Comparative spectroscopic analysis of Type Iax SNe
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Type Iax SNe

Possible progenitor scenarios:

●

Low velocities (vpeak < 10,000 km s-1, in some extreme cases vpeak ~ 2-3000 km s-1)

●

●

Low luminosities compared to those of normal SNe Ia: -14 mag > Mv, peak > -19 mag

●

No signs of high velocity spectral features
● Before maximum light: similar spectra to those of over-luminous SNe Ia-91T
● Permitted Fe II lines dominate the near-maximum and even the late-time spectra
●

●

Failed deflagration of a MCh C/O WD (partial disruption)

TARDIS fitting method

(Pulsational) delayed detonation of a MCh C/O WD (total
disruption)

We defined a multi-layer atmosphere, where the location of the inner boundary, representing a sharp
photosphere, is a fitting parameter. The density values in each layer correspond to the well-known W7
density-profile, which is scaled with the time elapsed since explosion. The temperature-profile of the SN
atmosphere is iterated by the code using the emergent photon bundles to fit the input luminosity.

Alternatives: double detonation of a He-accreting subMCh WD, merge of two WDs, low-luminosity corecollapse events, ...

The mass fraction of the elements is designed into four spatial groups (5000 – 8000 km s -1; 8000 –
10,000 km s-1; 10,000 – 12,000 km s-1; 12,000 – 14,000 km s-1). The initial abundances roughly followed
the pure deflagration model (Fink et al. 2014), but they were varied during the fitting process.

SYN++ vs. TARDIS
The SYN++ code (Thomas et al. 2011) requires the opacity-profiles of prominent lines for each ion and scales the other lines of that ion using LTE
approximation. The spectrum is created via the formal integral following the Sobolev approximation. The whole synthetic spectrum can be
modified via changing the photospheric temperature and velocity. Running time: ~2 s. Automatic fitting algorithm is available: SYNAPPS.

In both cases (SNe 2011ay and 2005hk), a single near-maximum spectrum was fit first. After that, we
used the density profile and resulting mass fraction of elements during the fitting of the further spectra.
This way, only the velocity of the inner boundary and the luminosity were fitting parameters in these
cases (the time since explosion and the nickel/cobalt abundances had to be set according to the epoch).
Note that this method usually does not result such good matches as the individual fittings, but it allows
stricter constraints to be applied on the composition and the structure of the ejecta, thus, it guarantees a
self-consistent model.

TARDIS is a self-consistent 1D radiative transfer code (Kerzendorf & Sim 2014) based on an iterative sequence of Monte Carlo radiative transfer
simulations. The model atmosphere of the supernova uses equally spaced layers, in which the density and the mass fractions of elements are input
parameters. The code injects randomly selected photon bundles as Monte Carlo packets into the model at the inner boundary. Based on the packet
propagation, blackbody temperature and ionization/excitation conditions are calculated in each layer. The new values are adopted into the next
iteration cycle. The synthetic spectrum is calculated using the Sobolev approximation. Running time: ~ 1 min. No available fitting algorithm.

The fitting parameters were the luminosity, the time since explosion,
density-profile, the photospheric velocity, the mass fraction of the elements,
and their location in the atmosphere.

Conclusions:
SYN++ is for quick line identification and for investigation of the velocity-profile.
TARDIS is ideal to test atmospheric models including the mass fractions of elements.

Based on a single good solution, TARDIS is able to fit further spectra
obtained at different epochs with a fixed density-profile and mass fraction
of elements.

Conclusion:
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Fig. 1-3. Observed spectra of SN 2011ay (Szalai et al. 2015, Foley et al. 2013) compared to the best fit of SYN++ and TARDIS models.
Note that TARDIS models were computed as extrapolations of the best fit solution for the near-maximum spectrum, while the three
final SYN++ models are all results from individual fits.
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Table 1. Characteristic parameters of the two
SNe Iax. All values (except the mass of
radioactive nickel) refer to the moment of
maximum light.
* Originating from two different SYN++
models.

Fig. 4-6. Observed spectra of SN 2005hk (Phillips et al. 2007) compared to the best fit of SYN++ and TARDIS models. Note that
TARDIS models were computed as extrapolations of the best fit solution for the near-maximum spectrum, while the three final SYN++
models are all results from individual fits.

Table 2. Mass fractions of the elements in the
best fit TARDIS model of SN 2011ay.
* The nickel and cobalt abundances refer to the epoch at
maximum light.

Possible presence of carbon
As a result of the pure deflagration scenario, large
amount of the original matter of the C/O WD is
expected in the ejecta. Since oxygen may also originate
from nuclear fusion in the SN ejecta, presence of
carbon lines are the only clear signs of the unburned
material.
Foley et al. (2013): Carbon is present in every Type
Iax SNe, based on the identification of C II λ6580.
Fink et al. (2014): The amount of carbon is
comparable to the amount of oxygen based on the pure
deflagration scenario. Mass fraction of C is ~0.15 in
the whole ejecta.
Tomasella et al. (2016): Identification of C II and C
III lines in the pre-maximum spectra of the extremely
low-velocity SN Iax 2014ck.

SYN++ fits: no clear sign of any carbon lines in the
spectra of SN 2011ay or SN 2005hk.
TARDIS models: moderate amount of carbon might be
possible in the outermost layers (Fig. 7).
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Table 3. Mass fractions of carbon and oxygen in
our best fit TARDIS models.
The Sobolev optical depth as a function of temperature
(based on Hatano et al. 1999) suggests the presence of C
II, but not of C I or C III at this temperature (Fig. 8.).

Fig. 7. The effect of increased carbon amount in the deeper layers of the
TARDIS model atmosphere. The numbers in the legend show the carbon
mass fraction in the layers 8000 – 10,000 km s -1, 10,000 – 12,000 km s-1 and
> 12,000 km s-1 respectively. The arrows point to strongest carbon lines.
Note that the 'best fit' model refers to the moment of maximum light.

Fig. 8. The optical depth as a function of the temperature at the
bottom of the line forming region, calculated for the strong optical
lines of carbon ions. The gray strip shows the approximate local
temperature.

Scandium vs. sulfur
In the literature, S II is usually used to fit the double absorption feature
around 5500 Ȧ. However, since the local temperature in the
atmosphere goes below 8000 K, Sc II λ5527 and λ5657 offer an
alternative to fit the double peak, just like in the case of the SN
1991bg-like PTF09dav (Sullivan et al. 2011).

Conclusions
Technical results:
Both SYN++ and TARDIS are able to produce good fittings in the optical spectral range in the cases of SNe Iax.

Fink et al. (2014) & Kromer et al. (2015): The pure deflagration
models result significant amount of S (mass fractions MS=0.008 and
0.025, respectively), but considerably less Sc (MSc=10-8 and 2.3 ∙10-7).

The main physical properties and the present elements from the two methods are similar.

Dessart et al. (2015): The He-shell detonation models of a low-mass
C/O WD suggest more Sc (MSc=10-4) and no S.

The calculated abundances and parameters follow the predictions of the pure deflagration model (except the amount of carbon).

SYN++ fits: Sc II is the best choice to fit the feature around 5500
Ȧ, using a value of vmin ~1500 km s-1 higher than vphot. Unlikely high
vmin is necessary to fit this feature with S II.
TARDIS models: Very small mass fraction of Sc can form
significant absorption features. Using either Sc (MSc=0.0005) or S
(MS=0.01 – 0.02) can improve the fit. Sc causes further absorption Fig. 9. The effect of Sc and S, which are both
able to fit the features at ~5500 Ȧ in either our
features at ~4300 Ȧ, but as the SYN++ model shows, a proper fit
SYN++ or TARDIS models.
might be possible.

It is possible to generate well-fitting synthetic spectra with TARDIS via extrapolation of a single good model to further epochs.
Physical results:
The TARDIS models do not verify the expected large amount (Mtotal= 0.15) of carbon.
The origin of the double absorption peak at ~5500 Ȧ is ambiguous – either scandium or sulfur can be a possible explanation.
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