 18.424 0.031 -0.091+0.007 LT
2013-08-10 56514.90 +10.58 18.418 0.029 0.060+0.007 18.503 0.027 -0.102+0.007 LT
2013-08-10 56514.98 +10.66 18.402 0.073  0.061 +£0.007 - - - GTC
2013-08-15 56519.96 +15.44 18.470  0.090  0.086 +0.007 - - - GTC
2013-08-16 56 520.89 +16.34 18513 0.028 0.088+0.007 18.544 0.028 -0.128 +0.007 LT
2013-08-26 56 530.93 +25.98 18.611 0.054 0.080+0.007 18.625 0.054 -0.155+0.007 LT
2013-09-27 56562.86 +56.66 18.814 0.036  0.159+0.007 18.675 0.032 -0.162+0.007 LT
2013-09-28 56563.91 +57.66 18.800 0.041 0.161+0.007 18.687 0.035 -0.161+0.007 LT
2013-10-16 56 581.85 +74.90 19.035 0.069 0.196+0.007 18.831 0.052 -0.108 +0.007 LT
2013-10-17 56582.82 +75.83 19.052 0.098 0.198+0.007 18.870 0.043 —0.104 +0.007 LT

Notes. The tabulated magnitudes are given “as observed”, i.e. neither corrected for dust extinction or K-corrected. ) Rest frame epochs (assuming
a redshift of 0.041) with respect to the first detection on 56 503.882 (MJD). ** K-corrections were calculated by first using the SN 2013eq
spectroscopy and the SNAKE code (SuperNova Algorithm for K-correction Evaluation) within the S3 package (Inserra et al. 2016). These values
were then interpolated to all epochs of photometric observations. The K-corrections are not included in the tabulated photometry. For the SDSS-#/
and SDSS-i’ band we calculate the K-correction to the rest frame Johnson-Cousins R and 7 band. LT = Liverpool Telescope; GTC = Gran
Telescopio CANARIAS.

Table A.3. Journal of spectroscopic observations.

Date MJD Epoch Wavele.ngzh Resolutlon Telescope+Instrument
rest frame  range in A A

2013-08-01  56505.93 +1.97 3654-7692 13.0 Asiago 1.82-m Telescope+AFOSC+GR04
2013-08-06 56511.00 +6.84 3538-9590 17.4 GTC+OSIRIS+R300B
2013-08-10 56514.99  +10.67 3510-9471 17.3 GTC+OSIRIS+R300B
2013-08-15 56519.96  +15.44 3558-9519 16.6 GTC+OSIRIS+R300B
2013-08-25 56529.96  +25.05  3400-10600 3.8/6.9 WHT+ISIS+R158R/R300B
2013-10-06 56571.90  +65.34 3538-9394 16.9 GTC+OSIRIS+R300B

Notes. ) Rest frame epochs (assuming a redshift of 0.041) with respect to the first detection on 56503.882 (MJD). The first (+2 d) spectrum is the
classification spectrum (Mikuz et al. 2013; Tomasella et al. 2014). The resolution of the GTC and WHT spectra was determined from the FWHM
of the O1 A5577.34 sky line.
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