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A B S T R A C T 

Models of sub-Chandrasekhar mass double detonations for Type Ia supernovae (SNe Ia) suggest a distinguishing property of 
this scenario is unburnt helium in the outer ejecta. Ho we v er, modern e xplosion simulations suggest there may be significant 
variations in its mass and velocity distribution. We recently presented a NLTE (non local thermodynamic equilibrium) radiative 
transfer simulation for one realization of the double detonation scenario with a modest He mass (0.018 M �) present in the ejecta 
at relatively high velocities ( ∼18 000 km s −1 ). That simulation predicted a He I 10 830 Å feature blueward of Mg II 10 927 Å
consistent with near-infrared observations of ‘transitional’ SNe Ia. To demonstrate the expected diversity in the helium signature, 
here we present a calculation for a double detonation model with a higher He mass ( ∼0.04 M �) ejected at lower velocities 
( ∼13 000 km s −1 ). Despite our simulation predicting no clear optical or 2 μm helium features, a strong and persistent He I 10 830 

Å absorption is present. The feature appears at wavelengths consistent with the extended blue wing of the Mg II 10 927 Å feature 
sometimes present in observations, suggesting this is a helium spectral signature (although for this particular model it is too 

strong and persistent to be consistent with normal SNe Ia). The significant differences in He I 10 830 Å predicted by the two 

simulations suggest helium spectral signatures likely show significant variation throughout the SNe Ia population. This moti v ates 
further work to use this observable signature to test the parameter space for double detonation models. 

K ey words: radiati ve transfer – methods: numerical – supernovae: general – white dwarfs – transients: supernovae. 
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 I N T RO D U C T I O N  

ype Ia supernovae (SNe Ia) are the thermonuclear explosions of
t least one white dwarf (WD) in a close binary system. Ho we ver,
he nature of the progenitor systems and explosion mechanisms that
roduce SNe Ia are still uncertain. The double detonation is a widely
iscussed sub-Chandrasekhar (sub- M Ch ) explosion mechanism that
as the potential to explain SNe Ia with a variety of luminosities.
his scenario involves the ignition of a He detonation in a surface
e layer (shell) on a carbon–oxygen (CO) WD (see e.g. the study of
e ignition by Glasner et al. 2018 ). The shock from the initial He
etonation then results in the ignition of a secondary core detonation
hat entirely disrupts the WD. The mass of He required for a He
etonation to occur depends on the specific explosion mechanism.
or spontaneous ignition following stable mass transfer from a He
tar, massive He shells ( > 0.1 M �) are required (e.g. Nomoto 1980 ,
982 ; Taam 1980 ; Livne 1990 ; Woosle y & Weav er 1994 ; Hoeflich &
hokhlov 1996 ; Nugent et al. 1997 ). This results in light curves and
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pectra incompatible with observations of normal SNe Ia due to the
 v erabundance of iron-group elements in the outer ejecta produced
y the He detonation. If the stable mass transfer is instead from
 degenerate companion, significantly less massive He shells are
equired ( < 0.1 M �; Bildsten et al. 2007 ; Shen & Bildsten 2009 ;
hen et al. 2010 ). We note that while it has been demonstrated that

f such a He detonation occurs, a secondary core detonation will
ikely follow (Fink et al. 2010 ; Gronow et al. 2020 , 2021 ; Boos et al.
021 ), the initiation of the He detonation may be inhibited when rapid
otation is considered (see e.g. Neunteufel, Yoon & Langer 2017 ,
019 ; Piersanti, Yungelson & Bra v o 2024 ). In an alternative scenario,
he He detonation may be triggered dynamically during the merger
f two WDs (Shen & Moore 2014 ; Tanikawa, Nomoto & Nakasato
018 ; Tanikawa et al. 2019 ; Pakmor et al. 2022 ; Shen, Boos &
ownsley 2024 ), requiring only low He shell masses ( < 0.1 M �).
ouble detonation simulations invoking low He shell masses predict

ight curves and spectra that are much more consistent with normal
Ne Ia (e.g. Kromer et al. 2010 ; Woosley & Kasen 2011 ; Polin,
ugent & Kasen 2019 ; Shen et al. 2021a ; Pollin et al. 2024 ; Collins

t al. 2025 , although see also Collins et al. 2022 ). 
© 2025 The Author(s). 
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Noebauer et al. ( 2017 ) predict that the radioactive material pro-
uced in the outer layers of the ejecta from He shell burning in double
etonation models can result in early light curve flashes. Additionally, 
imulations of double detonation models with more massive He shells 
 � 0.05 M �; e.g. Kromer et al. 2010 ; Sim et al. 2012 ; Polin et al.
019 ; Collins et al. 2022 ) predict significant amounts of ultraviolet
ine blanketing due to the iron group elements synthesized in the 
e shell burning. A number of observed SNe Ia that exhibit either
r both of these signatures have already been suggested as double 
etonation candidates (e.g. Inserra et al. 2015 ; Jiang et al. 2017 ; De
t al. 2019 ; Jacobson-Gal ́an et al. 2020 ; Dong et al. 2022 ; Ni et al.
022 ; Liu et al. 2023 ; Padilla Gonzalez et al. 2023 , 2024 ). 
Another key characteristic of double detonation explosion models 

s that they predict significant masses of unburnt He in the ejecta
 ∼0 . 01 −0 . 1 M �, see e.g. Fink et al. 2010 ; Shen & Moore 2014 ;
ronow et al. 2020 , 2021 ; Pakmor et al. 2022 ). Here we focus
n the direct detection of this unburnt He as a signature of the
ouble detonation scenario. The He ionization and excitation rates 
n supernova ejecta are strongly impacted by collisions with non- 
hermal electrons produced by γ -rays from 

56 Ni decays. Non local 
hermodynamic equilibrium (NLTE) radiative transfer simulations 
hat include a treatment for non-thermal processes are therefore 
equired to predict if He spectral features are expected to form.
s such, many pre vious radiati ve transfer simulations (e.g. Kromer 

t al. 2010 ; Woosley & Kasen 2011 ; Sim et al. 2012 ; Polin et al.
019 ; Townsley et al. 2019 ; Gronow et al. 2020 ; Shen et al. 2021a ;
ollins et al. 2022 ; Pakmor et al. 2022 ; Pollin et al. 2024 ) have been
nable to predict if He spectral features form. 
The importance of collisions with non-thermal electrons for the 

ormation of He features in Type Ib/Ic supernovae has already been 
emonstrated (e.g. Chugai 1987 ; Lucy 1991 ; Hachinger et al. 2012 ).
he formation of He I spectral features has also been investigated in
re vious radiati ve transfer simulations of SNe Ia models that include
reatment for non-thermal electron collisions. Nugent et al. ( 1997 ) 
arried out a radiative transfer simulation for the thick He shell
0.2 M �) double detonation model of Woosley & Weaver ( 1994 ) and
eported no clear signatures of He in the model spectra, although 
he He I 10 830 Å line did show substantial optical depths at some
oints in the model. Additionally, as part of their investigation of the
rominent spectral absorption feature observed in the near-infrared 
NIR) spectra of SN 1994D around 10 500 Å, which Meikle et al.
 1996 ) suggest could be either He I 10 830 Å or Mg II 10 927 Å,

azzali & Lucy ( 1998 ) found that by introducing a few hundredths
f a solar mass of He into the W7 deflagration model of Nomoto,
hielemann & Wheeler ( 1984 ) a He I 10 830 Å spectral feature could

orm. Dessart & Hillier ( 2015 ) also showed that He spectral features
ormed in their radiative transfer simulations of a He detonation 
odel by Waldman et al. ( 2011 ). Ho we ver, this model only considers
 He detonation and produces light curves that are able to match only
aint and fast declining events. 

More recently Boyle et al. ( 2017 ) investigated whether He spectral
eatures were expected to form for a double detonation model with a
odest ejected He mass of 0.03 M �(based on the explosion model of
ink et al. 2010 ). By using an analytical approximation to estimate

he excited He I level populations they found He I 10 830 Å and 2
m lines may be formed by high-velocity ( ∼19 000 km s −1 ) He,
nd the He I 10 830 Å feature predicted may be consistent with
 prominent absorption feature observed around 10 300 Å in SN 

016dsg, an observed double detonation candidate (Dong et al. 
022 ). Ho we ver, Boyle et al. ( 2017 ) utilized an approximate NLTE
reatment that assumes the He II population is dominant. As it is not
lear whether the non-thermal ionization rate remains high enough 
o ensure He remains ionized, only an upper limit on the potential
trength of the He features is possible with this approach. Therefore,
adiative transfer simulations with a self-consistent calculation of the 
onization state are required to investigate if He spectral features are
xpected for double detonation models that adopt more modest He 
hell masses. Collins et al. ( 2023 ) (hereafter C23 ) carried out such
 simulation for the M2a double detonation model of Gronow et al.
 2020 ) utilizing a full NLTE treatment of the plasma conditions and
lso accounting for non-thermal electrons. This simulation showed 
 clear high-velocity ( ∼19 000 km s −1 ) He I 10 830 Å feature that
atches the evolution of a feature in the spectrum of the transitional
N Ia iPTF13ebh (Hsiao et al. 2015 ), demonstrating the potential of
e spectral features as a signature of the double detonation scenario.
o we ver, due to blending with strong lines the exact contribution of
e I to the optical spectra in the C23 model is not clear. Additionally,

s a result of the limited signal to noise of the simulation, it was
ot possible to confirm whether the He 2 μm spectral feature, which
ould act as an independent confirmation of the presence of He, was
xpected to form in the model. 

The amount of unburnt He, and its range of ejection velocity
n the double detonation scenario can show significant variation 
or different lines of sight and between models (see e.g. fig. 1 in
ollins et al. 2022 ). Explosion simulations for models in which

he He detonation is assumed to be ignited through compressional 
eating of accreted material predict very little unburnt He is present
t velocities below ∼10 000 km s −1 . In another widely discussed
ouble-detonation scenario, the initial He shell detonation is instead 
gnited during the dynamical merger of two CO WDs, which leads
o a core detonation of the primary WD (Guillochon et al. 2010 ;
akmor et al. 2013 , 2022 ; Tanikawa et al. 2018 , 2019 ; Boos et al.
021 ; Shen et al. 2021b ; Boos, Townsley & Shen 2024 ; Pollin et al.
024 ). In this scenario the secondary WD may also explode via a
ouble detonation (Tanikawa et al. 2019 ; Pakmor et al. 2022 ; Boos
t al. 2024 ). Explosion simulations of such models predict unburnt
e at generally lower velocities compared to accretion ignited double 
etonation models and for some lines of sight also show significant
mounts of unburnt He at velocities below ∼10 000 km s −1 (see
.g. fig. 1 of Pollin et al. 2024 ). The model presented by C23 is
epresentative of a realization of the double detonation scenario with 
e present at relatively high velocities (the He distribution peaks 

t ∼18 000 km s −1 ) and a reasonably large mass of 56 Ni present in
he He shell detonation ash. In this paper, we instead investigate
he potential of He spectral features to form for a realization of the
ouble detonation scenario with unburnt He present at significantly 
ower velocities (the He distribution peaks at ∼13 000 km s −1 ) and
nly a small mass of 56 Ni present in the He shell detonation ash. In
articular, comparing the He spectral features predicted by our new 

odel to those predicted by the model of C23 will provide insight
nto how sensitive the spectral signatures of He are to different model
jecta structures. 

Throughout the study we compare the synthetic spectra produced 
o the normal SN 2011fe (Nugent et al. 2011 ) and the ‘transitional’
N 2022xkq (Pearson et al. 2024 ), which showed a similar feature
round 10 300 Å to the feature C23 identified as He I 10 830 Å in the
pectrum of SN iPTF13ebh. Note that the ‘transitional’ SNe Ia we
efer to throughout this work belong to the subclass of fast-declining
Ne Ia described by Hsiao et al. ( 2015 ), which photometrically bridge

he gap between subluminous 91bg-like and normal SNe Ia. 
We describe our model ejecta structure and the radiative transfer 

imulation set-up in Section 2 . We then present our simulated spectra
nd comparisons with those of C23 as well as SN 2011fe and SN
022xkq in Section 3 before presenting our conclusions in Section 4 .
MNRAS 539, 1404–1413 (2025) 
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 N U M E R I C A L  M E T H O D S  

.1 NLTE and non-thermal radiati v e transfer 

he radiative transfer simulations are carried out using the time-
ependent multidimensional Monte Carlo radiative transfer code
RTIS 1 (Sim 2007 ; Kromer & Sim 2009 ; Bulla, Sim & Kromer
015 ; Shingles et al. 2020 ). ARTIS follows the methods of Lucy
 2002 , 2003 , 2005 ) and is based on dividing the radiation field into
ndivisible energy packet Monte Carlo quanta. In this work (as in
23 ) we utilize the full NLTE and non-thermal capabilities added to
RTIS by Shingles et al. ( 2020 ). This includes an NLTE population
nd ionization solver and treatment for collisions with non-thermal
eptons. To follow the energy distribution of high-energy leptons
hat result from nuclear decays and Compton scattering of γ -rays,
RTIS solves the Spencer–Fano equation (as framed by Kozma &
ransson 1992 ). Auger electrons are allowed to contribute to heating,

onization, and excitation. Excitation of bound electrons by non-
hermal collisions is also included, which was not the case for the
imulation of C23 . 

For photoionization, following Lucy ( 2003 ), ARTIS utilizes the full
onte Carlo photon-packet trajectories to obtain a rate estimator

or each level pair, while a parametrized radiation field is used to
stimate transition rates for all other atomic processes. The atomic
ata set we use is based on the compilation of CMFGEN (Hillier 1990 ;
illier & Miller 1998 ) and is similar to that described by Shingles

t al. ( 2020 ) but with some additional ions. In this simulation we
nclude He I-III , C I-IV , O I-IV , Ne I-III , Mg I-III , Si I-IV , S I-IV , Ar
-IV , Ca I-IV , Ti II-IV , Cr I-V , Fe I-V , Co II-V , and Ni II-V . 

The simulations also utilize the virtual packet scheme Bulla
t al. ( 2015 ) implemented into ARTIS (which C23 did not utilize).
irtual packets significantly impro v e the signal to noise of the

ynthetic spectra produced with only a small computational penalty.
oreo v er, the virtual packet approach (see Bulla et al. 2015 for

etails) enables additional spectra to be extracted, in which the line
pacity of specified atomic species are neglected, allowing their
pectral contribution to be isolated. This is particularly useful for our
nvestigation of potential NIR and optical He spectral features. 

In previous work, C23 demonstrated that for the M2a double
etonation model of Gronow et al. ( 2020 ) the spectral contribution
f He is the strongest in the first few days after explosion and then
ecomes weaker with time until it is no longer clearly contributing
y 2 weeks after explosion. We therefore focus on relative early
imes in this work: the radiative transfer simulations are carried out
etween 1.5 and 35 d relative to e xplosion e xplosion, using 115
ogarithmically spaced time-steps. We adopt a grey approximation
n optically thick cells (those with a Thomson optical depth greater
han 1000). The initial time-steps are treated in local thermodynamic
quilibrium (LTE) and at time-step 12 (2.1 d) the NLTE solver is
witched on. 

.2 Double detonation ejecta model 

he ejecta structure we simulate here is drawn from the 3D double
etonation explosion model M08 03, described by Gronow et al.
 2021 ). While ARTIS has the ability to carry out multidimensional
imulations, utilizing the full NLTE and non-thermal capabilities of
RTIS required to accurately assess whether He spectral features
orm is computationally e xpensiv e and has significant memory
NRAS 539, 1404–1413 (2025) 
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equirements owing to the large number of Monte Carlo estimators
nvolved. Therefore, for this work we construct a 1D model from the
D M08 03 ejecta model. We note that the ejecta of SNe Ia explosion
odels are inherently multidimensional (e.g. Pakmor et al. 2024 ). In

articular we note there are angular variations in the mass fractions of
6 Ni , He, and the velocities at which material is ejected (see Collins
t al. 2022 fig. 1). These have significant impact as demonstrated
y the approximate NLTE 3D radiative transfer simulation of the
08 03 model by Collins et al. ( 2022 ), which showed synthetic

pectra with strong viewing angle dependencies. Ho we ver, the 1D
imulation presented here is an important initial investigation of
he parameter space of potential He spectral signatures and will
elp identify which models may be of most interest to explore with
ultidimensional simulations in future work. 
When constructing our 1D model we radially average cells in

he 3D model that are contained within a solid angle cone centred
n the ne gativ e z-axis to attempt to preserve the representative
jecta stratification and density profile of this radial direction in
he 3D model. This is particularly important for investigating double
etonation models because the velocity of the He shell ash varies
oticeably with polar angle in the 3D double detonation models
f Gronow et al. ( 2021 ) (see fig. 1 in Collins et al. 2022 ); thus if
e impose spherical averaging we would ef fecti vely be artificially

moothing out the boundary region between the He shell ash and
he core ejecta (in the 3D models, this boundary region is fairly
harply defined, but occurs at different velocities as a function of
olar angle). We neglect the low-density outer ejecta ( v > 26 200 km
 

−1 ) that become quickly optically thin and thus are not expected to
ontribute to the spectral formation for the times considered here.
he ejecta composition of our model is shown in Fig. 1 . 
The 1D ejecta model presented here has a total mass of 1.01 M �,

 He mass of 0.04 M �, and a 56 Ni mass of 0.47 M �, whereas the
riginal 3D ejecta model has a total mass of 0.83 M �, a He mass of
.018 M �, and a 56 Ni mass of 0.13 M �. The greater He, 56 Ni , and
otal mass of the 1D model are a result of significant asymmetries
n the mass distribution of the 3D model with more mass ejected
o wards the negati ve z-axis (again see fig. 1 in Collins et al. 2022 ).
hus, the 1D model constructed here is not a good representation
f the original 3D model as a whole and will not preserve either its
otal energetics or luminosity. Ho we v er, it does preserv e the realistic
adial structure from a representative double-detonation model, and
as masses that are within the range expected for double detonation
odels (see e.g. table 3 in Fink et al. 2010 ). We note the greater
ass of both 56 Ni and He in our model mean this model is likely

epresentative of a line of sight exhibiting generally stronger He
pectral features than the majority of the model viewing angles due
o the increased number of non-thermal collisions with He expected.

The ejecta model simulated in this study is based on the ne gativ e z
south pole) region of the 3D M08 03 explosion model that Gronow
t al. ( 2020 ) presented (the He detonation is ignited on the positive
-axis), while the C23 model is based on an equatorial slice of the 3D
2a explosion model presented by Gronow et al. ( 2020 ). As such

he models show significant differences in their ejecta: although our
odel has a 56 Ni mass similar to the C23 ejecta model (0.47 and

.49 M �, respectively) it has a total He mass (0.04 M �), which is
ore than double that of the C23 model (0.018 M �). Additionally,

he ejecta structures show significant differences (compare Fig. 1
nd fig. 1 in C23 ). In particular, for the C23 model the He lies at a
elativ ely high v elocity (peaking at ∼18000 km s −1 ) and there is a
ignificant mass of 56 Ni (10 −2 M �) present in the He shell. In contrast,
he ejecta model investigated in this study shows a substantial

ass of unburnt He at significantly lower velocities (peaking at

https://github.com/artis-mcrt/artis/
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Figure 1. Model ejecta composition at 100 s after explosion. 
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Figure 2. Evolution of model He I 10 830 Å feature compared to SN 2011fe 
(Hsiao et al. 2013 ) and SN 2022xkq (Pearson et al. 2024 ). Also shown is the 
evolution of the He I 2 μm contribution predicted by the model compared to 
SN 2022xkq. In each case the full model spectra and the model spectra in 
which He line opacity is omitted are plotted. Times are relative to B -peak. 
The deepest absorption at 0.3 d for the simulated He I 10 830 Å feature (left) 
and the Mg II 10 927 Å feature observed for SN 2011fe (right) are indicated 
by the dotted lines for reference. Note that, as the spectrum of SN 2022xkq 
is impacted by a telluric region redward of 2 μm, this region of the spectrum 

of SN 2022xkq is not plotted in the right panel of the figure for clarity. 
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13 000 km s −1 ) with only a very small mass of 56 Ni ( < 10 −4 M �)
resent in this region (such low 

56 Ni to He ratios are characteristic of
he ne gativ e z re gion in the Gronow et al. 2021 models, see Collins
t al. 2022 fig. 1). As a result our new model has significantly less
6 Ni co-spatial with the unburnt He in the He shell relative to the
23 model. Therefore, the radiative transfer simulation presented 
ere allows us to explore a significantly different realization of the 
ouble detonation scenario than C23 . 

 RESULTS  

.1 Helium spectral features 

.1.1 NIR He I 10 830 Å

y far the strongest He spectral feature in our simulation is He I
0 830 Å. Fig. 2 shows the NIR spectroscopic evolution of our
odel around this feature (see also Fig. A1 ). We also show the same

alculation when the line opacity of He is omitted (as discussed in
ection 2.1 ) to illustrate the impact on the spectrum of He absorption.
The model predicts a strong He I 10 830 Å feature that persists

or all epochs simulated. Although the profile shape changes with 
ime, the absorption is consistently around ∼12 000 km s −1 . This
s close to the velocity at which the density of unburnt He peaks
see Fig. 1 ). The strength of this feature in our simulation confirms
hat He I 10 830 Å can be an observable signature of the double
etonation explosion scenario, which provides a potentially powerful 
iscriminant between double detonation models and other explosion 
cenarios which do not eject significant amounts of He. 

.1.2 Optical He I 

deally, to confirm the presence of He in observations, we would like
o identify a secondary He feature to corroborate the identification of
e I 10 830 Å. We therefore discuss the optical He features predicted
y our simulation and the potential for them to be observed. 
The He line that shows the strongest contribution to the optical 

pectra of our model (as quantified by the difference between the full
pectra and the spectra lacking He line opacity) is He I 5876 Å. Some
MNRAS 539, 1404–1413 (2025) 
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M

Figure 3. Model spectroscopic evolution of optical He I (5876 and 6678 Å) and C II (6580 and 7235 Å) lines compared to that of SN 2011fe (Pereira et al. 2013 ; 
Mazzali et al. 2014 ) and SN 2022xkq (Pearson et al. 2024 ). Also plotted are the model spectra in which the line opacities of He and C are not considered. Times 
are relative to B -peak. 
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ackets in the simulation do interact with the He I 5876 Å line for all
pochs shown in Fig. 3 , with the simulation predicting the number
f interactions is greatest at early times and decreases with time.
o we ver, this does not result in a clear spectral feature forming in

he model with the contribution of He I 5876 Å instead blending with
he blue wing of the Si II 5972 Å feature. The next most prominent
ontribution of He to our model optical spectra is from He I 6678 Å.
gain, while some packets are interacting with the He I 6678 Å line

until around B -peak), no clear spectral feature associated with this
ine is predicted by our model. 

Thus, while this simulation predicts a strong and persistent He I
0 830 Å feature, we do not find clear optical He features. This
onfirms that a lack of identifiable optical He features cannot be
sed to rule out the presence of He, as previously demonstrated by
he radiative transfer simulations of Mazzali & Lucy ( 1998 ) and
23 . We also note Nugent et al. ( 1997 ) found no strong evidence for
ptical He in their radiative transfer simulation of a double detonation
NRAS 539, 1404–1413 (2025) 

odel. 
a  
.1.3 NIR He I 2 μm 

ince optical He features cannot be used to corroborate the He I
0 830 Å feature identification in observations, we now discuss the
ossibility of identifying a He I 2 μm feature in our simulation.
omparing the full model spectra to the model spectra in which
e line opacity is neglected in Fig. 2 (and Fig. A1 ) we see that only
 small number of packets in our simulation are interacting with the
e I 2 μm line. We note that the spectral contribution of the He I
 μm is greatest for the latest two epochs shown (5.1 and 10.3 d
fter B -peak), although it is still minor. Thus our simulation does not
redict any clear He I 2 μm spectral feature is formed at any epochs
onsidered here. 

.2 Comparisons to C23 and implications for He signature 
i v ersity 

s discussed in Section 2.2 the model presented here represents
 double detonation structure with a relatively substantial mass
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f ejected He (0.04 M �), a significant fraction of He present at
easonably low velocities and only a small mass of 56 Ni present 
n the He shell detonation ash. In contrast the double detonation 
odel presented by C23 has a significantly lower mass of ejected He

0.018 M �), He present at higher velocities, and a reasonably large
ass of 56 Ni present in the He shell detonation ash. In the following

ext we discuss the differences in the He features predicted by each of
hese models and comment on the implications of these differences 
or the double detonation scenario. 

The He I 10 830 Å feature predicted by our model forms at an
pproximately constant velocity ( ∼12 000 km s −1 ) for all epochs 
imulated. The inner velocity of the He-rich region in our model is
t ∼11 500 km s −1 (see Fig. 1 ). This suggests the spectral formation
f He I 10 830 Å is strongly influenced by material close to the inner
oundary of the He shell. This is consistent with the structure of our
odel as the density of He peaks close to the inner boundary of the
e shell at ∼13 000 km s −1 and the small mass of 56 Ni present in the
e shell means the bulk of the non-thermal electrons that dominate 

he ionization of He likely originate from the 56 Ni -rich inner regions 
f the ejecta. The spectral formation of the He I 10 830 Å feature
eing dominated by this unburnt He in the inner regions of the He
hell for all epochs also explains why the feature forms at constant
elocity throughout the simulation. 

In contrast, the He I 10 830 Å feature predicted by the model of C23
ppears at higher velocities and forms a separate feature to the blue
ing of the Mg II 10927 Å feature (see C23 fig. 3). The He feature in

he C23 model also evolves to lower velocities with time: at 5 d after
xplosion the C23 feature is formed at ∼19 500 km s −1 but forms
t ∼18 000 km s −1 at 2 weeks after explosion. The inner velocity
f the region of unburnt He in the C23 model is at ∼15 000 km s −1 

see C23 fig. 1), which suggests the C23 He feature does not depend
o strongly on unburnt He close to the inner boundary of the He
hell. This is consistent with the distribution of unburnt He in the
23 model, which peaks at ∼18 000 km s −1 and shows a much more
radual drop off in density at higher velocities compared to the model
resented in this study. 
Neither our model nor the model of C23 predict any clear optical

e I features. Additionally, while the C23 simulation did not have 
ufficient signal to noise to determine if a 2 μm feature appears,
ur simulation predicts no such feature forms, despite the much 
tronger and more persistent He I 10 830 Å absorption relative to the
23 simulation. Together these models therefore suggest that He I 
0 830 Å is the most robust spectral signature of He and for double
etonation models with moderate He shell masses (such as our model 
nd the C23 model) other He I spectral lines (either optical or 2 μm)
hat can act as corroborating signatures will not necessarily appear. 
s such the absence of these He features should not be used to rule
ut the identification of He I 10 830 Å. 
Comparing the predictions of the two models also demonstrates 

hat the spectral contribution of He I 10 830 Å and its evolution with
hase, strongly depends on the distribution of unburnt He in the 
odel. Given that this can show substantial differences between 
odels and with line of sight, we conclude that significant variation 

n the role of He I in shaping this feature is to be expected. This
uggests there is substantial diversity in the observed He I 10 830 Å
pectral signature throughout the SN Ia population. 

.3 Spectral comparisons to obser v ations 

he double detonation scenario has been discussed as a potential 
xplanation for both low-luminosity SNe Ia, including members of 
he transitional sub-class, as well as normal luminosity SNe Ia. We 
herefore compare our model spectra to a representative normal 
uminosity SN Ia, SN 2011fe (Nugent et al. 2011 ; Hsiao et al.
013 ; Pereira et al. 2013 ; Mazzali et al. 2014 ) and a representative
ransitional SN Ia, SN 2022xkq (Pearson et al. 2024 ). Both of these
Ne have a large number of high-quality early-time NIR spectra and
isplay prominent NIR spectral feature(s) at similar wavelengths to 
here the He I 10 830 Å feature forms in our simulation. Therefore,

omparisons between our model and the NIR features predicted by 
hese SNe are of particular interest. To quantify if such comparisons
re reasonable we first compare our model optical spectra to the
ptical spectra of SN 2011fe and SN 2022xkq. 

.3.1 Suitability of comparison objects 

he model investigated in this work has a peak absolute B -band
agnitude of −18.77, which falls between that of SN 2011fe 

 −19.21, Richmond & Smith 2012 ) and SN 2022xkq ( −18.01,
earson et al. 2024 ). The luminosity match to each of these SNe

s therefore sufficient that spectroscopic comparisons between our 
odel and each of them is reasonable. 
We first discuss the spectral comparison between our simulation 

nd both SN 2011fe and SN 2022xkq in the optical, to assess how
ell the model can account for the observed spectral features. These

omparisons are shown in Fig. 4 where the different colours indicate
he contributions of key species to the model spectra. From Fig. 4 we
ee the spectral energy distribution (SED) predicted by our model 
rovides a more successful match to the bluer SED exhibited by
N 2011fe (although the match to the SED of SN 2022xkq is still
easonable). This is primarily a result of both the model and SN
011fe showing significantly less absorption blueward of ∼4500 Å
ompared to SN 2022xkq. The model also provides a reasonable 
atch to the strengths and velocities of a number of key features

resent in the spectra of both SNe, such as the prominent Si II λ 6355
nd λ 5972 features, the S II λλ 5468 ‘W’, the Ca II NIR triplet and the
 I λ 7773 feature. Ho we ver, from peak onwards, some features in the

pectra of SN 2022xkq redward of ∼5000 Å are noticeably stronger 
han those predicted by the model. In particular the Si II λ 5972,
 I λ 7773 and the Ca II NIR triplet are significantly stronger. The
i II λ 6355 feature does ho we ver sho w a relati vely similar strength
or the model and SN 2022xkq after peak (although the observed
eature is a little too strong). We note that while the model provides
 reasonable match to the Ca II H&K in both SNe, it is generally less
uccessful at reproducing the spectral features exhibited by both SN 

lueward of ∼5000 Å. Overall, our model produces slightly better 
ptical spectroscopic agreement with SN 2011fe o v er the epochs
ompared. Ho we ver, the agreement of the model with both SNe is
ufficient to justify the detailed comparisons of individual He spectral 
eatures, which are the primary focus of this study. 

.3.2 Simulated He I 10 830 Å feature compared to observations 

s discussed in Section 3.1.1 , our simulation shows a strong feature
ue to He I 10 830 Å. We now discuss how this feature compares
o observations of the normal SN 2011fe and the transitional SN
022xkq. 
Fig. 2 shows the NIR spectroscopic evolution of our model He

eatures compared to SN 2011fe and SN 2022xkq. The full NIR
pectroscopic evolution of the model compared to these SNe is shown 
n Fig. A1 . In Figs 2 and A1 the spectra have been scaled so features
an be more easily compared. 
MNRAS 539, 1404–1413 (2025) 
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Figure 4. Absolute flux optical spectral comparisons between the model, 
with the contributions of key species indicated, SN 2011fe (Pereira et al. 
2013 ), and SN 2022xkq (Pearson et al. 2024 ). For reference the dotted lines 
indicate the wavelengths of He I 5876 Å and C II 6580 Å absorption. Times 
are relative to B -peak. 
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First comparing to SN 2011fe (left panel Fig. 2 ), we see the He
eature predicted by our simulation o v erlaps with the feature Hsiao
t al. ( 2013 ) identify as Mg II 10927 Å in SN 2011fe. In the spectra
f SN 2011fe this feature shows an extended blue wing which Hsiao
t al. ( 2013 ) attribute to C I 10 693 Å (Marion et al. 2015 propose the
ame identification for SN 2014J, another normal SN Ia). Ho we ver,
ur model does not predict any clear feature from C I 10 693 Å (see
ection 3.3.5 for further discussion). The strongest absorption of

he model He feature is to the blue wing of the Mg feature in SN
011fe. We therefore suggest this extended wing may instead be
n observational signature of He I 10 830 Å. In this interpretation
he observed absorption feature forms from a strong blend of Mg II
0927 Å and He I 10 830 Å with He I 10 830 Å primarily contributing
o the blue wing of the feature. We do ho we ver note the He feature
redicted by our model (which represents a realization of the double
etonation scenario with a fairly substantial ejected He mass) is
ignificantly too strong to be consistent with SN 2011fe (or SN
014J). Therefore, further simulations for models with somewhat
ower ejected He masses than the model presented here are desirable
o investigate if they predict a He contribution to the blue wing of the

g feature consistent with observations. We also note Mg II 10 927 Å
ontributes to our model spectrum at wavelengths consistent with
he Mg feature observed in the spectrum of SN 2011fe. Ho we ver the
ontribution of Mg II 10 927 Å is weaker than that of He I 10 830 Å
n our simulation for all epochs simulated. 

Now focusing on comparisons with SN 2022xkq (middle panel of
ig. 2 ), we see SN 2022xkq also shows a strong absorption feature

hat Pearson et al. ( 2024 ) identify as Mg II 10927 Å. The He I 10 830 Å
eature predicted by our model again o v erlaps with this Mg II feature.

Ho we ver, SN 2022xkq also shows a weaker secondary absorption
eature to the blue of the Mg feature that disappears by peak (this
eature is also observed at early times in other transitional SNe Ia, see
.g. Hsiao et al. 2015 ; Wyatt et al. 2021 ). Our model does not predict
ny such double absorption feature and the He I 10 830 Å feature
redicted by our model forms at too low a velocity to match the
econdary absorption feature. Ho we ver, as discussed in Section 3.2
he double detonation model of C23 does predict such a double
eature with Mg II 10 927 Å forming the primary absorption feature
nd high velocity He I 10 830 Å forming the secondary feature. C23
emonstrated this simulated feature was consistent with the double
bsorption feature observed in the spectrum of another transitional
N, iPTF13ebh (Hsiao et al. 2015 ) which is very similar to the feature
bserved in the spectrum of SN 2022xkq. We note that previous
tudies have suggested this secondary absorption feature observed
n the spectra of some SNe Ia is instead formed by C I 10 693 Å
e.g. H ̈oflich et al. 2002 ; Hsiao et al. 2015 ; Wyatt et al. 2021 ; Li et al.
022 ; Pearson et al. 2024 ), ho we ver neither our model nor the C23
odel show any such C I 10 693 Å spectral feature (see Section 3.3.5

or further discussion). 

.3.3 Optical He spectral contribution and observations 

he simulation showed no clearly identifiable He features in the
ptical (as was the case for the model of C23 ), but none the less
e now discuss how the optical regions with slight He contributions

ompare with the observations. 
From Fig. 3 we can see that compared to SN 2011fe and SN

022xkq the blue wing of the Si II 5972 Å feature in our full model
pectra predicts generally too much absorption while the model
pectra in which line opacity from He is excluded does not predict
nough absorption. As such, for all epochs compared, both sets
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f model spectra provide a similar match to the blue wing of the
bserved Si II 5972 Å feature. 
The next strongest expected He line is He I 6678 Å. The very weak

pectral contribution from He I 6678 Å in the simulation does not 
mpact the agreement with either SN 2011fe or SN 2022xkq o v er the
avelength range to which it contributes. Therefore, the presence 
f strong He I 10 830 Å, as is the case for the double detonation
odel we present here, does not require that there are strong, clearly

bservable optical He features. 

.3.4 He I 2 μm feature and observations 

 clear He I 2 μm feature is not predicted by this simulation. The
.04 M � of He ejected by the model we investigate here is likely
owards the upper limit of the ejected He mass that can be present in
 model for it to still produce reasonable agreement with the optical
pectra of normal and transitional SNe Ia (Kromer et al. 2010 ).
he weak contribution of He I 2 μm in our simulation (see Fig. 2 )

herefore suggests it is very unlikely that such a feature would be
bservable for any normal or transitional SNe Ia. This is consistent 
ith the fact that neither SN 2011fe or SN 2022xkq show any spectral

eature around 2 μm. Therefore, the presence of strong He I 10 830 Å
oes not require that a 2 μm feature is also observed. We note ho we ver
hat even if this feature can form, observing it will be challenging for
round-based telescopes because the spectral contribution of the He I 
 μm line predicted by the model lies very close to a telluric region
see right panel in Fig. 2 ) and thus the observed spectra are likely still
mpacted by the proximity to this re gion. F or e xample, the observ ed
N 2022xkq spectrum at 0.1 d after B -peak shows what appears to be
n absorption feature around 2 μm. Ho we ver, the potential feature
oes not show a consistent evolution in the observed spectra and only
ppears for a single epoch and thus is very unlikely to be a real feature
Pearson et al. 2024 ). Therefore space-based, (e.g. JWST ) observa- 
ions will likely be required to observe any potential 2 μm feature. 

.3.5 Spectral contribution of C and observations 

 I 10 693 Å has been proposed to ha ve an observable contrib ution
o the blue wing of the Mg II 10 927 Å feature in SNe Ia before peak,
ither as an extended blue wing (e.g. Hsiao et al. 2013 ; Marion et al.
015 ) or a distinct secondary feature (e.g. H ̈oflich et al. 2002 ; Hsiao
t al. 2015 ; Wyatt et al. 2021 ; Li et al. 2022 ; Pearson et al. 2024 ).
e therefore comment here on the spectral contribution of C in our

imulation and the C23 simulation. 
Neither our model or the C23 model predicts any clear feature 

rom C I 10 693 Å. This is not unexpected as the ion population of C
I dominates o v er that of C I for both simulations. This is consistent
ith the findings of previous studies (e.g. Tanaka et al. 2008 ; Heringer

t al. 2019 ) although we do note that some simulations have shown
 I features can form for different classes of explosion models 

e.g. H ̈oflich et al. 2002 ; Blondin et al. 2013 ; Hsiao et al. 2015 ;
londin et al. 2017 ). 
Our model does show some contribution from C II in the optical.

n particular, a weak C II 6580 Å feature forms on the red shoulder
f the Si II 6355 Å feature from ∼7 d before up until B -peak. This
eature appears at a velocity generally consistent with the C II 6580

feature observed in the spectra of SN 2011fe and SN 2022xkq. 
e also see a weak spectral contribution from C II 7235 Å(again see

ig. 3 ), ho we ver the contribution is so weak that it never produces
ny clear spectral feature. We note that while the C23 simulation 
lso shows contributions from C II 6580 and 7235 Å, unlike our
imulation no clear C II 6580 Å feature forms due to blending with
tronger lines. 

The amount of C ejected can vary significantly between different 
ouble detonation models. For example, the 3D double detonation 
odel sequence of Gronow et al. ( 2021 ) shows a variation in C
ass between models of 2.8 ×10 −5 to 1.5 ×10 −2 M �. The model
e present here has an ejected C mass of 9 ×10 −3 M �. While this is

epresentative of a relatively carbon-rich representation of the double 
etonation scenario it is still well within the range of ejected C masses
redicted for double detonation models. As such the clear C II 6580 Å
eature this model predicts demonstrates that the presence of optical 
 II cannot be used to rule out the double detonation scenario. 

 C O N C L U S I O N S  

e have carried out an NLTE radiative transfer simulation including 
reatment for non-thermal electrons for a realization of the double 
etonation scenario with a modest mass of He (0.04 M �) that is
jected from the outer helium layer with relatively low velocities 
 ∼13 000 km s −1 ). The model is representative of the negative polar
irection in the 3D Gronow et al. ( 2021 ) model on which it is based
where the He detonation is ignited in the positive polar direction).

e find our model predicts a strong and persistent He I 10 830 Å
pectral feature that is strongly blended with the spectral contribution 
f Mg II 10927 Å. This Mg II feature shows an extended wing in the
pectra of some normal SNe Ia that has previously been attributed to
 I 10 693 Å (Hsiao et al. 2013 ; Marion et al. 2015 ). Ho we ver, the
e I 10 830 Å feature predicted by our simulation has its strongest

bsorption to the blue wing of this Mg II 10 927 Å feature and our
odel does not predict a C I 10 693 Å feature forms. We therefore

uggest the extended wing may instead be a spectral signature of He,
lthough we note the He feature predicted by our particular model is
oo strong and persistent to be consistent with normal SNe Ia. 

Despite the strong He I 10 830 Å feature feature predicted by our
imulation no clear optical He spectral features appear. Therefore, 
onsistent with what C23 found for their double detonation simula- 
ion, our simulation demonstrates that the non-detection of optical 
e features cannot be used to rule out the He I 10 830 Å spectral

eature. Our simulation also predicted no clear He I 2 μm feature
orms, demonstrating the absence of He I 2 μm also does not rule out
e I 10 830 Å (the C23 simulation did not have sufficient signal to
oise to test the formation of the He I 2 μm feature). The He mass
f our model is likely towards the high end of what can be ejected
hile still producing reasonable agreement with the optical spectra of 
ormal and transitional SNe Ia (Kromer et al. 2010 ), which suggests
bserved He I 10 830 Å spectral signatures present in the spectra of
ormal or transitional SNe Ia are not necessarily accompanied by 
dditional He signatures. 

Relative to our simulation, the double detonation model pre- 
ented by C23 (which also included a full treatment of NLTE and
on-thermal processes) has a significantly lower He ejecta mass 
0.018 M �), present at higher velocities ( ∼18 000 km s −1 ) and is
epresentative of the equatorial direction in the 3D Gronow et al.
 2020 ) model on which it is based. The contribution of He I 10 830

is weaker and present at higher velocities for the C23 simulation,
orming a distinct feature blueward of Mg II 10 927 Å, which is no
onger clearly present by peak. This feature is consistent with a
eature present in the pre-peak spectra of observed transitional SNe 
a (Hsiao et al. 2015 ; Wyatt et al. 2021 ; Pearson et al. 2024 ). Together
hese simulations demonstrate that the He signatures predicted by 
ouble detonation models can show substantial variation depending 
n the exact realization of the ejecta structure, and in particular
MNRAS 539, 1404–1413 (2025) 
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he distribution of unburnt He, which is both model- and line-of-
ight-dependent. This implies significant diversity is expected in
he He I 10 830 Å spectral signature across the observed SN Ia
opulation. This should be tested with observations of the pre-peak
IR spectroscopic evolution for a larger sample of SNe Ia. 
Future work should also focus on full NLTE multidimensional

adiative transfer simulations of double detonation models that will
llo w the vie wing angle v ariation of predicted He spectral signatures
o be explored. In particular, since both our simulation and the
23 simulation predict a He I 10 830 Å spectral signature too strong
ompared to normal SNe Ia, double detonation models with lower
asses of ejected He should be prioritized. Such simulations will

e key to determining whether realizations of the double detonation
cenario exist, which predict He spectral signatures consistent with
he NIR spectra of normal SNe Ia and will also allow us to probe
he lower limit of He that can be ejected while still producing an
bservable signature. 
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n Fig. A1 we show the NIR spectra for our full model and a model
n which the line opacity of He is omitted. These are compared
o observations of SN 2011fe (Hsiao et al. 2013 ) and SN 2022xkq
Pearson et al. 2024 ). 
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l spectra in which the line opacity for He is not included, compared to SN 

 are relative to B -peak. Note that for clarity the spectra of SN 2022xkq have 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 
D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/2/1404/8105724 

y G

SI / G
esellschaft für Schw

erionenforschung in der H
elm

holtz-G
em

einschaft user on 14 January 2026

http://dx.doi.org/10.1051/0004-6361/201630121
http://dx.doi.org/10.1051/0004-6361/201935322
http://dx.doi.org/10.1038/s41550-022-01603-4
http://dx.doi.org/10.1093/mnras/stx2093
http://dx.doi.org/10.1007/BF00168350
http://dx.doi.org/10.1086/159682
http://dx.doi.org/10.1086/184247
http://dx.doi.org/10.1086/304459
http://dx.doi.org/10.1038/nature10644
http://dx.doi.org/10.1109/MCSE.2007.58
http://dx.doi.org/10.3847/1538-4357/acdd6a
http://dx.doi.org/10.3847/1538-4357/ad19c9
http://dx.doi.org/10.1088/2041-8205/770/1/L8
http://dx.doi.org/10.1093/mnras/stac3107
http://dx.doi.org/10.1051/0004-6361/202449637
http://dx.doi.org/10.3847/1538-4357/ad0153
http://dx.doi.org/10.1051/0004-6361/201221008
http://dx.doi.org/10.1051/0004-6361/202450008
http://dx.doi.org/10.3847/1538-4357/aafb6a
http://dx.doi.org/10.1093/mnras/stae1909
http://dx.doi.org/10.48550/arXiv.1203.4013
http://dx.doi.org/10.1088/0004-637X/699/2/1365
http://dx.doi.org/10.1088/0004-637X/797/1/46
http://dx.doi.org/10.1088/0004-637X/715/2/767
http://dx.doi.org/10.3847/2041-8213/abe69b
http://dx.doi.org/10.3847/1538-4357/ac2304
http://dx.doi.org/10.48550/arXiv.2405.19417
http://dx.doi.org/10.1093/mnras/stz3412
http://dx.doi.org/10.5281/zenodo.7728326
https://github.com/artis-mcrt/artistools
http://dx.doi.org/10.1111/j.1365-2966.2006.11271.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20162.x
http://dx.doi.org/10.1086/158509
http://dx.doi.org/10.1086/528703
http://dx.doi.org/10.3847/1538-4357/aae9ee
http://dx.doi.org/10.3847/1538-4357/ab46b6
http://dx.doi.org/10.3847/2041-8213/ab27cd
http://dx.doi.org/10.1088/0004-637X/738/1/21
http://dx.doi.org/10.1088/0004-637X/734/1/38
http://dx.doi.org/10.1086/173813
http://dx.doi.org/10.3847/1538-4357/abf7c3
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 NUMERICAL METHODS
	3 RESULTS
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX: NIR SPECTRAL EVOLUTION

