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ABSTRACT

We carried out NLTE (non local thermodynamic equilibrium) radiative transfer simulations to determine whether an explosion dur-
ing the merger of a carbon-oxygen (CO) white dwarf (WD) with a helium (He) WD can reproduce the characteristic Call/[CaII]
and HeT lines observed in Ca-rich transients. Our study is based on a 1D representation of a hydrodynamic simulation of a
0.6 M, CO + 0.4 M;He WD merger. We calculated both the photospheric and nebular-phase spectra, including treatment for non-
thermal electrons, as is required for accurate modelling of He I and [CaII]. Consistent with Ca-rich transients, our simulation predicts
a nebular spectrum dominated by emission from [CaIr] 7291, 7324 A and the Call near-infrared (NIR) triplet. The photospheric-
phase synthetic spectrum also exhibits a strong Ca Il NIR triplet, prominent optical absorption due to He 1 5876 A and He1 10830 A
in the NIR, which is commonly observed for Ca-rich transients. Overall, our results therefore suggest that CO+He WD mergers are a
promising channel for Ca-rich transients. However, the current simulation overpredicts some He I features, in particular both He 1 6678
and 7065 A, and shows a significant contribution from Ti II, which results in a spectral energy distribution that is substantially redder
than most Ca-rich transients at peak. Additionally, the CaII nebular emission features are too broad. Future work should investigate if

these discrepancies can be resolved by considering full 3D models and exploring a range of CO+He WD binary configurations.
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1. Introduction

Ca-rich transients (see e.g. Taubenberger 2017 for a review) are a
class of faint and fast-evolving supernovae (SNe) first observed
in the early 2000s (Filippenko et al. 2003). They are primarily
characterised by strong [CaII] emission and weaker [OI] emis-
sion in their nebular spectlra1 (Perets et al. 2010; Sullivan et al.
2011; Kasliwal et al. 2012; Valenti et al. 2014; Lunnan et al.
2017; De et al. 2018). Other properties include peak luminosities
that lie between those of novae and SNe (~—14 to —17 mag), fast
photometric evolution, and early evolution to the nebular phase
(Kasliwal et al. 2012). The spectroscopic properties of Ca-rich
transients are diverse, with some more similar to Type Ia SNe
and others more similar to Type Ibc SNe (De et al. 2020).

The progenitors of Ca-rich transients are still unknown.
However, the fact that they are typically found in remote

* Corresponding author: f.callan@qub.ac.uk

A substantial amount of Ca is not necessarily required to excite
the nebular Ca1r lines (Shen et al. 2019; Jacobson-Galén et al. 2020b;
Polin et al. 2019). However, we use ‘Ca-rich’ throughout as it is the
term that appears most commonly in the literature.

1

locations in old host environments (Perets et al. 2010; Foley
2015; Lunnanetal. 2017) suggests older progenitors that
involve white dwarfs (WDs) in binary systems. Various mod-
els have been proposed to explain Ca-rich transients, includ-
ing helium (He) shell detonations (e.g. Peretsetal. 2010;
Shen et al. 2010; Waldman et al. 2011; Woosley & Kasen 2011),
tidal disruptions of WDs either in a compact object binary
(e.g. Margalit & Metzger 2016; Zenatietal. 2023) or by
an intermediate-mass black hole (e.g. Rosswog etal. 2009;
Sell et al. 2015), and ultra-stripped core-collapse SNe (e.g.
Kawabata et al. 2010; see e.g. Shen et al. 2019 for a review).

In a previous work we presented a 3D hydrodynamic simu-
lation of the merger of a 0.4 My He WD and a 0.6 M carbon-
oxygen (CO) WD (Morén-Fraile et al. 2024). During the merger,
the He WD is tidally disrupted and the CO WD becomes
engulfed in a massive He ‘shell’. As the orbit of the accret-
ing material intersects with itself, efficiently transporting angu-
lar momentum outwards, a region that is overdense relative to
the surrounding gas develops. Compression and shear between
this overdense region and the surface of the CO WD result in a
He detonation ~400s after the He WD was initially disrupted.
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The detonation wave propagates through the He shell that sur-
rounds the CO WD, sending shocks inside it. The convergence
of these shocks ignites a C detonation that propagates outwards
and burns the CO material. Overall, the thermonuclear explo-
sion resulting from this double detonation mechanism ejected
1 M, of material, synthesised 0.01 M, of 56Nji, and did not leave
behind any remnant. Photospheric phase radiative transfer sim-
ulations of the model predicted a faint transient (Mpo =~ —15.7)
with light curves and spectra that resembled those of Ca-rich
transients, including a prominent Ca Il near-infrared (NIR) triplet
feature, as is observed in the photospheric spectra of such events.
This suggests that such mergers are a possible progenitor system
of Ca-rich transients.

However, open questions remain. The Moran-Fraile et al.
(2024) radiative transfer simulation was unable to reproduce the
strong feature around 5900 A that is observed in the majority of
Ca-rich transients, interpreted as either the Hel 5876 A line or
the NaT1 5890, 5896 A doublet (Na1 D). The lack of He features
predicted, despite the significant He mass in the model ejecta
(0.3 M), was not unexpected, as the radiative transfer simula-
tion utilised an approximate NLTE (non local thermodynamic
equilibrium) treatment for the plasma conditions that did not
include treatment for non-thermal electrons. As the temperatures
of the ejecta of thermonuclear SNe are insufficient to thermally
excite Hel, it is these non-thermal electrons that dominate the
population of the excited states of He I such that spectral features
can appear (Chugai 1987; Lucy 1991; Hachinger et al. 2012).
The approximate NLTE treatment of the plasma conditions also
means the simulation becomes increasingly unreliable beyond
the photospheric phase. As such, no predictions of the nebular
phase spectra, by which Ca-rich transients are most readily iden-
tified, were possible from that simulation.

Here, we present full NLTE photospheric and nebular
phase radiative transfer simulations, including treatment for
non-thermal electrons, for a 1D spherical average of the
0.6 My CO+0.4 My He WD merger model. In particular, our
aim is to predict whether HeT lines form in the photospheric
phase and if the nebular spectra display the prominent Ca Il emis-
sion observed for Ca-rich transients. We describe our model
ejecta structure and our radiative transfer setups for the photo-
spheric and nebular phase simulations in Sect. 2. We present
our photospheric and nebular phase spectra in Sect. 3 before
discussing the model predictions and comparing them with
observed Ca-rich transients in Sect. 4. Finally, we present our
conclusions in Sect. 5.

2. Numerical methods
2.1. NLTE and non-thermal radiative transfer

The radiative transfer simulations are carried out using the time-
dependent Monte Carlo radiative transfer code ARTIS? (Sim 2007;
Kromer & Sim 2009; Bullaetal. 2015; Shingles et al. 2020).
ARTIS follows the methods of Lucy (2002, 2003, 2005) and
is based on dividing the radiation field into indivisible energy
packet Monte Carlo quanta (packets hereafter). Here, we utilise
the full NLTE and non-thermal capabilities added to ARTIS by
Shingles et al. (2020). This includes a NLTE population and
ionisation solver and treatment for collisions with non-thermal
leptons. These improvements both extend the validity of our
radiative transfer simulations to the nebular phase and allow
the spectral contribution of He to be predicted. To follow the

2 https://github.com/artis-mcrt/artis/
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energy distribution of high-energy leptons, which result from
nuclear decays and Compton scattering of y-rays, ARTIS solves the
Spencer-Fano equation (as framed by Kozma & Fransson 1992).
Auger electrons are allowed to contribute to heating, the ioni-
sation and excitation of bound electrons by non-thermal colli-
sions is also included. ARTIS utilises the full Monte Carlo photon-
packet trajectories to obtain a rate estimator for each photoion-
isation cross-section included while a parameterised radiation
field is used to estimate bound-bound transition rates. The atomic
datasets we use are based on the compilation of CMFGEN (Hillier
1990; Hillier & Miller 1998) and are similar to that described by
Shingles et al. (2020) but with some additional species and ions
including atomic data for Ca1v, TiII, Ti 11, Co I and NiI from the
most recent compilation of CMFGEN (see Blondin et al. 2023). In
our photospheric phase simulation we include He 1-111, C I-1v, O
I-1v, Na I-111, Ne I-11I, Mg I-111, Al I-1v, Si I-1v, S I-IV, Ar I-1V,
Cal-v, Tin-1v, Cr1-v, Fe 1-v, Co II-V, and Ni II-V, while we also
include CoT and NiI in our nebular phase simulation. We note
that there is no TiI data in our atomic dataset. We do not expect
TiTto become the dominant ion in our simulations (we do include
both CaI and Cr1, which remain subdominant ions at all times).
However, it is possible that Ti I could contribute to the spectrum in
the later phases we consider when the temperature and ionisation
state are low. However, we do not expect that this would signifi-
cantly impact our principle conclusions on the formation of He I
and Ca1I features.

To cover both the photospheric and nebular phases, we per-
formed two separate simulations because a significantly greater
number of packets are required when simulating the nebular
phase (a factor of ~40; see below). This is because we start
with the packets representing gamma-rays and positrons aris-
ing from radioactive decays (Kromer & Sim 2009). During the
simulation these packets can be reprocessed to UVOIR wave-
lengths from which we ultimately extract the spectra. Owing to
the optically thin conditions in the nebular phase, the fraction
of the gamma-ray packets that are reprocessed is much smaller,
meaning we require a much larger total number of packets in
order to achieve good statistics in the required wavebands. For-
tunately however, the number of interactions per packets in this
optically thin regime is relatively small, meaning this increase in
total number of packets does not present a computational prob-
lem.

We utilised 5 x 107 packets for the photospheric phase simu-
lation, which describes the evolution from 1 to 40 d post explo-
sion with logarithmically spaced time steps (Alog(f) = 0.013).
The initial time steps were treated in local thermodynamic equi-
librium (LTE) and at time step 12 (1.1 d) the NLTE solver was
switched on. We adopted a grey approximation in optically thick
cells (those with a grey optical depth greater than 1000).

We initialised the nebular phase simulation at 25d post
explosion and followed the spectroscopic evolution using 2 x 10°
packets until 70d post explosion with logarithmically spaced
time steps (Alog(#) = 0.0037). The initial time steps of the neb-
ular phase simulation were also treated in LTE and the NLTE
solver was switched on at time step 12 (28 d).

2.2. CO He WD merger ejecta model

For this work, we utilised the WD merger model of
Morén-Fraile et al. (2024), who simulated the merger of a
0.4 M He WD and a 0.6 M, CO WD. This simulation was car-
ried out using the AREPO code (Springel 2010; Pakmor et al.
2011, 2016; Weinberger et al. 2020), which solves the ideal
magnetohydrodynamic equations on an unstructured moving
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Table 1. Compositions of key species in our radiative transfer input
model (in solar masses) at 160 s post explosion.

Element Mass [M]
He 2.64 x 107!
C 6.56 x 1072
o) 2.13x 107!
Ne 2.01 x 1072
Na 2.08 x 107
Mg 2.76 x 1072
Al 1.18x 1073
Si 1.70 x 107!
S 8.18 x 1072
Ar 1.50 x 1072
Ca 1.91 x 1072
Ti 5.16 x 1073
Cr 543 %1073
Fe 1.03 x 1072
Co 1.06 x 1073
Ni 9.08 x 1073
BCr 497 %1073
2Fe 442 %1073
SONj 7.46 x 1073

Notes. Elemental masses are given in the upper part of table with the
masses of radioisotopes whose decay chain energy deposition is tracked
in the simulation included in the lower part of the table. When map-
ping the output of the explosion simulation to our radiative transfer
input model we exclude the outermost ejecta (>16500kms™'), which
are very low density and thus will not contribute significant opacity.
The yields listed here therefore show some differences to the yields that
come directly from the nucleosynthesis post processing of the explosion
simulation.

Voronoi mesh using Newtonian self-gravity, including a
Helmholtz equation of state Timmes & Swesty (2000). A 55 iso-
tope nuclear reaction network, using the JINA reaction rates
Cyburt et al. (2010) was coupled to the hydrodynamical solver.
The simulation was stopped when the ejecta reaches homolo-
gous expansion, around 100s after the explosion takes place.
Using a larger 384 isotope network, the 10° Lagrangian tracer
particles included in the simulation were post-processed to
obtain precise nucleosynthetic yields (Seitenzahl et al. 2010;
Pakmor et al. 2012; Seitenzahl & Townsley 2017). For further
details on the model, we refer the reader to Moran-Fraile et al.
(2024).

While ARTIS is capable of multi-dimensional simulations,
owing to the increased computational cost of including our full
NLTE treatment, we worked in 1D for this first exploratory
study and employed a spherically averaged model. The full 3D
model has clear asymmetries (see Moran-Fraile et al. 2024 or
Kozyreva et al. 2024) that likely impact the strengths and shapes
of spectral features. However, the 1D average preserves the main
characteristics of the model, which allowed us to address the key
questions of whether HeI and [CaT1l] line formation are plausi-
ble. We constructed our 1D model by spherically averaging the
3D hydrodynamic simulation into 87 radial bins. The composi-
tion of this 1D ejecta model is presented in Table 1 and shown
in Fig. 1 along with the energy deposition profiles at the epochs
we present spectra for. From Fig. 1 we can see that because the
He distribution extends to low velocities there is significant over-
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Fig. 1. Bottom panel: model ejecta composition at 160 s after explosion
for key species in the simulation. Top panel: energy deposition profiles
for the three epochs we show spectra for. Overplotted for reference are
the density profiles of He and key radioisotopes that we track the decay
chain energy deposition for in the simulation.

lap between where the He is present in the ejecta and where the
deposition is taking place.

3. Results

Figures 2 and 3 show the optical and NIR spectra predicted by
our simulations. We display three epochs with the r-max and
+20d r-max spectra taken from our photospheric phase simula-
tion and the +45 d r-max spectrum taken from our nebular phase
simulation®.

3.1. Optical spectroscopic evolution

The peak r-band optical spectrum of our simulation (see Fig. 2)
predicts strong optical Hel features (Hel 5876, 6678 and
7065 A) with He1 5876 A producing the strongest feature. This
is a key difference to our previous radiative transfer simulation
of the model (Moran-Fraile et al. 2024), which did not include
treatment for non-thermal electrons and thus could not address
whether He I spectral features are expected to form.

The Ca1 NIR triplet, which appears around 8300 A, is the
strongest individual feature in the peak spectrum. Additionally,
there is a very significant contribution from TiIl and Cr1I that
covers almost the entire optical wavelength range. The substan-
tial absorption, in particular from TiIl, bluewards of ~5000 A
and subsequent redistribution of this flux to redder wavelengths
results in a relatively red spectral energy distribution (SED) at
peak. There is a clear contribution from the O1 7773 A line at

3 The spectra presented here will be made available on the Heidel-
berg supernova model archive HESMA (Kromer et al. 2017, https:
//hesma.h-its.org)
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Fig. 2. Optical spectroscopic evolution of our model from peak until
the early nebular phase. The last species with which packets interacted
before they left the simulation are indicated with different colours. Con-
tributions to emission are plotted on the positive axis, and contributions
to absorption on the negative axis. For reference, key lines are labelled
along with their rest wavelength (given in A). The dashed lines indicate
the wavelengths of absorptions from the prominent optical He I lines.

peak along with small contributions from intermediate-mass ele-
ments such as Si and S. Only very weak contributions from iron
group elements are predicted.

At 20d post r-band peak, our simulation is already starting
to show signs of a transition to the nebular phase with strong
emission features typically associated with nebular phase spec-
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Fig. 3. Same as Fig. 2 but for the NIR spectroscopic evolution of the
model.

tra beginning to form. The spectrum still shows a very substantial
contribution from TiIl while the spectral contribution of Cr1I is
significantly reduced. There is almost a complete suppression of
flux bluewards of ~5000 A due to line blanketing primarily from
Tim. The Ca11 NIR triplet remains the strongest individual fea-
ture at this epoch showing very substantial emission. The sim-
ulation also predicts a strong emission feature around 7300 A.
Although this feature appears to be almost entirely dominated
by Titt 7355 A with a small contribution to emission from for-
bidden [Ca1r1] 7291, 7324 A (see Fig. 2), a significant amount of
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the underlying emission is actually attributed to [CaII] with this
emission then impacted by scattering and fluorescence from the
Tin 7355 A line.

The optical HeT features predicted in the peak spectrum are
again present although the strength of the HeT lines are reduced
relative to peak. In particular, the strong feature at ~5700 A that
is almost entirely a result of He1 5876 A absorption in the peak
spectrum is now a blend of Hel 5876 A and Na1 D lines with
NaT contributing strongly to the formation of this feature, par-
ticularly in emission. This can primarily be attributed to vari-
ation in the ionisation state of Na. At peak, less than 1076 of
the total Na in the ejecta is NaIl. However, by 20d post peak
this has increased to as much as 107 in certain parts of the
model ejecta. Variation in the distribution of Na in our model
ejecta (see Fig. 1) may also be contributing, with Na only present
in very small amounts in the very outer and inner ejecta but
showing a significant increase in relative composition between
~3000 and 10000kms~!. As the photosphere recedes deeper
into the ejecta with time, the spectrum forming region therefore
evolves to overlap with this part of the ejecta that is richer in Na.
There remains a relatively strong contribution from O1 7773 A
at 20d post peak while there are still clear contributions from
intermediate-mass elements and only weak contributions from
iron group elements to the model spectrum.

By 45d post peak, our simulated optical spectrum becomes
dominated by emission redwards of 6000 A although there is still
significant absorption, particulary bluewards of this, mainly due
to Till and Fel. The most prominent spectral features are the
Can NIR triplet and the forbidden [Ca11] 7291, 7324 A emission
feature, which appear around 8700 and 7300 A, respectively.
While the majority of the underlying emission for these fea-
tures is from Call and [CaTI] respectively, both features are still
clearly impacted by scattering and fluorescence from allowed
transitions (primarily Fe, Ti1I, and Mg1 for the NIR triplet and
Ti1l and CaT for the [CaII] feature).

Ti1 remains a key species in the spectrum, contributing sig-
nificantly across a range of wavelengths spanning the entire opti-
cal spectrum. There is a significant increase in the contributions
of neutral species such as FeT, CaT, Cr1, Si1, and Col. This is a
result of the reduced ionisation state of the simulation at this
epoch. In particular, FeT has a substantial contribution across
a wide range of optical wavelengths and the FeTI feature pre-
dicted at ~5500 A, which also has contributions from CoI and
NiT, is the most prominent feature in the spectrum other than the
Can/[Ca11] features discussed above. The complex of emission
features predicted by the simulation between ~6000 and 7000 A
is also primarily attributed to the blended contributions of neutral
species (Fel, Cal, Cr1, and Col).

3.2. NIR spectroscopic evolution

The most prominent feature in the peak NIR spectrum pre-
dicted by our simulation is the strong HeI 10 830A absorption
feature (see Fig. 3), while there is also a clear HeI 20 587 A
absorption feature. We note that substantial ejected He masses,
such as the ~0.3 M ejected for our model, are likely required
for a Hel 20587 A feature to appear: previous ARTIS simula-
tions of CO WD explosions, ejecting ~0.04 M, of He, predicted
clear He1 10830 A features, but no obvious Hel 20 587 A fea-
ture formed (Collins et al. 2023; Callan et al. 2025). A promi-
nent Ca1r 11839, 11950 A absorption feature is also present at
~11500 A. The NIR spectrum is dominated by Ti Il emission for

wavelengths shorter than ~16 000 A while redwards of this He 1
provides the greatest contribution to the spectrum.

At 20 days post peak, the NIR spectrum starts to show emis-
sion features more typical of the nebular phase. Hel 10830 A
remains the strongest spectral feature predicted by the simulation
in the NIR and the He1 20 587 A feature is still clearly present.
The Ca1 absorption at ~11 500 A has disappeared by this epoch
but there is still significant emission from TiIl. There is also an
increased contribution from neutral species, in particular SiT and
Cal

At 45d post peak, clear HeI 10830 and 20 587 A features
are still predicted despite no optical He features being present in
the simulation by this epoch. The single strongest feature at this
epoch is the strong emission feature at ~12 000 A. This feature is
primarily attributed to Fe1 but there is a also a contribution from
Si1. A prominent Al1 feature also appears at ~13 500 A.

We note, for the small number of Ca-rich transients that
have NIR spectral observations, a clear feature is present at
wavelengths consistent with our predicted He1 10830 A feature
(Valenti et al. 2014; Galbany et al. 2019; Jacobson-Galan et al.
2020a; Yadavalli et al. 2024) for observations spanning from
before peak until 40 d post peak. Additionally, the Ca-rich tran-
sient SN 2019¢ehk (Jacobson-Galan et al. 2020a) shows a feature
consistent with the predicted He I 20 587 A feature.

4. Comparison to observations

We now present spectral comparisons with observed Ca-rich
transients focusing on the key Call and HeI features. Given that
we are only comparing the observations to a single 1D model,
and that there is substantial spectral diversity displayed by Ca-
rich transients (see e.g. De et al. 2020), we cannot expect our
current model to fully account for all features in the observa-
tions, or explain their variations. In the following we show, how-
ever, that our simulations do predict the Ca1/[Call] and Hel
features, which are characteristic of Ca-rich transients.

4.1. Model comparisons with observations at peak

As can be seen from Fig. 4 there are very few spectral fea-
tures at peak that are consistently present in the spectra of
observed Ca-rich transients. There are, however, two features
that are effectively ubiquitous in their peak optical spectra: the
Ca1r NIR triplet and the absorption feature attributed to either
the He1 5876 A or NaI D lines. Our simulation predicts a Call
NIR triplet at peak with a strength and velocity generally con-
sistent with that observed in the spectra of Ca-rich transients
(although, as expected, there is variation in the quality of agree-
ment depending on which Ca-rich transient we compare with). A
clear He1 5876 A feature is also predicted, which has a strength
comparable to the observed feature present around 5700 A and
also has a velocity that is in most cases consistent with that of
the observed feature (but we note the deepest absorption of the
predicted feature is at too high a velocity compared to the feature
observed for SN 2019¢ehk).

Our simulation predicts Hel 6678 and 7065 A absorption
features that are noticeably stronger than features at correspond-
ing wavelengths in the observed Ca-rich transients we compare
to in Fig. 4, with the exception of SN PTF11kmb. The SED at
peak predicted by our simulation is noticeably redder than the
Ca-rich transients we compare to, other than SN 2012hn. As
noted above, the red SED of our simulation is a result of sig-
nificant absorption by TiIl at wavelengths bluer than ~5000 A

A29, page 5 of 8
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Fig. 4. Spectroscopic comparisons around peak of our simulated spectra
with the observed Ca-rich transients SN 2012hn (Valenti et al. 2014),
SN 2019ehk (Jacobson-Galan et al. 2020b; Nakaoka et al. 2021), SN
2010et (Kasliwal et al. 2012), SN PTF11kmb (LLunnan et al. 2017), and
SN iPTF16hgs (De et al. 2018). The model epochs are relative to the
Sloan r-band peak and have been chosen to match the epochs of each
observed spectrum relative to either the Sloan r-band or the Bessel R-
band peak. For reference, the strong optical He I features, attributed to
the He 1 5876, 6678, and 7065 A lines, are highlighted in cyan and the
Ca1 NIR triplet is highlighted in pink.

and subsequent redistribution of this flux to redder wavelengths.
The impact of Till in the spectra of Ca-rich transients shows
substantial variation (see e.g. De et al. 2020) with some events
showing very little evidence of TiIl at peak while others show
the same clear TilIl absorption trough at ~4300 A predicted by
our simulation (see Fig.4). The Ti in our simulation is pro-
duced almost entirely in the He detonation. Therefore, although
there are some Ca-rich transients with comparable He 16678 and
7065 A line strengths and similarly red SEDs to our model, it is
likely that the He (and Ti) mass of the model we investigate here
is towards the high end of what would be expected for Ca-rich
transients. We do however note that the He and Ti distributions
vary strongly for different lines of sight as the ejecta show sig-
nificantly asymmetric structures (see e.g. Kozyreva et al. 2024
Figures 3 and 4). Such viewing angle effects are not captured by
the spherically averaged model investigated here. Additionally,
the strength of the He and Ti features can be impacted by fac-
tors relevant to their ionisation state such as the distribution of
6Ni in the ejecta, which also varies significantly with viewing
angle in the 3D ejecta model. As such, future work is required to
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Fig. 5. Nebular phase spectroscopic comparisons of our simulated
spectra at 45d post r-band peak and the observed Ca-rich tran-
sients SN 2021gno (Jacobson-Galan et al. 2022; Ertini et al. 2023), SN
20220gm (Yadavalli et al. 2024), SN 2019ehk (Jacobson-Galén et al.
2020b; Nakaoka et al. 2021), and SN PTF12bho (Lunnan et al. 2017)
at similar epochs. The epochs of the observations are relative to the
Sloan r-band or Bessel R-band peak. For reference, the dashed grey
line is plotted between the rest wavelengths of the key [CaII] 7291,
7324 A lines, the Fel emission feature predicted by the simulation is
highlighted in grey, and the location of the [O1] 6300, 6364 A feature
commonly observed for Ca-rich transients is highlighted in green.

investigate whether different lines of sight in the 3D ejecta model
can explain the variation in optical Hel and TilII line strengths
displayed by Ca-rich transients.

4.2. Model comparisons with observations in the nebular
phase

As can be seen from Fig. 5, the nebular phase spectrum pre-
dicted by our simulation is dominated by the strong [Ca1I] and
Ca 11 emission features at around 7300 and 8700 A, respectively.
The simulated features have comparable strengths and velocities
to the features observed in the nebular phase spectra of Ca-rich
transients. However, our simulation predicts the Ca Il NIR triplet
emission to be stronger than the [Ca1r] 7291, 7324 A emis-
sion while these features have roughly equivalent strengths in
the observed spectra*. Additionally, while we note the observed
Call emission features show clear variations in their widths and
velocities between different Ca-rich transients (see Fig. 5), our

4 Radiative excitation still plays a role in the simulation at this time,
which keeps the NIR triplet relatively strong.
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simulation predicts Call features that are too broad relative to
the observations.

From Fig. 5 we can see that the [CalI] emission feature
shows at least some level of asymmetry for all the observed Ca-
rich transients and in the case of SN 2022ogm even appears to
show a blue shift. This suggests multi-dimensional structures are
present in these observations. However, we note our 1D simula-
tion also appears to show a blue shift in the [CaII] feature but this
is actually attributed to the feature being partially blended with
Till and Cal. Future 3D radiative transfer simulations should
therefore be carried out in order to investigate how the widths,
velocity shifts and shapes of the Call features vary with viewing
angle.

Bluewards of 7000 A the observed Ca-rich transients show
very substantial variation in their nebular phase spectra and as
such the model has varying success in matching the observed
spectra over this wavelength range. One feature that appears to
be common to all the observations that we compare with here is
the emission feature around 5500 A, which the model attributes
primarily to FeI emission. Other than SN 20220qm, all the Ca-
rich transients which we compare to have an emission feature
around 6300 A attributed to [0 1] 6300, 6364 A. However, while
the simulation predicts such an emission feature, the contribu-
tion of [O1] 6300, 6364 A is quite minimal, with blended emis-
sion from a variety of species including Fel, CrI, Cal, and Col
driving the formation of the feature (see Fig. 2). While this sug-
gests the [O1] 6300, 6364 A feature is not a clean diagnostic at
this epoch, it will become more reliable at later times as for-
bidden emission increasingly dominates over the contribution of
allowed transitions to the spectrum.

5. Conclusions

We have carried out 1D NLTE radiative transfer simulations,
including treatment for non-thermal electrons, covering the
photospheric and nebular phase for the merger of a 0.6 M,
CO + 0.4 My He WD. Our aim was to establish whether the He T
and Ca1i/[Ca11] features characteristic of Ca-rich transients are
predicted, and we find that they are. In particular, the simula-
tion yields (i) a nebular spectrum dominated by emission from
[Ca1r] 7291, 7324 A and the Ca1 NIR triplet, and (ii) a peak
spectrum that exhibits a strong Ca1l NIR triplet and a prominent
absorption feature at ~5700 A attributed to He1 5876 A in our
simulation. .
Our simulation also predicts clear HeT 10 830 and 20587 A
features, which provide the best diagnostic of He in the model:
in contrast to the optical He features, they are present at all
epochs simulated and persist into the nebular phase. Although
there are relatively few NIR observations of Ca-rich tran-
sients, existing observations do display a prominent feature
at wavelengths similar to our predicted Hel 10 830 A feature
(Valenti et al. 2014; Galbany et al. 2019; Jacobson-Galan et al.
2020a; Yadavalli et al. 2024) for observations spanning from
before peak until 40d post peak and SN 2019ehk also shows
the He 120587 A feature (Jacobson-Galan et al. 2020a).
Therefore, we conclude that low-mass CO WD + He WD
mergers are promising Ca-rich transient candidates. However, it
is not yet clear whether such models can account for the full
range of observed objects in this class of transients. Our model
shows a strong spectral contribution from Till at all epochs
resulting in an SED at peak that is substantially redder than
the majority of Ca-rich transients. The strong [CaII]/Call emis-
sion features that dominate our simulated nebular spectra are too

broad relative to observations, and the He 1 6678, 7065 A absorp-
tion features predicted at peak appear to be more prominent than
in the majority of Ca-rich transients. Interestingly the simula-
tions presented by Zenati et al. (2023) for a CO WD disrupted
by a hybrid HeCO WD also produce nebular spectra with strong
[Ca11] but in contrast do not display any strong contributions
from He. Therefore, taken together, these different WD merg-
ers can produce a family of transients that are unified by strong
[Ca1] in their nebular spectra but show substantial variation in
the strength of He spectral features predicted.

Future work should investigate whether the discrepancies
between our model and observations can be resolved. In par-
ticular, the He and Ti distributions vary significantly with the
line of sight in the 3D hydrodynamic merger simulation, sug-
gesting that observer orientation may be important. The strength
of He and Ti features can also be impacted by factors relevant
to their ionisation state such as the distribution of Ni in the
ejecta, which also shows significant variation with viewing angle
in the 3D ejecta model. Additionally, the [Ca II] feature can show
asymmetric profiles and, in some cases, blue shifts for observed
Ca-rich transients, which may indicate that a multi-dimensional
structure is present. Future multi-dimensional NLTE radiative
transfer simulations should therefore be carried out to investi-
gate if variation between lines of sight in the 3D ejecta model
can better capture the variety observed for the Ca-rich class.

Ca-rich transients show a variation of approximately three
magnitudes in peak r-band brightness. Therefore, further hydro-
dynamic merger simulations should be carried out to explore if
systems with different combinations of CO and He WD masses
can robustly explode and result in a diversity in peak bright-
ness that can cover the variation observed for the Ca-rich class.
Additionally, if systems with a lower mass He WD can explode,
this should result in a reduction in the He and Ti ejected in
the explosion. Future simultaneous optical and NIR observations
(e.g. from SOXS; Schipani et al. 2018) will be ideal for the test-
ing of such models as they will be able to capture both the overall
SED and the key He1 NIR features.
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