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A B S T R A C T 

The double detonation is a widely discussed explosion mechanism for Type Ia supernovae, whereby a helium shell detonation 

ignites a secondary detonation in the carbon/oxygen core of a white dwarf. Even for modern models that invoke relatively 

small He shell masses, many previous studies have found that the products of the helium shell detonation lead to discrepancies 
with normal Type Ia supernovae, such as strong Ti II absorption features, extremely red light curves, and too large a variation 

with viewing direction. It has been suggested that non-local thermodynamic equilibrium (non-LTE) effects may help reduce 
these discrepancies between observations. Here we carry out full non-LTE radiative transfer simulations for a recent double 
detonation model with a relatively small helium mass of 0.05 M ⊙. We construct 1D models representative of directions in a 
3D explosion model to give an indication of viewing angle dependence, and show that at early times up to around maximum 

light, this gives a reasonable approximation of the different directions in the 3D model. This approximation breaks down once 
the ejecta start to become optically thin. The full non-LTE treatment leads to impro v ed agreement between the models and 

observations. The light curves become less red, due to reduced absorption by the helium shell detonation products, since these 
species are more highly ionized. Additionally, the expected variation with observer direction is reduced. The full non-LTE 

treatment shows promising impro v ements and reduces the discrepancies between the double detonation models and observations 
of normal Type Ia supernovae. 

K ey words: radiati ve transfer – methods: numerical – white dwarfs – transients: supernovae. 

1  I N T RO D U C T I O N  

Sub-Chandrasekhar mass (sub- M Ch ) white dwarfs are promising 
progenitors for Type Ia supernovae (SNe Ia; Shigeyama et al. 1992 ; 
Nugent et al. 1997 ; H ̈oflich, Wheeler & Thielemann 1998 ; Sim et al. 
2010 ; Blondin et al. 2017 ; Shen et al. 2018a ). The detonations 
of bare sub- M Ch carbon–oxygen (C/O) white dwarfs are able to 
produce a reasonable number of observed features of SNe Ia (Sim 

et al. 2010 ; Blondin et al. 2017 ; Shen et al. 2018a ), including 
accounting for a range of brightnesses by varying white dwarf mass. 
They show light curves with rise times and peak colours similar to 
normal SNe Ia and can roughly reproduce the o v erall trend of the 
width–luminosity relationship (Phillips 1993 ). Ho we ver, the physical 
mechanism igniting the detonation in these bare C/O white dwarf 
models was not considered. The double detonation (see e.g. Nomoto 
1980 , 1982 ; Taam 1980 ; Livne 1990 ; Woosley & Weaver 1994 ; 

⋆ E-mail: ccollins@tcd.ie 

H ̈oflich & Khokhlov 1996 ; Nugent et al. 1997 ) is a widely discussed 
mechanism to ignite a sub- M Ch white dwarf. In this scenario, a 
helium detonation is ignited in a surface helium shell on a sub- M Ch 

C/O white dwarf. The helium detonation then ignites a secondary 
carbon detonation in the core. 

Early versions of double detonation models invoked relatively 
massive helium shells of ∼0 . 2 M ⊙ (Nugent et al. 1997 ), and 
predicted light curves and spectra that were not consistent with 
those of normal SNe Ia, due to the o v erproduction of iron group 
elements. Recent work has shown that considerably lower mass 
helium shells ( < 0 . 1 M ⊙) may be able to ignite a secondary core 
detonation (Bildsten et al. 2007 ; Shen & Bildsten 2009 ; Fink et al. 
2010 ; Shen et al. 2010 ). This has contributed to renewed interest 
in the double detonation explosion scenario, since this reduces the 
discrepancies with observations caused by the o v erproduction of 
iron group elements at high velocities, produced in the helium 

shell detonation (Kromer et al. 2010 ; Woosley & Kasen 2011 ). 
Ho we ver, compared to the detonation of bare C/O sub- M Ch white 
dwarfs, the detonation of the helium shell in these models introduced 
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discrepancies with observations, such as strong absorption features 
(particularly by Ti II ) and red light-curve colours. Recent simulations 
considering a low helium shell mass (around 0.02 M ⊙) have shown 
that double detonations may be able to reproduce normal SNe Ia 
(Townsley et al. 2019 ; Shen et al. 2021b ), although Collins et al. 
( 2022 ) showed that a 0.02 M ⊙ He shell mass does not necessarily lead 
to spectra and light curves in agreement with normal SNe Ia. These 
simulations considered a traditional double detonation, where He is 
accreted slowly and the He shell becomes unstable to detonation. 
In dynamical accretion scenarios (e.g. Guillochon et al. 2010 ; Dan 
et al. 2011 ; Raskin et al. 2012 ; Pakmor et al. 2013 , 2022 ; Shen et al. 
2018b ), the minimum He shell mass required to reach ignition is still 
smaller. 

The greatest source of discrepancy for most iterations of the double 
detonation scenario compared to observations is due to the burning 
products of the He shell detonation, where large abundances of heavy 
elements are synthesized in the outer layers of the ejecta during the 
He detonation. The burning products (predominantly Cr, Ti, and 
Fe-peak elements) cause line blanketing of blue wavelengths that 
produce strong absorption features not observed in normal SNe Ia 
(Kromer et al. 2010 ; Woosley & Kasen 2011 ; Sim et al. 2012 ; Polin, 
Nugent & Kasen 2019 ; Gronow et al. 2020 , 2021 ; Shen et al. 2021b ; 
Collins et al. 2022 ). 

Man y radiativ e transfer simulations for the recent generation of 
lower He shell mass double detonation models have assumed local 
thermodynamic equilibrium (LTE; e.g. Woosley & Kasen 2011 ; 
Polin et al. 2019 ; Townsley et al. 2019 ; Shen et al. 2021b ), or 
used approximations for non-LTE (Kromer et al. 2010 ; Gronow 

et al. 2020 ; Collins et al. 2022 ). Dessart et al. ( 2014 ) discuss 
the importance of non-LTE effects for SNe Ia modelling. Nugent 
et al. ( 1997 ) carried out non-LTE radiative transfer simulations for 
early, thick He shell double detonation models, but these models 
were not able to reproduce observations of normal SNe Ia. Shen 
et al. ( 2021a ) carried out non-LTE simulations for models of bare 
C/O white dwarf explosions with no He shell detonation and 
found impro v ed agreement between the models and the Phillips 
relation (Phillips 1993 ). Recently, Boos et al. ( 2024 ) presented 
1D non-LTE simulations based on different lines of sight in a 2D 

double detonation model which considered a low He shell mass 
(0.016 M ⊙). This led to bluer colours and slower declines from 

maximum, generally showing greater agreement with observations, 
although for some models the colours appear too blue and decline 
too slowly. In this paper, we carry out full non-LTE simulations 
for a recent low He mass model (with a modest helium mass 
of 0.05 M ⊙). 

2  M E T H O D S  

2.1 Radiati v e transfer 

We use the time-dependent multidimensional Monte Carlo radiative 
transfer code ARTIS (Sim 2007 ; Kromer & Sim 2009 , based on the 
methods of Lucy 2002 , 2003 , 2005 ) to calculate synthetic light curves 
and spectra. ARTIS has been extended by Shingles et al. ( 2020 ) 
to include a full solution to the non-LTE equations of statistical 
equilibrium for atomic level populations, a non-thermal solver, 
detailed bound–free estimators, and a non-LTE radiation field model. 
We refer to this version of ARTIS by Shingles et al. ( 2020 ) as ARTIS- 
NLTE . We compare simulations using ARTIS-NLTE to simulations 
using the approximate non-LTE treatment in ARTIS , as described 
by Kromer & Sim ( 2009 ), which we now refer to as ARTIS-CLASSIC . 
Specifically, we use the ‘detailed ionization’ treatment, which uses 

a nebular approximation to parametrize the radiation field with a 
dilute blackbody at the radiation temperature ( T R ). Level populations 
are solved using the Boltzmann formula e v aluated at a temperature 
corresponding to the local energy density of the radiation field ( T J ); 
see Kromer & Sim ( 2009 ) for details of this treatment. While intended 
to capture some non-LTE behaviour, this treatment is still based on 
assumptions made under LTE (e.g. that the level populations can be 
described by the Boltzmann formula). 

The ARTIS-NLTE simulations are carried out in the same way as 
the non-LTE simulation presented by Collins et al. ( 2023 ). In this 
paper, we present 1D simulations. Future work will be to carry out 
multidimensional full non-LTE simulations. 

For the ARTIS-NLTE calculations, we use the same atomic data 
set as Collins et al. ( 2023 ), based on the atomic data compilation 
of CMFGEN 

1 (Hillier 1990 ; Hillier & Miller 1998 ), similar to the 
data set compiled by Shingles et al. ( 2020 ). The atomic data used 
in the ARTIS-CLASSIC simulations are the ‘big-gf-4’ atomic data set 
of Kromer & Sim ( 2009 , see their table 1) and Gall et al. ( 2012 ), 
sourced from Kurucz & Bell ( 1995 ) and Kurucz ( 2006 ). 

2.2 Models 

In this work, we carry out 1D simulations, ho we ver, since the double 
detonation scenario is highly asymmetric (e.g. Kromer & Sim 2009 ; 
Gronow et al. 2020 , 2021 ; Boos et al. 2021 ), we would like to 
determine the potential effects of non-LTE on the viewing angle 
dependence of the synthetic observables. Therefore, we create 1D 

models from ejecta in different directions from a 3D explosion model 
(described in Section 2.3 ). We chose to investigate Model M2a from 

Gronow et al. ( 2020 ), using the same methods to construct 1D models 
as Collins et al. ( 2023 ). Model M2a had a total mass of 1.05 M ⊙, with 
a relatively low helium mass of 0.05 M ⊙. Model M2a was ignited via 
the scissors mechanism (see Gronow et al. 2020 ), yielding differences 
in structure and abundances compared to the typical converging 
shock mechanism. We note, ho we ver, that the synthetic observables 
resulting from the scissors mechanism were surprisingly similar to 
models ignited by the converging shock mechanism (Models M1a 
and FM3; see fig. 6 of Gronow et al. 2020 ). Mixing between the 
He shell and the C/O core in Model M2a was artificially enhanced, 
and following this mixing the actual mass of the He-rich shell was 
0.073 M ⊙. For ease of comparison with models that do not consider 
mixing, we here refer to the He mass (0.05 M ⊙) rather than the mass 
of the He-rich shell. This mixing, ho we ver, did not significantly affect 
the predicted light curves and spectra, as was shown by Gronow et al. 
( 2020 ) by comparing Model M2a to their Model M1a (with reduced 
mixing) and to Model FM3 (Fink et al. 2010 ), which did not allow 

any mixing. 
The structure of the ejecta in the 3D Model M2a is indicated by 

Fig. 1 . We investigate three directions. First, viewing towards the 
initial ignition point at the pole on the + z-axis ( θ = 0 ◦), where the 
highest abundance of intermediate-mass elements (IMEs) and the 
lowest mass of 56 Ni were synthesized in Model M2a. Secondly, an 
equatorial line of sight ( θ = 90 ◦), which gives similar results to the 
angle averaged values found for Model M2a by Gronow et al. ( 2020 ). 
This is the 1D model that Collins et al. ( 2023 ) considered. The third 
line of sight chosen is the antipode of the initial ignition point ( θ = 

180 ◦), where the helium detonation converged. This line of sight has 
the most extended layer of unburnt helium and the lowest abundance 
of IMEs. It also has the highest abundance of 56 Ni from the core 

1 Available at http:// kookaburra.phyast.pitt.edu/ hillier/ web/ CMFGEN.htm . 
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Figure 1. Density (left panel) of the 3D Model M2a and the density of key elements at 100 s after an explosion in a slice through the x-axis ( x = 0), indicating 
the model ejecta structure. The dashed lines in the left panel indicate the ejecta lying within the cones used to create the 1D profiles of different directions within 
the model. 

Table 1. Masses of select species in the 1D models and total mass (assuming 
the 1D profile is a radial representation of a spherically symmetric 3D model) 
representative of a viewing angle of θ = 0 ◦, 90 ◦, and 180 ◦ of the 3D Model 
M2a. 

θ = 0 ◦ θ = 90 ◦ θ = 180 ◦

(M ⊙) (M ⊙) (M ⊙) 

He 5.021 ×10 −3 1.846 ×10 −2 5.381 ×10 −2 

C 7.197 ×10 −4 1.062 ×10 −3 8.288 ×10 −5 

O 8.910 ×10 −2 4.743 ×10 −2 2.202 ×10 −2 

Mg 2.218 ×10 −2 1.066 ×10 −2 3.861 ×10 −3 

Si 2.317 ×10 −1 1.642 ×10 −1 1.080 ×10 −1 

S 1.405 ×10 −1 1.084 ×10 −1 7.359 ×10 −2 

Ca 3.694 ×10 −2 2.538 ×10 −2 1.713 ×10 −2 

Ti 5.300 ×10 −4 6.178 ×10 −4 1.164 ×10 −3 

Cr 3.272 ×10 −3 1.908 ×10 −3 1.727 ×10 −3 

Co 2.044 ×10 −4 4.292 ×10 −4 3.201 ×10 −4 

56 Ni 3.726 ×10 −1 4.880 ×10 −1 7.692 ×10 −1 

Total 9.599 ×10 −1 9.221 ×10 −1 1.116 

detonation, since the core detonation was ignited in this direction (see 
Table 1 ). In Section 2.3 , we test the agreement between the 1D models 
and the line of sight each model represents in the 3D simulation of 
model M2a (using ARTIS-CLASSIC ). The 1D models show reasonable 
agreement with the 3D model until around maximum light. After 
maximum light, as the ejecta become less optically thick, the 1D 

models o v erestimate the e xtent of the viewing angle dependence 
(see Fig. 3 ). We therefore limit our radiative transfer simulations 
here to early times. The need for multidimensional radiative transfer 
simulations has previously been discussed (e.g. see Pakmor et al. 
2024 ). The density profiles of the three 1D models representing the 
chosen lines of sight are shown in Fig. 2 . 

2.3 Constructing the 1D models 

To create 1D models representative of a given line of sight, we 
construct cones from the 3D model around a line of sight, and average 
these onto a single line to create a 1D profile. Each cone is defined 
such that the angle between the line of sight and the cone boundary is 
15 ◦ (where the full opening angle of the cone is 30 ◦). The abundance 
and density profiles within the cone are averaged along the line of 
sight. The 1D model at θ = 0 ◦ is constructed from a cone around the 
positive z-axis. The 1D profile at θ = 90 ◦ was constructed from a 
cone around the ne gativ e y-axis. We do not expect the choice of this 
direction to be significantly different from other equatorial lines of 
sight, as the ejecta are close to symmetric in the azimuthal direction. 

Figure 2. Density profiles of the 1D models representing directions in a 3D 

double detonation model at 100 s after explosion. 

The model at θ = 180 ◦ was constructed from a cone around the 
ne gativ e z-axis. The 1D profiles in the positiv e z, ne gativ e y, and 
ne gativ e z directions are similar to θ = 0 ◦, θ = 90 ◦, and θ = 180 ◦

calculated in the 3D simulations presented by Gronow et al. ( 2020 ). 
We therefore refer to each of these 1D models by the angle of the 
line of sight in the 3D model. 

To test how well the 1D profiles are able to match the 3D lines of 
sight, we use ARTIS-CLASSIC to calculate light curves and spectra for 
the 1D profiles so that we can directly compare these calculations to 
the 3D results, which were also calculated using ARTIS-CLASSIC . 
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Figure 3. Light curves for 1D models constructed from the 3D Model M2a (solid lines). These are compared to the line-of-sight-dependent light curves for the 
3D simulation of Model M2a. ARTIS-CLASSIC was used for each of these simulations. 

2.3.1 1D light curves compared to 3D 

We compare the light curves from both the 1D simulations and the 3D 

simulation in Fig. 3 . We find that the 1D profiles are a good match 
for the viewing angle light curves from the 3D simulation during 
the initial rise of the light curves. Around maximum, while they are 
not able to exactly reproduce the 3D simulation, they capture the 
general trends observed for these lines of sight, and in comparison to 
the scale of apparent discrepancies with observations discussed by 
Gronow et al. ( 2020 ), the scale of the differences around maximum 

light is small. 
In the 3D simulation, we find that after ∼30 d (earlier in 

redder bands) the differences between the viewing angles in the 3D 

simulation become small, such that we no longer find strong viewing 
angle effects. The 1D profiles do not reproduce this trend. The strong 
viewing angle effects remain at all times for these. Therefore the 1D 

profiles significantly o v erestimate the vie wing angle ef fects at later 
times. As the ejecta are optically thick at early times, most of the 
emission comes from the ejecta in the line of sight. This is why we 
see agreement between the 3D simulation and the 1D simulations at 
these times. Ho we v er, o v er time as the ejecta e xpand and become 
more optically thin, the emission in a given line of sight increasingly 
includes contributions from regions of the 3D ejecta (outside of our 
cones) that are not represented in the 1D profiles, and in turn, not all 
photons in a line of sight will be emitted in that direction. We can 
therefore use the 1D profiles to investigate viewing angle effects at 
early times and around maximum light, ho we ver, at later times the 1D 

profiles do not show good agreement with the multidimensional light 
curves. The time at which the 1D models begin to deviate from the 
3D simulation is both direction dependent and wavelength dependent 
(i.e. the 1D models deviate at different times in different bands). 
We also caution that this may be model dependent. Therefore, this 
comparison should be used as guidance for when the 1D models can 
represent the trends shown by the 3D model, but not as exact times 
for when 3D simulations are not important. Future 3D simulations 
are still required. 

Recently, Boos et al. ( 2024 ) showed a comparison between 1D 

models made from wedges in different observer directions from a 
2D double detonation explosion model. In their 1D simulations, 
additional energy was injected into the simulation to match the 
bolometric luminosity to that in the 2D model in the corresponding 
line of sight, resulting in better apparent agreement between the 1D 

and multidimensional simulations until later times. We do not include 
any such scaling of the bolometric luminosity. Since the luminosities 
here are not scaled, this allows us to investigate the impact of non- 
LTE on the bolometric luminosity. 

2.3.2 1D spectra compared to 3D 

As with the light curves, we find that the spectra from the 1D 

simulations are a good match to the 3D simulation at early times, 
but at later times the viewing angle effects are o v erestimated by the 
1D simulations. This can be seen in Fig. 4 , where we compare the 
1D simulations to the line-of-sight spectra from the 3D simulation. 
Overall, the spectra from the 1D simulations 12 d after the explosion 
are a good match to those of the 3D simulation, and therefore at 
these times we can use the 1D profiles to investigate the 3D viewing 
angle spectral effects. By 25 d we can see from Fig. 4 that although 
generally the 1D simulations are able to produce the same features 
as the 3D simulation, the strengths of the features are not well 
matched. 

This shows that the 1D profiles constructed from a given line 
of sight in a 3D model are able to represent the results of 3D 

simulations at early times, before maximum light. We find that around 
maximum light the 1D profiles still show reasonably good agreement 
with the 3D lines of sight, ho we ver, after ∼30 d from the time of 
the explosion, the viewing angle effects are represented by the 1D 

profiles significantly o v erestimate the lev el of the viewing angle 
effects found in the 3D model. We therefore use these 1D profiles as 
an initial test case for ARTIS-NLTE to investigate the effects at early 
times on the double detonation explosion scenario. 
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Figure 4. Spectra at 12 and 25 d showing the comparison between the line- 
of-sight spectra in Model M2a, and the 1D models representative of these 
viewing angles. Around 12 d the 1D model spectra are able to reproduce 
the viewing angle effects of the 3D model, however, by 25 d the 1D models 
o v erpredict the viewing angle effects. 

3  RE S ULTS  

In this section, we present the synthetic observables calculated for 
our 1D models using ARTIS-NLTE , and compare these to the ARTIS- 
CLASSIC simulations. All simulations presented in this section are for 
the 1D models described in Section 2.2 . 

3.1 Non-LTE light cur v es 

We show the light curves for our models in Fig. 5 and compare the 
ARTIS-NLTE simulations to the ARTIS-CLASSIC simulations. To reduce 
the level of Monte Carlo noise in the light curves of the ARTIS-NLTE 

simulations, we have binned the emitted flux into 1 d intervals. We 
use the same binning for the ARTIS-CLASSIC simulations to provide 
a direct comparison. The ARTIS-NLTE simulations show significant 
changes compared to the ARTIS-CLASSIC simulations. 

3.1.1 Non-LTE double detonation colour evolution 

Double detonation simulations tend to show colours too red com- 
pared to normal SNe Ia, due to absorption and line blanketing at blue 
wavelengths by the He shell detonation products (e.g. Ti and Cr). 
As can be seen in Fig. 5 , the ARTIS-CLASSIC simulations show U - 
and B -band light curves that are significantly fainter than the redder 
bands, as can be seen from the colour evolution of these models in 
Fig. 6 . In particular, the models representing the fainter directions at 
θ = 0 ◦ and θ = 90 ◦ show extremely red colours. 

The simulations using ARTIS-NLTE are brighter in the U and B 

bands compared to the ARTIS-CLASSIC simulations, particularly the 
models at θ = 0 ◦ and at θ = 90 ◦. Additionally, the ARTIS-NLTE 

simulations are fainter in the V band. As such, the colours of the 

ARTIS-NLTE simulations are significantly less red than the ARTIS- 
CLASSIC simulations, as can be seen in Fig. 6 . The bluer colours 
in the ARTIS-NLTE simulations are due to the reduced absorption 
at blue wavelengths, which results from the non-LTE treatment. 
Specifically, this is a result of the higher ionization states predicted 
by the ARTIS-NLTE simulations (discussed further in Section 3.3 ). 
More flux escapes in the U and B bands, which is not absorbed and 
remitted through fluorescence in the V band, as was predicted by 
the ARTIS-CLASSIC simulations. This demonstrates that the colour 
from double detonation simulations is strongly dependent on the 
assumptions made in the radiative transfer. 

Boos et al. ( 2024 ) also found this trend of bluer colours for their 
non-LTE simulations, ho we ver, we note that the low He shell mass 
model (with a He mass of 0.016 M ⊙) they considered did not show 

colours as extremely red in LTE as the model we consider here, owing 
to lower masses of heavy elements produced in their He shell detona- 
tion. F or e xample, the reddest line of sight in their 2D LTE simulation 
showed a B − V colour at B max of ( B − V ) B max ≈ 0 . 26, whereas for 
our reddest ARTIS-CLASSIC simulation shows ( B − V ) B max = 1 . 6. 

3.1.2 Direction dependence 

As discussed by Gronow et al. ( 2020 ) for the 3D Model M2a, the 
direction at θ = 0 ◦ is the faintest, while the direction at θ = 180 ◦ is 
the brightest. In particular, the U and B bands showed an extreme 
variation with an observer viewing angle, that appears to be too strong 
compared to observations of SNe Ia (Collins et al. 2022 ). The ARTIS- 
CLASSIC 1D simulations are similar to those presented by Gronow 

et al. ( 2020 ) for the 3D Model M2a in specific lines of sight (see 
Section 2.3 ), and therefore are representative of the angle variation 
in the 3D model. 

The viewing angle dependence indicated by the 1D models at 
each orientation in the U and B bands for the ARTIS-NLTE simulations 
is significantly less compared to the ARTIS-CLASSIC simulations. In 
the B band, the ARTIS-NLTE simulations vary by ∼1 mag, compared 
to ∼2 mag for the ARTIS-CLASSIC simulations. In the U band, the 
dif ference is e v en more e xtreme, as the ARTIS-CLASSIC simulations 
vary by ∼3 mag, while the ARTIS-NLTE simulations vary by ∼1 . 5 
mag. The difference between the ARTIS-CLASSIC and ARTIS-NLTE 

simulations is greatest for the model at θ = 0 ◦, but is also significant 
for the model at θ = 90 ◦. 

In the ARTIS-CLASSIC simulations, these models showed red 
colours due to burning products of the helium shell detonation, in 
particular by Ti II and Cr II . Since the amount of He detonation ash 
varies with orientation (see Fig. 2 ), the degree of redness shown by 
the light curves also varies significantly with observer orientation. 
This leads to the large viewing angle dependence in the U and B 

bands. 
The reduced absorption at blue wavelengths in the ARTIS-NLTE 

simulations leads to much less variation than was found using ARTIS- 
CLASSIC in the U and B bands, indicating a significantly reduced 
observer angle dependence. The reduced absorption is due to the 
higher ionization state predicted by ARTIS-NLTE (discussed further in 
Section 3.2 ). Thus, using a full non-LTE treatment for the radiative 
transfer appears to reduce the viewing angle dependence shown by 
double detonation simulations. In the future, multidimensional non- 
LTE simulations should verify this. 

We note that the difference in the bolometric light curves be- 
tween the ARTIS-NLTE and ARTIS-CLASSIC simulations is much less 
significant than for the band-limited light curves. This indicates that 
bolometric light curves are less sensitive to non-LTE effects (as has 
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Figure 5. Light curves for the 1D models. The dotted lines show the light curves that ARTIS-CLASSIC predicts, and the solid lines show the ARTIS-NLTE light 
curves. The light curves of SN 2011fe are also plotted for reference. 

Figure 6. Model colours for the 1D models representative of lines of sight in Model M2a, calculated using ARTIS-NLTE (solid lines) and ARTIS-CLASSIC (dotted 
lines). We also plot the colours of the normal SN 2011fe for comparison. 

previously been suggested e.g. by Wygoda, Elbaz & Katz 2019 ), 
although the changing mean opacity does affect even the bolometric 
curve, particularly for the fainter model. 

3.1.3 Comparison to normal SNe Ia 

In Figs 5 and 6 , we also plot the observations of SN 2011fe (Nugent 
et al. 2011 ), which is an e xtremely well-observ ed normal SNe Ia, 
and is representative of light curves typical of normal SNe Ia. 

The ARTIS-CLASSIC simulation at θ = 0 ◦ is significantly too red 
compared to SN 2011fe, and the ARTIS-CLASSIC simulation at θ = 

90 ◦ is also too red, as was discussed for the 3D Model M2a by Gronow 

et al. ( 2020 ). While the ARTIS-CLASSIC light curves at θ = 180 ◦ are 
brighter than SN 2011fe in most bands, the colours are the most 

similar to those of SN 2011fe. The ARTIS-NLTE simulations show 

colours much more similar to SN 2011fe for all models. The ARTIS- 
NLTE simulation at θ = 0 ◦ is still ∼0 . 5 mag redder than SN 2011fe 
in U − B and B − V colour, but it is no longer as extremely red as 
the ARTIS-CLASSIC simulation predicts. 

The bluer colours resulting from the ARTIS-NLTE simulations 
impro v e the agreement with normal SNe Ia, and in particular, the 
model at θ = 90 ◦ shows good agreement with the light curves and 
colour e volution sho wn by SN 2011fe. The model at θ = 90 ◦ is 
representative of an equatorial line of sight and therefore represents 
the most probable observed direction (if drawn from a random 

distribution of solid angle). 
The full non-LTE simulations show that double detonations are 

able to reproduce normal SNe Ia light curves in the optical, without 
necessarily invoking a low He shell mass (e.g. the models by 
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Figure 7. Model spectra at 18 d after explosion. The left-hand panels show the ARTIS-CLASSIC simulations, while the right-hand panels show the ARTIS-NLTE 

simulations. The colours indicate the relative contributions of select species to shaping the model spectra. Absorption processes are indicated below the axis. In 
each panel, a spectrum of SN 2011fe near-maximum light is plotted for comparison. 
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Townsley et al. 2019 ; Shen et al. 2021b ). In non-LTE, the heavy 
elements produced in the helium shell detonation can be hidden, due 
to the higher ionization states. In the future, this should be confirmed 
with multidimensional simulations, since the double detonation is 
highly asymmetric. 

3.2 Non-LTE spectra 

We now discuss the changes to the spectra and the contributions of 
ions responsible for shaping the spectra. 

In Fig. 7 , we show the contributions to the spectra 18 d after the 
explosion for the ARTIS-NLTE and ARTIS-CLASSIC simulations. The 
details of the last interaction of each Monte Carlo packet are recorded 
in the simulations. To indicate the relative contributions of individual 
species to the formation of the spectra, we colour code the area under 
the spectrum in proportion to the energy carried by escaping packets 
within a given wavelength bin, where the packet’s last interaction 
was with each of the species indicated in the figure. An equi v alent 
histogram is shown on the ne gativ e axis beneath the spectrum 

indicating absorption processes, based on where the wavelength bin 
packets were prior to their last interaction (i.e. indicating where 
packets last underwent absorption/scattering/fluorescence). 

By comparing the model spectra in Fig. 7 the impact of the 
full non-LTE treatment in ARTIS-NLTE can clearly be seen. The 
greatest differences between the ARTIS-NLTE and ARTIS-CLASSIC 

spectra are the contributions from singly ionized elements. The 
ARTIS-NLTE simulations are more highly ionized than the ARTIS- 
CLASSIC simulations. In particular, the ARTIS-NLTE simulations show 

less Ca II triplet emission (with wavelengths of 8498, 8542, and 
8662 Å) at this time and less o v erall contribution from S II , while the 
S II λλ5454, 5640 ‘W’ feature is much more clearly defined. We also 
point out that the strength of the Si II feature at 6355 Å changes. 

The absorption and line blanketing due to Ti II and Cr II is 
significantly reduced. Cr II and Ti II contributed to the redness of the 
ARTIS-CLASSIC simulations, in particular for the θ = 0 ◦ and θ = 90 ◦

models. While the ARTIS-NLTE simulations also show Ti II absorption, 
the line blanketing and strong absorption is no longer as extreme as 
was found for the ARTIS-CLASSIC simulations, as in the ARTIS-NLTE 

simulations there is less Cr II absorption blended with the Ti II . 
We note that in the ARTIS-NLTE simulations, contributions from 

doubly ionized species appear that were not present in the ARTIS- 
CLASSIC simulations, for example, Si III and Fe III (see Fig. 7 ). This 
is also a result of the higher ionization states predicted by the ARTIS- 
NLTE simulations. Boos et al. ( 2024 ) also found a Si III λ4560 feature 
emerged in their non-LTE simulations. 

3.2.1 Comparison to observations 

Also shown in Fig. 7 is the comparison to SN 2011fe. We find 
that the ARTIS-NLTE simulations show impro v ed o v erall agreement 
with the spectral energy distribution, as well as better agreement 
with individual spectral features in SN 2011fe. For example, in the 
ARTIS-NLTE simulations, the strength of the Ca II triplet emission is 
no longer significantly o v erpredicted as it was by the ARTIS-CLASSIC 

simulations, and the strength of the characteristic Si II 6355 Å feature 
is better matched (in particular for the most probable observer 
orientation at θ = 90 ◦). 

At θ = 0 ◦ in the ARTIS-NLTE simulation the Ti II absorption trough 
around ∼4150 Å remains too strong compared to SN 2011fe, 
although we note that such a feature has been observed in peculiar 
SNe Ia suggested to be the result of double detonations (e.g. SN 

Figure 8. Spectra from the ARTIS-NLTE simulations at 5 d after explosion 
showing that a He I 10 830 Å feature is predicted to form for all 1D models at 
this time. The net spectrum is shown as well as the relative contributions from 

He I and Mg II . In each panel, the absorption due to He I is indicated beneath 
the axis, and corresponds to the absorption feature in the net spectrum at 
the same wavelength. The strength of the predicted He I absorption feature is 
model dependent, and increases with increasing masses of He and 56 Ni . No 
He I feature is predicted by the ARTIS-CLASSIC simulations. We note that we 
do not find a feature from C I 10 693 Å in these models. 

2016jhr; Jiang et al. 2017 ). A Ti II absorption feature also forms in 
the ARTIS-NLTE simulation at θ = 90 ◦, which still appears slightly 
too strong compared to SN 2011fe, ho we ver, the agreement is 
significantly impro v ed compared to the ARTIS-CLASSIC simulation. 

3.2.2 Helium spectral features 

We also note that in the ARTIS-NLTE simulations a He I 10 830 Å
feature is predicted to form at early times for all three 1D models. 
This is shown in Fig. 8 where we indicate the contributions from 

He I and Mg II in a similar way to Fig. 7 . The area enclosed by the 
coloured lines shows the proportion of energy emitted (abo v e the 
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Figure 9. Ion fractions of Ti in each of the 1D models at 18 d. The dotted 
lines show the ARTIS-CLASSIC simulations, and the solid lines show the ARTIS- 
NLTE simulations. For each model, the ionization state is higher in the ARTIS- 
NLTE simulation. Note the lower maximum ejecta velocities for the model at 
θ = 90 ◦ (see Fig. 2 ). 

axis) or absorbed (beneath the axis) where the last interaction of the 
Monte Carlo packet was with either He I or Mg II . 

In the model at θ = 0 ◦, a He I 10 830 Å absorption feature forms 
to the blue wing of the Mg II 10 927 Å feature already at 5 d after the 
explosion, and fades quickly. As discussed by Collins et al. ( 2023 ), 
the He I feature in the model at θ = 90 ◦ is initially blended with the 
Mg II feature and then separates to form at the blue wing with time. 
In the model at θ = 180 ◦, the He I feature is the strongest of the 
three models and dominates the Mg II feature. This 1D model has the 
highest mass of unburnt He and of 56 Ni . In this model, the feature 
remains blended with the Mg II feature o v er time and contributes 
until around 20 d after explosion. 

The He I feature is not present in the ARTIS-CLASSIC simulations, 
since non-thermal energy is required to sufficiently excite helium 

to form a spectral feature. Callan et al. ( 2024 ) have shown that 
the strength, velocity, and evolution of the predicted He I 10 830 Å
feature are model dependent. This shows that the feature is also 
observer direction dependent, since the 1D models are representative 
of different directions in the 3D model. These models support that a 
He I 10 830 Å feature is a direct signature of the double detonation, 
ho we ver, the feature can be blended with the Mg II 10 927 Å feature. 
Future work should continue to investigate whether this is a feature 
in all double detonations with varying He shell masses. 

Figure 10. Non-thermal ionization rate coefficient, Ŵ non - thermal (upper 
panel), and photoionization rate coefficient, Ŵ phot (middle panel), at 18 d 
for the ARTIS-NLTE model at θ = 0 ◦. Also shown is the ratio of the non- 
thermal rate coefficient to the sum of the photoionization and non-thermal 
rate coef ficients, Ŵ total (lo wer panel). The 1D models at θ = 90 ◦ and θ = 180 ◦

show similar behaviour. 

3.3 Ionization state 

The bluer light curve colours and reduced absorption in the ARTIS- 
NLTE simulations are a result of the higher ionization state predicted 
by ARTIS-NLTE . In Fig. 9 , we show the ion fractions of Ti for each 
simulation. In each case, Ti III is generally the dominant species in 
the outer ejecta. In the ARTIS-CLASSIC simulations, Ti II is generally 
the next most abundant, ho we ver, in the ARTIS-NLTE simulations, 
Ti IV is the next most abundant. The fraction of Ti II is lower in the 
ARTIS-NLTE simulations. It is this difference in ionization that leads 
to the reduced Ti II absorption in the spectra. The o v erall ionization 
state of all elements included shows a similar increase, which leads 
to the bluer colours. 

The higher ionization is predominantly a result of the bluer 
radiation field predicted by ARTIS-NLTE . As can be seen in Fig. 10 , 
photoionization is the dominant source of ionization in the inner 
ejecta. In the outer ejecta, non-thermal ionization also contributes 
to the higher ionization, in particular for Ti III to Ti IV , ho we ver, 
photoionization remains the dominant source of ionization from Ti II 
to Ti III in the He shell ash. 

3.4 Sub-Chandrasekhar mass detonation model with no helium 

shell detonation 

A number of studies have considered the detonation of a bare C/O 

white dwarf, with no initial helium detonation providing a physical 
mechanism to ignite the core white dwarf detonation (e.g. Sim et al. 
2010 ; Blondin et al. 2017 ; Shen et al. 2018a , 2021a ). Radiative 
transfer simulations for these models show good agreement with 
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Figure 11. Light curves from an explosion model of a bare C/O sub- M Ch white dwarf with no helium shell detonation, simulated using ARTIS-CLASSIC (dotted 
lines) and ARTIS-NLTE (solid lines). 

Figure 12. Spectra at 18 d, simulated using ARTIS-CLASSIC (left) and ARTIS-NLTE (right) for a bare C/O sub- M Ch white dwarf detonation. Note that the selected 
ions shown are the same as in Fig. 7 for ease of comparison. A near-maximum light spectrum of SN 2011fe is plotted for comparison. 

observations of normal SNe Ia, and they provide moti v ation for the 
double detonation scenario. Here we carry out a non-LTE simulation 
using ARTIS-NLTE for the 1.06 M ⊙ C/O bare white dwarf detonation 
model presented by Sim et al. ( 2010 ), which was ignited artificially 
and did not include a helium shell. The light curves from this 
simulation are shown in Fig. 11 , and are compared to a simulation 
of the same explosion model using ARTIS-CLASSIC . While we do find 

quantitati ve dif ferences in the light curves, the dif ferences are not as 
extreme as for the double detonation models, particularly compared 
to the models representative of the fainter directions at θ = 0 ◦ and 
θ = 90 ◦. 

The contributions to the spectra of the pure detonation model using 
ARTIS-NLTE and ARTIS-CLASSIC are shown in Fig. 12 . We find the same 
result that the ARTIS-NLTE simulation is more highly ionized than 
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the ARTIS-CLASSIC simulation, and find a less o v erall contribution 
to the spectra from singly ionized elements, in particular S II and 
Ca II . The ARTIS-NLTE simulation leads to better agreement with SN 

2011fe. Shen et al. ( 2021a ) found similar behaviour in their non- 
LTE simulations for pure detonation models with no helium shell, 
finding that these models were bluer and showed better agreement 
with normal SNe Ia compared to their LTE simulations. 

The difference between the ARTIS-CLASSIC and ARTIS-NLTE sim- 
ulations, ho we ver, is not as extreme as for the double detonation 
simulations. In the double detonation simulations, the absorption at 
blue wavelengths is dominated by Cr and Ti, which are products 
of the helium shell detonation. The pure detonation model does not 
contain significant amounts of these elements. This suggests that at 
early phases and around maximum light the impact of the full non- 
LTE treatment is more critical for the double detonation scenario 
where heavy elements are produced in the outer ejecta from the 
helium detonation. In the future, this should be tested for a broader 
range of SNe Ia explosion models to further understand the impacts 
of non-LTE effects. 

4  C O N C L U S I O N S  

We have presented synthetic observables for double detonation sim- 
ulations calculated in full non-LTE using ARTIS-NLTE . We aimed to 
investigate the effects of a full non-LTE treatment on the predictions 
of the synthetic observables for the double detonation scenario. 
Previous simulations without a full non-LTE treatment found that 
the products of the helium shell detonation caused strong absorption 
features, leading to colours significantly redder than observed in 
normal SNe Ia. We found that ARTIS-NLTE predicted light curves 
showing colours significantly less red than those predicted by ARTIS- 
CLASSIC and show similar colours to those of normal SNe Ia. In 
particular, the U and B band light curves are significantly affected by 
the more detailed treatment of ionization. All models became bluer, 
in particular in U − B and B − V colours. 

We constructed 1D models representative of lines of sight in a 3D 

double detonation explosion model to indicate the potential direction 
dependence. We showed that while the ejecta are optically thick (up 
to around maximum light) the 1D models are able to approximate the 
different directions in the 3D model. The exact time at which the 1D 

approximation breaks down is direction dependent and wavelength 
dependent. 

ARTIS-CLASSIC double detonation simulations showed too large a 
viewing angle dependence compared to observations (Collins et al. 
2022 ). The viewing angle dependence indicated by the 1D models at 
early phases is significantly reduced in the ARTIS-NLTE simulations 
compared to the ARTIS-CLASSIC simulations, improving agreement 
with observations. This should be investigated further in the future 
using multidimensional simulations. 

The ARTIS-NLTE simulations showed a better match to many fea- 
tures of the normal SN 2011fe than the ARTIS-CLASSIC simulations. 
In the ARTIS-NLTE simulations, the ejecta are more highly ionized 
compared to ARTIS-CLASSIC simulations, and it is predominantly 
the reduction in contributions from singly ionized heavy elements 
produced in the helium detonation (e.g. Ti II and Cr II ) responsible 
for the changes found in the light curves, colours, and spectra. This 
shows that the model colours are extremely sensitive to the ionization 
state in the case of double detonation simulations. 

For comparison, we also presented ARTIS-NLTE simulations for 
an explosion model of a bare C/O white dwarf, which did not 
include a helium shell. While noticing an impro v ed agreement with 
observ ations, we sho wed that the dif ference between the ARTIS-NLTE 

and ARTIS-CLASSIC simulations was not as large for this explosion 
model, highlighting that the majority of the difference in the double 
detonation models comes from the impro v ed ionization treatment of 
the helium shell detonation products. 

The non-LTE modelling presented here more reliably reflects the 
true physics than is represented by the approximations made in 
ARTIS-CLASSIC , or in LTE. Ho we ver, this comes with considerably 
more computational cost to simulate in non-LTE. ARTIS is a mul- 
tidimensional code, and we aim in the future to be able to carry 
out multidimensional non-LTE simulations, which would verify the 
extent to which our 1D models can represent viewing angle effects in 
a multidimensional non-LTE simulation. Additionally, since double 
detonation models show significant variation with initial white dwarf 
and helium shell masses, more double detonation models should be 
investigated in non-LTE in the future. 
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