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A B S T R A C T 

Strong gravitational lensing magnifies the light from a background source, allowing us to study these sources in detail. Here, 
we study the spectra of a z = 1 . 95 lensed Type Ia supernova (SN Ia) SN Encore for its brightest image A, taken 39 d apart. We 
infer the spectral age with template matching using the supernova identification ( SNID ) software and find the spectra to be at 
29 . 0 ± 5 . 0 and 37 . 4 ± 2 . 8 rest-frame days post-maximum, respectively, consistent with separation in the observer frame after 
accounting for time dilation. Since SNe Ia measure dark energy properties by pro viding relativ e distances between low- and 

high- z SNe, it is important to test for the evolution of spectroscopic properties. Comparing the spectra to composite low- z SN Ia 
spectra, we find strong evidence of the similarity between the local sample and SN Encore. The line velocities of common SN Ia 
spectral lines, Si II 6355 Å and Ca II near-infrared triplet, are consistent with the distribution for the low- z sample as well as other 
lensed SNe Ia, e.g. iPTF16geu ( z = 0 . 409) and SN H0pe ( z = 1 . 78). The consistency between the low- z sample and lensed SNe 
at high- z suggests no obvious cosmic evolution demonstrating their use as high- z distance indicators, though this needs to be 
confirmed/refuted via a larger sample. We also find that the spectra of SN Encore match the predictions for explosion models 
very well. With future large samples of lensed SNe Ia, e.g. with the Vera C. Rubin Observatory, spectra at such late phases will 
be important to distinguish between different explosion scenarios. 

K ey words: supernov ae: general – supernov ae: indi vidual: SN Encore. 
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 I N T RO D U C T I O N  

ype Ia supernovae (SNe Ia) are thermonuclear explosions of carbon–
xygen (CO) white dwarfs (WDs) in a binary system (see Maguire 
017 ; Livio & Mazzali 2018 ; Jha, Maguire & Sulli v an 2019 , for a
e vie w of the likely progenitor systems and observational properties 
f SNe Ia). Their bright peak luminosity and largely uniform 

bservable characteristics across the population make them excellent 
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istance indicators. SNe Ia have been instrumental in the disco v ery
f accelerated expansion (Riess et al. 1998 ; Perlmutter et al. 1999 )
nd for precision estimates of dark energy properties (Brout et al.
022 ; DES Collaboration 2024 ; DESI Collaboration 2024 ) as well as
he present-day expansion rate, i.e. the Hubble constant (Riess et al.
022 ). In optical wavelengths, the regime where most constraints on
osmology from SNe Ia are obtained, standardization of their peak 
uminosity can reduce the scatter to ∼15 per cent . To obtain such a
mall scatter, the peak brightness is corrected for correlations with 
he light-curve width and colour (e.g. Phillips 1993 ; Tripp 1998 ) and
lso the host galaxy properties (e.g. Kelly et al. 2010 ; Sulli v an et al.
010 ; Ginolin et al. 2024a , b ). 
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Measuring dark energy properties with SNe Ia requires relative
istance measurements, comparing the stretch and colour-corrected
rightness of the high- z SNe Ia with a low- z ‘anchor’ sample (e.g.
rout et al. 2022 ; DES Collaboration 2024 ). Near-future experiments

o study dark energy will sizably increase the sample of SNe Ia
t very high- z, i.e. z � 2 (Hounsell et al. 2018 ). With such large
amples, the SN Ia constraints on dark energy will be dominated by
ystematic uncertainties. One possible significant source of error is
he evolution of the progenitor population of SNe Ia with redshift.
tudies of the SN Ia properties and their host galaxies suggest that it

s likely that SNe Ia arise from more than one progenitor channel (e.g.
calzo, Ruiter & Sim 2014 ; Childress et al. 2015 ; Dhawan et al. 2018 ;
aguire et al. 2018 ; Fl ̈ors et al. 2020 , amongst others). It is, therefore,

lso possible that the relative fraction of the different channels giving
ise to SNe Ia is not the same in the local and high- z universe leading
o a redshift evolution of the SN Ia brightness, which cannot be
orrected by the current standardization process. This would limit
ur ability to disentangle this evolution from differences in dark
nergy properties (e.g. Riess & Livio 2006 ). 

Strong gravitational lensing is a no v el window to studying high- z
Ne. The ‘gravitational telescope’ effect (Zwicky 1937 ) magnifies

he light from distant sources, allowing us to study the systems in
etail. Spectra of gravitationally lensed SNe (gLSNe) have been
sed to study SNe Ia near maximum brightness in the ultraviolet
UV) wavelengths (Petrushevska et al. 2017 ) and with a time series
o study optical spectral feature evolution (Johansson et al. 2021 ;
all et al. 2024 ). gLSNe have also been proposed (Refsdal 1964 ;
oobar et al. 2002 ) as an independent way of measuring H 0 via time-
elay distances, demonstrated with the observations of SN Refsdal
Kelly et al. 2023 ) and SN H0pe (Chen et al. 2024 ; Frye et al.
024 ; Pascale et al. 2024 ; Pierel et al. 2024b ). As SNe Ia play a
entral role both in the study of dark energy properties and galactic
hemical enrichment, it is important to have a detailed view of the
xplosions at z > 1. At intermediate redshifts ( z ∼ 0 . 5), there have
een studies comparing the spectroscopic properties, both the optical
nd the UV to low- z ( z < 0 . 1) SNe (e.g. comparisons in Sullivan
t al. 2009 ; F ole y et al. 2012 ; Maguire et al. 2012 ). It is well known
hat the post-standardization SN Ia luminosity depends on the host
alaxy properties (Hamuy et al. 1996 ; Sulli v an et al. 2003 , 2010 ;
elly et al. 2010 ). Therefore, since the galaxy properties (mass,

ge, and metal and dust content) change with cosmic time, it is
learly important to quantify how the SN Ia properties differ with
edshift. Hook et al. ( 2005 ) analysed a sample of 14 SNe Ia in
he redshift range 0 . 17 ≤ z ≤ 0 . 83, finding the spectroscopic time
eries and the Ca II H&K velocities to be indistinguishable from
ow- z SNe Ia. Using a large sample of SNe Ia from the Supernova
e gac y Surv e y up to z ∼ 1, Bronder et al. ( 2008 ) found no evolution

n the rest-frame velocities and pseudo-equi v alent widths (pEWs)
f the SNe Ia. Sulli v an et al. ( 2009 ) find – by comparing low- z
pectra to the intermediate- and high- z SNe (Riess et al. 2007 ; Ellis
t al. 2008 ) – that changes in the average spectroscopic properties
re primarily attributed to the evolution in the SN Ia demographics
ith redshift. Accounting for the different stretch distributions across

edshift, they do not find differences between the low- and high- z
Ne Ia. Maguire et al. ( 2012 ) compared a sample of low- z near-UV
pectra to the high- z sample from Ellis et al. ( 2008 ) and found a
V flux deficit in the distant SNe Ia at the ∼3 σ level. Balland et al.

 2009 ) found that z > 0 . 5 had shallower features of intermediate-
ass elements compared to the z < 0 . 5 sample. Seen synoptically,

he studies would suggest a small, potentially appreciable difference,
ut such an effect is far from certain. The studies present very high
delity spectra but they are limited in the phase range (typically < 10 d
NRAS 535, 2939–2947 (2024) 
rom maximum light) and are mostly at z < 1. It is, therefore, critical
o study the spectroscopic properties of SNe Ia at larger lookback
imes. Most spectra of intermediate-redshift SNe Ia are also observed
ear maximum light, therefore, it is important to study the spectral
nergy distribution (SED) at different phases of the explosion. 

Here, we study the post-maximum rest-frame optical spectrum
f a lensed SN Ia, named SN Encore, at z = 1 . 95. SN Encore
as disco v ered on 2023 No v ember 17 by the JWST ( JWST -GO-
345, PI: Newman). The disco v ery epoch includes spectroscopic and
hotometric observations, details of which are summarized in Pierel
t al. ( 2024a ). Remarkably, the host galaxy of SN Encore also hosted
N Requiem (Rodney et al. 2021 ), which was a photometrically
lassified SN Ia. The data for SN Encore allow us to compare the
roperties of SNe Ia at a lookback time of 10.5 Gyr, i.e. when
he universe was around 3.3 Gyr old with the properties of SNe
a at present day. The observations of SN Encore were obtained
t ∼few rest-frame weeks after maximum. At these epochs, the
jecta temperature has decreased to ∼7000 K such that there is
 recombination wave that leads to an ionization transition from
oubly to singly ionized species of iron group elements (Kasen 2006 ;
londin, Dessart & Hillier 2015 ). This manifests as a rebrightening

n the redder filters, seen as a second maximum in the izY J H K 

lters (e.g. Hamuy et al. 1996 ; Folatelli et al. 2010 ; Dhawan et al.
015 ) and a shoulder in the V r filters. The timing of this second peak
an be used to measure the total amount of radioactive material in the
jecta (Kasen 2006 ; Dhawan et al. 2016 ). Along with intermediate-
ass elements, e.g. Si, Mg, S, at these phases, the spectrum also has

ines from iron group elements (Jack, Baron & Hauschildt 2015 ).
uch spectroscopic studies are important to test what the explosion
cenario and progenitor of an SN Ia is. While it has been known that
Ne Ia arise from the thermonuclear explosion of a CO WD in a
inary system (Livio & Mazzali 2018 ), the nature of the progenitor,
.g. the mass of the WD and the companion star, is poorly understood.
otential suggestions include sub-Chandrasekhar mass ( M Ch ) WD

hat detonates from a secondary supersonic shock triggered by a
elium shell detonation (Woosley & Weaver 1994 ; Shen et al. 2021a ).
n alternate scenario is a sub- M Ch double detonation of a hybrid He–
O WD (e.g. Perets et al. 2019 ; Pakmor et al. 2021 , 2022 ; Roy et al.
022 ). Comparing the model predictions to observations of high- z
Ne Ia is an important route to understand the progenitor channels at
arlier epochs in cosmic history. Such comparisons are possible due
o suite of new photometric and spectroscopic instruments with the
WST , e.g. Near-Infrared Camera (NIRCam; Rieke, Kelly & Horner
005 ) and Near-Infrared Spectrograph (NIRSpec; Jakobsen et al.
022 ). 
In this paper, we present and analyse spectroscopic observations

f an SN Ia at z ∼ 2 coinciding with the phases corresponding to the
econd maximum, some of the first at this phase and high- z (see also
ierel et al. 2024a ). Therefore, we infer the spectroscopic properties
f SN Encore and compare them to low- and intermediate-redshift
pectra from the literature to test for any evolution of SN Ia properties
ith cosmic time. The data set is presented in Section 2 and results

n Section 3 . Results are discussed and conclusions are presented in
ection 4 . 

 DATA  

N Encore was disco v ered in the F 150 W NIRCam imaging taken
023 No v ember 17 (MJD 60265) by noticing a point source on top
f a smooth galaxy distribution and then comparing the data with a
ubble Space Telescope Wide Field Camera 3/Infrared (WFC3/IR)
 160 W image taken on 2016 July 18, MJD 57587 (Newman et al.
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Figure 1. A summary of the NIRCam imaging and NIRSpec G140M IFU data obtained for SN Encore (corresponding to the brightest image, i.e. image A). 
Left: F 150 W surface brightness map calculated using NIRCam images with 0.05 arcsec resolution with a north-up orientation. Blue colour indicates brighter 
pixels. White dots indicate the SN positions covered by the spaxels selected from the IFU data cube. The SN is distinct in the image compared to surrounding 
pixels with lower surface brightness. Middle: NIRCam image with 0.1 arcsec resolution with the same orientation. We mark the pixels of potential SN location 
as dots. Right: F 150 W surface brightness map from the G140M IFU cube with the predicted SN location as a dot. 
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018 ). The filters are well matched in wavelength and transmission
nd the source was brighter than 24 AB mag. Ho we ver, the separation
f the source from the nucleus of the host galaxy, MRG-M0138, is
0 . 1 arcsec , which is approximately the pixel scale of WFC3/IR.
orced photometry confirmed that there was an increase in flux 
orresponding to the apparent brightness of SN Encore between the 
 160 W and F 150 W imaging. Two images of the SN, image A and

mage B, were clearly visible in the F 150 W data, while a third image,
mage C, was revealed after subtracting the host galaxy light (Pierel 
t al. 2024a ). Lens model predictions suggest that the next image
ill arrive by the end of the decade, allowing a dedicated follow-up

ampaign similar to SN Refsdal (Kelly et al. 2016 ). The host galaxy
f the SN, MRG-M0138, is red and passive, already suggesting that 
here is low star formation, and hence, that the SN is likely of Type Ia
Rodney et al. 2021 ). 

The data used include JWST NIRCam images and NIRSpec 
ntegral field unit (IFU) spectroscopic observations, both from a 
ycle 1 program (Program ID: 2345, PI: Andrew B. Newman). 
bservations of G235M were taken on 2023 No v ember 17, and
140M data were taken on 2023 December 27. We used the 

ollowing combination of grating and disperser: G140M/F100LP 

nd G235M/F170LP, with total exposure times of 8228 and 7644 s,
espectively. Exposures with the same integration time were also 
aken on a nearby background field. Data are processed by a 

odification of the JWST pipeline with version 1.13.4. Raw 

ata were downloaded from the Barbara A. Mikulski Archive for 
pace Telescopes ( MAST ). For this work, we used the F 150 W
IRCam images. For NIRCam image reduction, the Calibration 
eference Data System ( CRDS ) reference files were defined by 
wst 1230.pmap . In stage 1, the snowball rejection was activated. 

n stage 2, we used the default parameters in the pipeline. In
tage 3, the final output image was oriented to be north-up by
ustomizing the rotation parameter in the resampling step, and 
he crval parameter was modified to specify the right ascension 
RA) and declination (Dec.) of the reference pixel for alignment 
ith observations made by different instruments. Two output images 
ith different spatial resolutions, 0.05 and 0.1 arcsec pixel −1 , were 
enerated. For NIRSpec IFU data, we processed G140M/F100LP 

nd G235M/F170LP spectra. The CRDS reference files are defined 
y jwst 1225.pmap . Modifications included acti v ating NSCLEAN 

nd turning off the default background subtraction to post-process 
ky subtraction instead of using the default 1D sky subtraction. In the
ube build step of stage 3, the output was oriented to be north-
p, and parameters ra center , dec center and cube pa were
pecified. 

The supernova (SN) is visible in the high-resolution (0.05 arc- 
ec pixel −1 ) NIRCam image (left panel of Fig. 1 ) but less distinct
n the 0.1 arcsec pixel −1 NIRCam image (middle panel of Fig. 1 )
nd NIRSpec IFU data (right panel of Fig. 1 ). We first aligned the
pectra and images by specifying coordinate-related parameters and 
nsuring the rotation angle was consistent with north-up. Surface 
rightness maps were generated using filter F 150 W , and the IFU
entre was adjusted to minimize the difference between the surface 
rightness map from the NIRCam image and the NIRSpec IFU 

140M/F100LP cube. We performed pix el-to-pix el subtraction of 
ackground spectra from the target data cube after cleaning outliers 
rom the background. The host galaxy properties for MRG-M0138 
re described in Newman et al. ( 2018 ). We isolated the SN spectra
y subtracting an estimated the host galaxy spectrum at the same
urface brightness, using both the G140M and G235M gratings. 
he G140M grating enabled alignment with the F 150 W NIRCam

mage, revealing the SN’s location. G235M spectroscopy was aligned 
ith G140M using their o v erlapping wav elength ranges. SN spax els

howed unique spectral features distinct from the galaxy’s spectra. 
s shown in Fig. 1 , we selected two spaxels in the IFU data as the
otential locations of the SN. 
For the host galaxy subtraction, we established contour levels 

ased on the F 150 W surface brightness map for the G140M data
ube, which allowed us to extract the background galaxy’s spectra 
rom spaxels matching the surface brightness levels of the SN 

pax els. Two spax els for SN locations are marked as white dots in
ig. 1 . Neighbouring pixels from the SN spaxels were masked when
alculating the host galaxy spectra. The host spectra were calculated 
s the median spectrum of the host galaxy in the same value levels
f the two SN spaxels, which include 20 and 46 spaxels for the two
N spax els, respectiv ely . Finally , the SN spectrum was isolated by
ubtracting the median spectrum of the background galaxy from the 
bserved SN spaxels. The extracted spectra are shown in Fig. 2 . 

 RESULTS  

n this section, we infer the SN type and age of SN Encore spec-
roscopically. We infer the phase of the observations from different 
MNRAS 535, 2939–2947 (2024) 
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M

Figure 2. SNID fit to the spectrum taken on 2023 No v ember 17 with the G235M grating and on 2023 December 28 with the G140M grating. They were fitted 
independently, both with the host redshift free and fixed (see text for details). For the first epoch, the top match is SN 2004eo at + 29 d and 8 of the top 10 
matches are ‘Ia-norm’. For the second epoch, the best match is SN 2002ck, a normal SN Ia at + 37 d, also with 8 out of the top 10 matches being normal SN Ia. 
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pectral matching procedures. First, we use the SN identification
ode SNID (Blondin & Tonry 2007 ) to simultaneously infer the SN
ype and age. Secondly, we use empirical spectral templates, namely,
he HSIAO template (Hsiao et al. 2007 ) and the latest iteration of
he Spectral Adaptive Light curve Template ( SALT3 ; Kenworthy
t al. 2021 ) to infer the spectral age. We then test for signatures
f evolution with cosmic time, we compare the SN Encore spectrum
o an ensemble spectrum from the local universe ( z < 0 . 1) SNe Ia,
orresponding to the phase range around the same time as the SN
ncore spectra. We compare the SN Encore spectra to composite
pectra of normal SNe Ia using the KAEPORA data base (Siebert et al.
019 ), described in Section 3.2 . 
We also quantify the similarity by comparing the spectral line

elocities from individual low- z SNe Ia with those of SN Encore. 

.1 Typing and age inference 

e infer the type and age of the SN by fitting SNID to the observed
pectrum. We infer the spectral properties in the first instance with
o prior on the fit. We find the best fit to a normal Type Ia supernova
Ia-norm), with the best fit to SN 2004eo. 9 of the 10 top matches
re to ‘Ia-norm’ SNe. We independently fit the second epoch to get
he best SNID match. 8 of the top 10 matches for the spectrum taken
n 2023 December 27 are also to SN Ia-norm with the best fit to
N 2002ck (Fig. 2 ). 
The age inference is based on the top eight fits with rlap, a metric

sed by SNID to determine how correlated/similar the two SN spectra
re, > 5 and grade classified as ‘good’. We take the median and
tandard deviation of the top eight fits (as demonstrated in Blondin
t al. 2008 ) as the inferred phase and find that the spectrum suggests
 phase of 27 . 9 ± 5 . 3 d. In the second instance, we fit with a prior
n the redshift from the host galaxy. If we fix the redshift in the fit to
hat from the host galaxy spectrum, we get a consistent estimate for
he phase of 29 . 0 ± 5 . 0 d. We use this estimate for the analysis from
ere onwards. For the second epoch, fitting independently of the first
pectrum, the best estimate of the age using the same methods as for
he first epoch is 37 . 4 ± 2 . 8 d. For this epoch, it is independent of
he prior on the redshift from the host galaxy. Therefore, based on
he spectroscopic information we conclude that SN Encore a normal
N Ia. 
NRAS 535, 2939–2947 (2024) 
We use a complementary technique to measure the phase of the
pectra, with empirical templates for the SED. Since there are few
pectral templates, we compare the results from different model fits.
he models are fitted using a Markov chain Monte Carlo (MCMC)
ith EMCEE (F oreman-Macke y et al. 2013 ) with 20 000 steps and
000 samples for ‘burn-in’. In the first case, we use the HSIAO

emplate (Hsiao et al. 2007 ), which is built from a library of ∼600
pectra of ∼100 unique SNe Ia. Fitting this template to the first
bserved spectrum of SN Encore, we find a best matching phase of
4 . 7 ± 1 . 1 d. When using the latest SALT3 model (Kenworthy et al.
021 ), which was developed from ∼1200 spectra of 380 distinct SNe
a, we get a phase of 28 . 7 + 2 . 0 

−1 . 5 d which is in agreement at the ∼1 σ
evel. Similarly for the G140M spectrum, the HSIAO model indicates
n age of 25 . 6 + 3 . 1 

−4 . 5 d and SALT3 model indicates an age of 30 . 9 + 4 . 4 
−9 . 1 d.

ll the methods yield consistent phase inference to within 2 σ
Fig. 3 ). The difference between the phases inferred for both spectra is
onsistent with the difference in the dates of observation, accounting
or time dilation. 

.2 Low- z spectral comparison 

n important test of the evolution of SNe Ia with cosmic time is the
omparison of spectra between low- and high- z SNe (e.g. Ellis et al.
008 ; Petrushevska et al. 2017 ). We compare the SN Encore spectra
o the local SN Ia sample using the relational data base KAEPORA

Siebert et al. 2019 ). We restrict the low- z sample to spectra between
 17 and + 45 d, which is the possible range of phases for SN Encore.

AEPORA contains a large data base of almost 5000 spectra of nearly
00 SNe Ia. The data are homogenized to account for the diverse
ignal-to-noise ratios, cleaned by removing residual sky lines, galaxy
mission, and cosmic rays, and corrected for the host and Milky Way
xtinction as well as deredshifted to the rest frame of the SN. We
ake composite spectra from the data base to compare with SN
ncore (Fig. 4 ). We be gin by remo ving peculiar SNe Ia, which are
efined as being similar to SN 2002cx, SN 2002es, or classified as
a-CSM. We generate 500 bootstrap realizations from the composite
pectra as described in Siebert et al. ( 2019 ). Composite spectra allow
s to visualize differences between complex spectral feature shapes,
hich might not be possible with summary statistics, e.g. pEWs or

ine velocities. The low- z composite spectra are compared to the
140M and G235M spectrum of SN Encore in Fig. 4 . There are no
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Figure 3. Posterior distribution of the inferred age for the G235M spectrum 

(top) and the G140M spectrum (bottom) for SN Encore using the three 
methods, i.e. HSIAO template (black), SALT3 (green), and SNID (magenta). 
The methods yield ages that are consistent with each other albeit with large 
errors. 
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bvious differences between the low- z spectra and SN Encore in this
hase range. We also compare the SN Encore spectra to low- z spectra
n �m 15 , B bins for values from 0.8 to 2.0. For comparison to the
nference from the photometric data, we use an x 1 = −1 . 39 ± 0 . 13
Pierel et al., in preparation), where x 1 is the light-curve shape derived 
rom the SED model used in cosmological inference, i.e. SALT3 
Kenworthy et al. 2021 ). The ne gativ e x 1 suggests that the SN is
eclining faster than the mean, while still being within the distribution 
xpected for cosmological SNe Ia. Using the relation in Guy et al.
 2007 ), this corresponds to a �m 15 , B of 1 . 34 ± 0 . 02. While we do
ot explicitly restrict either the comparison samples or models for 
ur analysis, we use this inferred �m 15 , B as an indicati ve v alue. A
omparison of the composite spectra in bins of �m 15 , B is shown in
ig. 5 . We find that the composite spectra for the slowest declining
Ne Ia are the least consistent with the observed spectra of SN
ncore, while the other composite spectra agree very well. This is
n independent test that SN Encore is a cosmological SN Ia with a
aster -than-a verage decline rate. 

SN Ia observing campaigns have also obtained high-fidelity 
pectra at intermediate- to high- z (e.g. Ellis et al. 2008 ; Balland
t al. 2009 , 2018 ). We note that while a comparison to composite
pectra of intermediate- z SNe Ia would be very interesting, it is not
iable since the spectra are observed close to maximum light, unlike 
he inferred phase of both the G140M and G235M spectra. 

.3 Spectral feature comparison 

o quantify the spectroscopic comparisons further, we measure the 
pectral line velocity of the most ubiquitous features in an SN Ia, i.e.
he Si II 6355 Å and the Ca II near-infrared (NIR) triplet. Spectral
ines bluewards of the Si II 6355 Å feature cannot be measured 
ery precisely with either spectrum, hence, we only analyse the 
wo aforementioned features, observed in the G235M spectrum. The 
lue features are also difficult to measure without contamination at 
hases post-maximum (e.g. Folatelli et al. 2013 , only measure it to
+ 20 d post-peak). 
The spectra are fit with a Gaussian process (GP) smoothing using
he tool SPEXTRACTOR 

1 (see also Papadogiannakis 2019 ; Burrow 

t al. 2020 ). The spectral line velocities are inferred from Doppler
hift between the wavelength minima λm 

computed by SPEXTRACTOR 

sing the GP smoothing and the rest-frame wavelength of the feature
see Fig. 6 for the resulting fit). 

Another metric used widely in the literature for spectral compar- 
sons is the pEW. It is similar to the EW but since EWs require
 continuum to be determined, which is not well defined for an
N Ia, a pseudo-continuum is defined, e.g. as a straight line fit
etween two local maxima (e.g. see Folatelli 2004 ). While pEWs
re an important diagnostic of the explosion (e.g. Branch et al. 2006 ;
olatelli et al. 2013 ; Maguire et al. 2014 ), at high- z, we can expect a
on-negligible contamination from the host galaxy (e.g. Foley et al. 
008 ). Therefore, to be conserv ati ve and use a ‘cleaner’ diagnostic,
e only analyse the velocities of the two features. 
For comparing to the low- z SNe Ia, we use measurements from the

ow- z as presented in Folatelli et al. ( 2013 ). This is a large, uniformly
easured set of values that extend out to late phases, compatible
ith the phases of observation of SN Encore. The comparison to SN
ncore is presented in Fig. 7 . We find that both the line velocities
f Si II 6355 Å and Ca II NIR are compatible with the distribution
f value for the lo w- z sample sho wing no sign of evolution with
edshift. We also compare the line velocity to other lensed SNe Ia,
oth at intermediate- (0 . 1 < z < 0 . 5) and high- z ( z > 1). Spectra for
N H0pe are obtained from Chen et al. ( 2024 ) and the line width and
elocity are measured with the same procedure as for SN Encore.
e find no differences in the velocity evolution of either feature

ompared to the low- z sample for SN H0pe. For comparison we
lso plot the inferred line velocities for iPTF16geu, an intermediate- 
edshift lensed SN Ia at z ∼ 0 . 409 (Goobar et al. 2017 ), with the line
elocities as reported in Johansson et al. ( 2021 ), where the authors
ound that iPTF16geu showed a velocity evolution very similar to 
ormal SNe Ia at low- z (see also Cano et al. 2018 ). Analysis of
N Zwicky (Goobar et al. 2023 ; Pierel 2023 ; Larison et al. 2024 ) an
xtremely compact lensed SN Ia will be presented in a forthcoming
aper (Johansson et al. in preparation) 

.4 Comparison to explosion models 

pectra of SNe Ia at a few weeks post maximum contain important
nformation regarding the elemental abundance and ionization state 
f the ejecta. At these phases, the IGEs in the ejecta transition from
oubly to singly ionized, which is seen as a second maximum in the
ight curve at redder wavelengths (typically, i -band and redwards). 
his can be used as a diagnostic to distinguish between different
odel scenarios. In this section we compare the observations of SN
ncore with synthetic spectra from different explosion scenarios. 
ne of the open questions regarding SN Ia progenitors is the mass
f the primary WD. Therefore, we compare the observations to both
odels for which the primary WD is Chandrasekhar mass ( M Ch ∼
 . 4 M �, e.g. Khokhlov 1991 ) or significantly below it (sub-; e.g.
londin et al. 2017 ). Here, we take a representative set of explosion
odels to co v er the range of observables seen in the sample of

normal’ SN Ia, since SN Encore is a normal SN Ia. We briefly
escribe below the different scenarios considered in this work. 
For the M ch case, the leading model is the ‘delayed-detonation’ 

cenario (Khokhlov 1991 ; Seitenzahl et al. 2013 ). In this model, the
 xplosion be gins as a subsonic shock, or ‘deflagration’, which at
MNRAS 535, 2939–2947 (2024) 

https://github.com/astrobarn/spextractor
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M

Figure 4. Left: Comparison of the mean optical spectrum from the KAEPORA data base in the phase range + 17 to + 45 d (blue) with the SN Encore spectrum 

taken on 2023 No v ember 18 (violet). The spread in the mean spectrum is from the 500 bootstrap realizations of a composite spectrum from a total of 321 spectra 
in the phase range without telluric contamination. Since SN Encore is a ‘Ia-norm’ with a close to normal �m 15 , we restricted the range of comparison objects 
to 0 . 8 < �m 15 < 1 . 5. Right: The same but for 2023 December 27 (red) compared to the composite spectrum from the SNe Ia between phase ranges + 17 and 
+ 45 d. 

Figure 5. Comparison of the mean low- z SN Ia spectrum in the phase range 
permissible from the SNID inference, binned in �m 15 . All the composite 
spectra with a median �m 15 > 1 . 1 are consistent with the first observed 
spectrum of SN Encore. 
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Figure 6. GP fit from SPEXTRACTOR (Papadogiannakis 2019 ) to the SN En- 
core spectrum (joined G140M and G235M). 

T  

t  

g  

o  

y  

t  

a  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/4/2939/7848607 by guest on 20 January 2025
 certain transition density, ‘ ρDDT ’, becomes a supersonic shock or
 detonation. Without the pre-expansion or deflagration phase, the
aterial of the WD would completely burn to iron-group elements

IGEs) without any intermediate-mass elements (IMEs), hence, the
esulting explosion would not look like an SN Ia (Arnett 1969 ).
NRAS 535, 2939–2947 (2024) 
he subsonic shock pre-expands the WD reducing the density of
he material, and this leads to the creation of both IGEs and IMEs
iving rise to near-maximum light spectra that agree well with
bservations (Khokhlov 1991 ). The variation in the nucleosynthetic
ields and, therefore, synthetic observables is determined by the
ransition density, ρDDT . These models are referred to hereafter
s DDC (Blondin et al. 2013 ). A variation of the M Ch delayed-
etonation models is the pulsational delayed detonations, which are
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Figure 7. The evolution of the Si II 6355 Å (left) and Ca II NIR triplet line velocity (right) for low- z SNe Ia compared to lensed SNe Ia at high- z. The low- z 
sample is shown as smaller points. We find that the velocity of SN Encore is consistent with the low- z sample for the Si II 6355 Å. 
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Figure 8. Comparison of the synthetic spectra for different explosion models 
with the observed spectrum of SN Encore within the estimated range based 
on both the photometry and the spectra. 
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ery similar to the DDC models, except at early times wherein they
ave little mass at high velocity and hotter outer ejecta (hereafter 
DDEL; Dessart et al. 2014 ). 
For the sub-Chandrasekhar (sub- M Ch ) models, the mass of the 

rimary varies, which leads to differences in the elemental yields 
nd the abundance of radioactive material (hereafter SCH). The 
odels can explain a wide range of brightnesses and light-curve 

hapes, and there is observational evidence that faint SNe Ia arise
rom sub- M Ch explosions (Blondin et al. 2017 ). While previously the
odels were disfa v oured as the outer He shell (which was assumed

o be very thick) produced Ti-group elements that predicted colours 
ismatched with observations (Woosley & Weaver 1994 ; Hoeflich 

t al. 1996 ), with recent thin shell models (e.g. Bildsten et al. 2007 ;
hen & Moore 2014 ), the agreement with observed spectra and 
olours is better (Pakmor et al. 2021 , 2022 ; Shen et al. 2021a , b ). 

Recent studies have shown that the population of SNe Ia could 
omprise objects arising from either progenitor channel (see Blondin 
t al. 2017 ; Dhawan et al. 2018 ; Scalzo et al. 2019 , amongst others).
herefore, we compare the synthetic observables from all the model 
ate gories describe abo v e to the spectra of SN Encore. We inv estigate
he radiative transfer from a wide range of explosion models, such 
hat we can co v er the known diversity of progenitor scenarios. Both
he M Ch (DDC and PDDEL) and sub- M ch models span a range of
6 Ni masses, and in case of the SCH models, they also span a range
f primary WD masses, since in this scenario the WD mass is the
ain determinant of the 56 Ni mass (e.g. Sim et al. 2010 ). 
We pick the models in each class with �m 15 , B closest to the

bservations of SN Encore. For the scenarios tested, this corresponds 
o SCH3p5, DDC20, and PDDEL9 (in Fig. 8 , the models are
hown normalized to the flux around ∼6200 Å). We pick the model
redictions closest to the phase of the G235M spectrum and find 
hat all models can broadly reproduce the features in the G235M 

pectrum. Some of the most striking differences are in the region 
9000 Å, which is likely a combination of strong Ca II , Fe II , and Co II

ines (Blondin et al. 2015 ). While all models o v erpredict the relative
ux in both these regions, the DDC models predict the brightest

ine ratio. Ho we ver, the predicted strength of the line is sensitive
o the phase inference, which has a few day uncertainty in our
nalysis. At blue wavelengths we see that the sub-Chandra models 
nderpredict the flux at ∼6700 Å which could be due to differences 
n the Si II line strength. The DDC and PDDEL o v erpredict the flux
t ∼5500 Å which is likely dominated by permitted transitions of 
e II and possibly forbidden [Co III ], since the SN is transitioning

o the nebular phase at such late epochs. If the true phase is not at
he central value but within either the 68 or 95 per cent credible
egion, then the prediction from the DDC and PDDEL models 
atches the observed features better than the SCH model. Therefore, 

he inference regarding the model that most closely resembles the 
pectrum depends on having a precise, independent estimate of the 
poch of the observation. Moreo v er, we note that this comparison is
nly performed for a single SN. In the future, such comparisons for
 sample of high- z lensed SNe will be necessary to derive properties
f the populations of SNe Ia, as done with composite UV spectra at
 ∼ 0 . 5 in Walker et al. ( 2012 ). 

 DI SCUSSI ON  A N D  C O N C L U S I O N  

e have analysed the spectra of SN Encore, a lensed SN Ia at z =
 . 95 (Pierel et al. 2024a ). Due to the boost in brightness from the
ensing magnification, we can study a high-quality spectrum, a few 
MNRAS 535, 2939–2947 (2024) 
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est-frame weeks after maximum light, of an SN Ia with a lookback
ime of > 10 Gyr. We find that the SN is consistent with a normal SN Ia
ubclassification from SNID template matching. The best-fitting phase
f observations is 29 . 0 ± 5 . 0 d for the G235M spectrum and 37 . 4 ±
 . 8 d for the G140M spectrum. This is consistent with the differences
n observer frame days divided by (1 + z) (see also White et al. 2024 ,
or an analysis of time dilation with SN Ia light curves). We built a
omposite spectrum of low- z SNe Ia using the KAEPORA relational
ata base, we found no significant differences between the local
ample and either of the SN Encore spectra. Binning the composite
pectra based on the light-curve shape, we find that all except the
lo west e volving subsample, i.e. with 0 . 8 < �m 15 , B < 1 . 1 match the
bserved spectrum, which is consistent with the measurement of the
hape of the light curve. We find no differences between the G140M
bservations of SN Encore and the mean low- z spectrum in the same
av elength re gion. In previous studies comparing the UV spectra of

ow- and intermediate- z ( z ∼ 0 . 5) SNe Ia, there has been evidence of
epressed flux in the local SNe Ia compared to more distant SNe Ia
n UV features at 2920 and ∼3180 Å. While our observations do not
o v er such blue features, future observations with G140M/F070LP
ill be critical to compare these features between local and very
igh- z ( z > 1) gLSNe Ia. 
As SNe Ia are precision probes of dark energy (DES Collaboration

024 ), it is important to quantify systematics from any evolution of
ntrinsic properties with the age of the universe. The tests presented
ere show that based on post-maximum light spectra, there is no
 vidence of dif ferences between the spectral properties of SN Encore
nd low- z SNe Ia. Complementary analysis of a lensed SN Ia
t z = 1 . 4 – PS1-10afx (Quimby et al. 2014 ) – near-maximum
ight also demonstrated a similarity between the properties of low-
nd intermediate- z SNe Ia (Petrushevska et al. 2017 ). However, it
as found that for PS1-10afx, the feature around 3500 Å is more
rominent than the low- z sample. While there is not significant
ignal in that wavelength region for SN Encore, future observations
ill be critical to test whether such differences are also seen at later
hases. We quantified the comparison by e v aluating the spectral line
elocities of SN Encore, as well as other lensed SNe Ia, namely,
N H0pe and iPTF16geu. We find that the line velocities measured
or the intermediate- and high- z are consistent with the distribution
bserved for low- z SNe Ia. 
With the advent of wide-field deep surveys of the transient sky,

e expect to learn from current surveys (Sagu ́es Carracedo et al.
024 ; Townsend et al. 2024 ) and disco v er large samples of lensed
Ne (Pierel & Rodney 2019 ; Arendse et al. 2024 ). Moreover, we
an expect large samples of cluster-lensed SNe Ia to be disco v ered
ith JWST (Petrushevska et al. 2018 ). With a large sample of SN

pectra, we can compare to predictions from different explosion
odels to infer what progenitor channels can explain the observed

opulation of SNe Ia. Here, we illustrate this point by comparing to
oth M ch and sub- M ch models. The sub- M Ch models underpredict
he features near ∼6700 Å, whereas the DDC and PDDEL models
 v erpredict the comple x at ∼5500 Å , and the DDC models predict
he strongest feature at ∼9000 Å. With future impro v ements in the
odel predictions we can use the spectra for a sample of SNe Ia

o distinguish between different model scenarios. Strongly lensed
Ne are, therefore, an excellent method to test cosmic evolution of
Ne Ia both for controlling systematics in dark energy inference and
nderstanding their progenitors. 
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