
Saito, S, Tanaka, M, Mazzali, PA, Hachinger, S and Hotokezaka, K

 On the Formation of the W-shaped O ii Lines in Spectra of Type I 
Superluminous Supernovae

http://researchonline.ljmu.ac.uk/id/eprint/24272/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Saito, S, Tanaka, M, Mazzali, PA, Hachinger, S and Hotokezaka, K (2024) On 
the Formation of the W-shaped O ii Lines in Spectra of Type I 
Superluminous Supernovae. Astrophysical Journal, 967. ISSN 0004-637X 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


On the Formation of the W-shaped OII Lines in Spectra of Type I Superluminous
Supernovae

Sei Saito1, Masaomi Tanaka1,2 , Paolo A. Mazzali3 , Stephan Hachinger4, and Kenta Hotokezaka5
1 Astronomical Institute, Tohoku University, Aoba, Sendai 980-8578, Japan; s.saito@astr.tohoku.ac.jp

2 Division for the Establishment of Frontier Sciences, Organization for Advanced Studies, Tohoku University, Sendai 980-8577, Japan
3 Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 5RF, UK
4 Leibniz Supercomputing Centre (LRZ) of the Bavarian Academy of Sciences and Humanities, Boltzmannstr. 1, 85748 Garching b.M., Germany

5 Research Center for the Early Universe, Graduate School of Science, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
Received 2024 January 31; revised 2024 March 27; accepted 2024 April 1; published 2024 May 13

Abstract

H-poor Type I superluminous supernovae (SLSNe I) are characterized by O II lines around 4000–4500 Å in pre-/
near-maximum spectra, the so-called W-shaped O II lines. As these lines are from relatively high excitation levels,
they have been considered a sign of nonthermal processes, which may provide a hint of the power sources of
SLSNe I. However, the conditions for these lines to appear have not been well understood. In this work, we
systematically calculate synthetic spectra to reproduce the observed spectra of eight SLSNe I, parameterizing
departure coefficients from the nebular approximation in the supernova ejecta (expressed as bneb). We find that
most of the observed spectra can be well reproduced with bneb 10, which means that no strong departure is
necessary for the formation of the W-shaped O II lines. We also show that the appearance of the W-shaped O II
lines is sensitive to temperature; only spectra with temperatures in the range of T∼ 14,000–16,000 K can produce
the W-shaped O II lines without large departures. Based on this, we constrain the nonthermal ionization rate near
the photosphere. Our results suggest that spectral features of SLSNe I can give independent constraints on the
power source through the nonthermal ionization rates.

Unified Astronomy Thesaurus concepts: Supernovae (1668)

1. Introduction

Superluminous supernovae (SLSNe) are known as a special
type of supernovae (SNe) with extremely high luminosities.
SNe with peak absolute magnitudes of −21 mag in the
optical bands are conventionally classified as SLSNe (e.g., Gal-
Yam 2012; Moriya et al. 2018b; Gal-Yam 2019a; Nicholl
2021). Also, some SNe less luminous than ∼−21 mag at their
peak magnitudes are often classified as SLSNe by the similarity
of the spectra to SLSNe (e.g., De Cia et al. 2018; Quimby et al.
2018; Gal-Yam 2019b).

The power sources of SLSNe are still under debate. Several
candidate power sources have been proposed: decay of a large
amount of 56Ni (as synthesized by pair-instability SNe; Barkat
et al. 1967; Heger & Woosley 2002), interaction with
circumstellar material (Smith & McCray 2007; Chevalier &
Irwin 2011; Chatzopoulos et al. 2012; Ginzburg & Bal-
berg 2012), and central engines such as magnetars (Ostriker &
Gunn 1971; Kasen & Bildsten 2010; Woosley 2010) or black
hole accretion (Dexter & Kasen 2013; Moriya et al. 2018a).

SLSNe are divided into two subgroups based on their
spectroscopic features: Type I SLSNe (SLSNe I), which do not
show H lines in their spectra (e.g., Quimby et al. 2011b) and
Type II SLSNe (SLSNe II), which do (e.g., Smith et al. 2010).
Spectra of SLSNe I tend to show characteristic W-shaped
absorption lines around 4000–4500Å in pre-/near-maximum
phases. The O II lines are thought to give the dominant
contribution to these features, and thus, these features are
called the W-shaped O II lines (Quimby et al. 2011b;

Chomiuk et al. 2011; Lunnan et al. 2013; Nicholl et al. 2015;
Branch & Wheeler 2017; Liu et al. 2017; Gal-Yam 2019b;
Kumar et al. 2020; Könyves-Tóth & Vinkó 2021; Könyves-
Tóth 2022). These features are not seen in normal SNe except
for a few possible cases: Type Ib supernova (SN) 2008D
(Modjaz et al. 2009), Type Ibn OGLE-2012-SN-006 (Pastor-
ello et al. 2015), and Type IIL SN 2019hcc (Parrag et al. 2021).
Also, some SLSNe I, such as SN 2015bn, do not show the
W-shaped O II lines (Könyves-Tóth & Vinkó 2021).
The W-shaped O II lines are mainly produced by bound–

bound transitions from the 3 s 4P (the spin-quartet state) and 3 s
2P (the spin-doublet state) levels. The lower energy levels of
these lines are ∼23 eV above the ground state (Figure 1). If the
distribution across the excited states follows the Boltzmann
distribution in local thermodynamic equilibrium (LTE), such
high-energy levels require high temperatures to be populated so
that strong absorption lines can be produced. Therefore,
nonthermal processes (in ionization and recombination and
excitation) causing a departure from LTE have been considered
necessary to produce the W-shaped O II lines (e.g., Mazzali
et al. 2016; Quimby et al. 2018). However, it is not yet clear
whether nonthermal processes are required. In fact, Dessart
(2019) suggested that the W-shaped O II lines can appear
without the effect of nonthermal processes by performing
radiative transfer simulations.
Departure from LTE is reminiscent of He I lines in spectra of

He-rich SNe (SNe Ib). The prominent absorption lines of He I
in SN Ib spectra arise from excited states with energies ∼20 eV
above the ground state. Since this energy is much higher than
the typical temperature of SNe Ib (T∼ 5000–10,000 K or
∼0.4 –0.9 eV), the energy levels are not populated enough to
produce the absorption lines in LTE. This suggests that they are
populated by nonthermal processes. The departure from LTE
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can be understood well by γ-rays from 56Ni decay (Lucy 1991;
Hachinger et al. 2012). The excited states of He I are populated
by high-energy electrons produced by Compton scattering of γ-
rays from 56Ni decay. The high-energy electrons ionize He I to
He II, and then He II recombines to the excited states of He I
(see Figure 1 of Tarumi et al. 2023). Lucy (1991) suggested
that the degree of departure from LTE described by the
departure coefficient b is ∼104–105 for the He I lines in spectra
of SNe Ib (n= b× n*, where n and n* are the number density
of atoms in the excited state in the ejecta of actual SNe Ib and
in LTE, respectively).

As the departure from LTE for the He I lines provides
information on the power source of SNe Ib, the departure from
LTE as producing the W-shaped O II lines in spectra of
SLSNe I may give us a hint of the power source of SLSNe I.
However, the detailed physical conditions where these lines
appear are not well understood. In this work, we investigate the
conditions for the appearance of the W-shaped O II lines by
calculating synthetic spectra and comparing them with
observed spectra. Then, we demonstrate that spectra of
SLSNe I can be used to give constraints on the power source.

This paper is organized as follows. Section 2 describes our
samples of observed spectra of SLSNe I. Section 3 gives an
overview of the methods used for our calculations and
parameters to calculate synthetic spectra. Section 4 shows the
results of the spectral calculations and a comparison with the
observed data. Section 5 discusses the behavior of the departure
coefficients and implications for the power source of SLSNe I.
Finally, Section 6 summarizes the findings of this paper.

2. Observational Data

We use 66 spectra of eight SLSNe I (see Table 1) taken from
the WISeREP database (Yaron & Gal-Yam 2012) and
corresponding photometric data from the Open Supernova
Catalog (Guillochon et al. 2017; light curves are shown in
Figure 2). The spectra were selected from spectra of the 28
SLSNe I analyzed in Könyves-Tóth & Vinkó (2021) based on
the following two criteria: (i) availability of photometric data
within 3 days of the spectra and (ii) availability of spectro-
scopic or photometric data at least at one epoch covering
wavelengths shorter than λrest 2000Å in the rest frame. The
former condition enables accurate flux calibration of the

spectra, while the latter one secures an accurate determination
of temperatures of SLSNe I (typically T∼ 10,000–15,000 K).
Accurate temperature estimates are necessary to evaluate the
departure coefficient for the appearance of the W-shaped O II
lines since the LTE population strongly depends on the
temperature in the Boltzmann factor.
For flux calibration, we scaled the fluxes of the observed

spectra to the corresponding photometry. To obtain a
photometric flux at each epoch when a spectrum was taken,
we linearly interpolated two photometric data points in the
magnitude space. If a spectrum has two or more corresponding
photometric data, then the wavelength dependence in the flux
scaling factor was considered a linear function of wavelength.
If a spectrum has only one corresponding photometric data, the
whole spectrum is multiplied by a constant scaling factor.
Milky Way extinction was corrected for based on the dust map

by Schlegel et al. (1998). Note that extinction within the host
galaxy was not corrected for since its amount is often uncertain.
We will discuss possible inaccuracies in Section 5.2. When the
observed spectra are compared with synthetic spectra (described
in Section 3), the distance modulus of each SLSN I is applied to
the synthetic spectra. As SNe in our sample are at moderate
redshifts (Table 1), distance moduli are obtained from the redshifts
with the cosmological parameters H0= 70 km s−1Mpc−1,
Ωm= 0.3, andΩλ= 0.7.

3. Spectral Calculations

3.1. Code

For calculations of synthetic spectra, we utilize a one-
dimensional Monte Carlo radiative transfer code (Mazzali &
Lucy 1993; Mazzali 2000). Here, we briefly describe the code
by focusing on the assumptions relevant to this work. The code
calculates the plasma conditions under the modified nebular
approximation. The modified nebular approximation takes into
account the fact that, in the SN atmosphere, the densities are
low, and radiative processes dominate, having the
greatest influence on the level of the population (Abbott &
Lucy 1985; Mazzali & Lucy 1993). Thus, the code does not
assume LTE both for ionization and excitation. The modified
nebular approximation is known to work well for spectra of
normal SNe (e.g., Pauldrach et al. 1996; Sauer et al. 2006;
Tanaka et al. 2008; Hachinger et al. 2012; Teffs et al. 2020).
For more details of the code, we refer readers to Mazzali &
Lucy (1993) and Mazzali (2000).

Figure 1. A schematic diagram of the energy of O II mainly contributing the
W-shaped O II lines.

Table 1
Sample of SLSNe I

Name z E(B − V ) trise
a

(mag) (days)

PTF 09atu 0.5015 0.0409 59
PTF 09cnd 0.2584 0.0207 57
SN 2010gx 0.2299 0.0333 29
SN 2011 kg 0.1924 0.0371 33
PTF 12dam 0.1074 0.0107 64
iPTF 13ajg 0.7400 0.0121 59
LSQ 14mo 0.2530 0.0646 40
SN 2015bn 0.1136 0.0221 91

Note.
a The rise time in the bands shown in Figure 2.
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The code assumes a sharp photosphere inside the ejecta. At
the photosphere, blackbody radiation is emitted. Photon
packets replicating flux are then propagated through the SN
ejecta outside the photosphere. For the photon propagation in
the ejecta, electron scattering and bound–bound absorption are
taken into account. The degree of scattering and absorption is
determined by the level of the populations and ionization in the
ejecta, which depends on density and temperature. A temper-
ature structure in the ejecta outside the photosphere is
established by tracing the photon packets, differentiating
between a local radiation temperature (TR) and an electron
temperature (Te). The local electron temperature is crudely
assumed to be Te= 0.9 TR. The temperatures are estimated by
an iterative process as the temperatures give the level of the
populations and ionization degrees, which in turn affect the
energy flux, and thus, the temperatures.

The level of the population (number density) of the jth
ionized element with atomic number i at the lth excitation level
ni,j,l is (at some given radius)

n

n
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i j l

i j
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where gi,j,l is the statistical weight, Ei,j,l is the excitation energy
from the ground state, k is the Boltzmann constant, and TR is a
radiation temperature. W in Equation (1) is the dilution factor
calculated as

J WB T , 2R( ) ( )=

where J is the frequency-integrated mean intensity from the
simulation and B(TR) is the frequency-integrated Planck
function with the radiation temperature TR at some given
radius.

Ionization is estimated by the modified nebular approx-
imation (Mazzali & Lucy 1993):
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where ne is the number density of electrons, me is the mass of
the electron, h is the Planck constant, and Ii,j is the ionization
potential of the jth ionized element with the atomic number i. In
Equation (3), η is defined as

W 1 , 4( ) ( )h dz z= + -

where δ is a correction factor for the optically thick region at
wavelengths shorter than λ0 = 1050Å (the Ca II edge), and ζ

is the fraction of recombinations going directly to the ground
state. Typically, η∼ 0.4 for O just outside the photo-
sphere (W∼ 0.5).
Line scattering by bound–bound transitions from a lower-

level l to an upper-level u in homologously expanding ejecta is
treated in the Sobolev approximation (Sobolev 1957). A
particularly important quality in this context is the Sobolev
optical depth

hc
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where Blu and Bul are Einstein B-coefficients, flu is the oscillator
strength of the transition, texpl is the time since explosion, and
λlu is the wavelength of the transition. The effect of line
fluorescence is also taken into account (Mazzali 2000).

3.2. Setup of Calculations

The density structure of the ejecta outside the photosphere
follows a power law (ρ∝ r− n, where ρ is density and r is
radius) with index n= 7. The radius can be expressed by a
velocity v in homologously expanding ejecta (r= vtexpl). In our
fiducial model (iPTF 13ajg, see Section 4), the ejecta mass
above v= 12,000 km s−1 is Mej(v� 12,000 km s−1)= 3.7Me.
This ejecta mass is scaled by fρ parameter as described below.
Note that the total ejecta mass cannot be estimated from our
modeling as the radiative transfer is solved only outside of the
photosphere. Thus, in the following sections, we give the mass
outside of a typical velocity, for which we adopt

Figure 2. Light curves of the eight SLSNe I in our sample. We show light curves in the bands with the best temporal coverage. The difference in the colors
corresponds to the different SLSNe I, as shown in the legend. The points show the photometric observations. The points with the black edges show epochs when
spectra with the W-shaped O II lines have been taken. The points with the gray edges show epochs when spectra without the W-shaped O II lines have been taken.
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v= 12,000 km s−1, as a representative value. Abundances in
the ejecta are assumed to be homogeneous, and set to be the
same as those adopted by Mazzali et al. (2016) for the first
spectrum of iPTF 13ajg for all the 66 spectra analyzed in this
work: X(He)= 0.10, X(C)= 0.40, X(O)= 0.475, X(Ne)=
0.02, X(Mg)= 5× 10−4, X(Si)= 2× 10−3, X(S)= 5× 10−5,
X(Ca)= 5× 10−5, X(Ti)= 2× 10−5, X(Fe)= 5× 10−4, X(Co)=
3× 10−4, and X(Ni)= 1× 10−4.

The parameters of the spectral calculations are as follows:

1. fρ: density scaling factor
2. Lbol: bolometric luminosity [erg s−1]
3. vph: velocity at the photosphere [km s−1]
4. texpl: time since explosion in the rest frame [days]
5. bneb: departure coefficient for the excited states of O II.

Note that the purpose of this work is to understand the condition
for the W-shaped O II lines to appear as compared with those of
normal SNe. Thus, we define the departure coefficient bneb as a
departure from the population expected from the modified nebular
approximation (nO II= bneb× nO II, neb, where nO II and nO II, neb

are the number density of O II in the excited state in ejecta of
SLSNe I and that in the modified nebular approximation,
respectively).

These parameters in our calculations to model the observed
spectra can almost independently be determined from the
following physical quantities. We constrain the density scaling
parameter fρ from the dilution factor so that the dilution factor W
at vph estimated by Equation (2) is converged to ∼1/2 (i.e., close
to the value of the geometric dilution factor) for a given
combination of the other parameters. fρ is kept the same for the
spectral series of each SN. Lbol is constrained from the observed
flux (with an accuracy of ∼10%). vph is estimated from
wavelengths of blueshifted absorption lines. texpl is then
constrained using L v t T4bol ph expl

2
eff

4( )p s= , where σ is the
Stefan–Boltzmann constant, and Teff is the effective temperature.
We estimate texpl for each spectrum so that the entire spectral
series for each SN is reproduced by the same explosion date. The
estimated explosion date gives a rise time to the peak of the light
curve (Table 1). The light curves in Figure 2 are shown as a
function of the time since the estimated explosion date, and our
estimated rise time is consistent with (or longer than) that
estimated from an extrapolation of the light curve. Finally, bneb is
estimated from the depth of the W-shaped O II lines.

4. Results

4.1. Synthetic Spectra

Figure 3 shows an example of a comparison between synthetic
spectra and an observed spectrum (the first spectrum of LSQ
14mo). The observed spectrum is reproduced reasonably well
with a departure coefficient of bneb= 1 (no departure from the
nebular approximation) at an estimated radiation temperature just
outside the photosphere of TR∼ 15,000 K. The model with
bneb= 10 produces too deep W-shaped O II lines. The wave-
lengths of the W-shaped O II lines are well matched with a
photospheric velocity vph= 10,500 km s−1. The UV fluxes are
strongly affected by metal absorption, which makes it difficult to
estimate temperatures when observed spectral energy distributions
are simply fitted by blackbody functions. Models with the best
parameters for all the spectra in our sample are shown in Figure 4
and the best parameters are summarized in Table A1
(Appendix 6). The properties of each SN are described below.

iPTF 13ajg: First, we show the results of modeling for iPTF
13ajg, which we use as our fiducial model, as this object was
also modeled in Mazzali et al. (2016). This object was reported
in Vreeswijk et al. (2014). The absolute AB magnitude at the u-
band peak is ∼−22.5 mag (Vreeswijk et al. 2014).
For the modeling, we adopt the same parameters as in

Mazzali et al. (2016). By definition, the density scaling factor is
fρ= 1.0, which corresponds to the ejecta mass outside above
v= 12,000 km s−1 of Mej(v� 12,000 km s−1)= 3.7Me. This
object shows the W-shaped O II lines until texpl= 54 days. The
required departure coefficients to reproduce the depths of the
W-shaped O II lines are bneb∼ 50. The depths of the W-shaped
O II lines of this object require one of the largest departure
coefficients among all the objects in our sample.
PTF 09atu. This object was reported in Quimby et al. (2011b).

The absolute AB magnitude at the u-band peak is ∼−21.5 mag
(Quimby et al. 2011b). To reproduce the time series of the spectra,
the density scaling factor for this object is found to be fρ= 0.5,
which corresponds to the ejecta mass outside v= 12,000 km s−1

of Mej(v� 12,000 km s−1)= 1.8Me. This object shows the
W-shaped O II lines at all the epochs at which spectra were taken

Figure 3. An example of modeling for the first spectrum of LSQ 14mo
(MJD = 56688). The black line shows the observed spectrum. The light blue
line shows a synthetic spectrum with the parameters: Lbol = 1044.2 erg s−1,
vph = 10,500 km s−1, texpl = 33 days, bneb = 1 (no departure), and fρ = 0.2.
The estimated radiation temperature just outside the photosphere is
TR ∼ 15,000 K. The red line shows a synthetic spectrum with the same
parameters as those of the light blue line but with a departure coefficient
of bneb = 10. The square points show photometric fluxes. Only the photometric
point near 5000 Å (the r band) was used for flux calibration of the observed
spectrum. The photometric points near 3000 Å were not used because the
coverage of the observed spectrum was not wide enough to be compared with
the photometry. The crosses show the integrated fluxes of the synthetic
spectrum (bneb = 1) with the filters of UV where there is no coverage of the
observed spectrum.
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(texpl= 23–46 days). The required departure coefficients to
reproduce the depths of the W-shaped O II lines are
bneb∼ 1–50.

PTF 09cnd. This object was also reported in Quimby et al.
(2011b). The absolute AB magnitude at the u-band peak is
∼−22 mag (Quimby et al. 2011b). The spectra taken at MJD

Figure 4. All the results of the modeling. Note that some spectra with other spectra taken at close epochs were excluded for visibility. For the observed spectra with
the W-shaped O II lines well reproduced with bneb = 1, we only show one model with bneb = 1 (the light blue lines) for each observed spectrum. For the observed
spectra with the W-shaped O II lines well reproduced with bneb > 1, we show two models: a model with bneb = 1 (the light blue lines) and a model with bneb > 1 (the
red lines). For the observed spectra without the W-shaped O II lines, we also show two models: a model with bneb = 1 (the light blue lines) and a model with bneb > 1
(the orange lines) as an upper limit of bneb. The square points show UV photometric fluxes. The crosses show integrated fluxes of the synthetic spectra (bneb = 1) with
the filters of UV. Vertical offsets for each spectrum are shown by the horizontal lines on the right y-axis.
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55055 (2009 August 12) and MJD 55068 (2009 August 25)
were also modeled in Mazzali et al. (2016). We updated the
flux calibration of the spectra using the newly published
photometric data (De Cia et al. 2018); the fluxes are found to be
higher than those in Mazzali et al. (2016) by a factor of ∼2.5.
Thus, the bolometric luminosity of the best model in this work

is also higher than that in Mazzali et al. (2016) by a factor of
∼2.5. With the increase of the bolometric luminosity, the time
since explosion is longer than that in Mazzali et al. (2016) to have
a larger photospheric radius. This updated time is also consistent
with the light curve. The density scaling factor for this object is
found to be fρ= 0.7, which corresponds to the ejecta mass outside

Figure 4. (Continued.)
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v= 12,000 km s−1 of Mej(v� 12,000 km s−1)= 2.6Me. Despite
the differences in the luminosity and time, the overall properties of
the model are consistent with those derived by Mazzali et al.
(2016), e.g., the inferred density scaling factor (or mass outside of
a certain velocity) for PTF 09cnd is smaller than that for iPTF
13ajg.

This object shows the W-shaped O II lines until
texpl= 65 days. The required departure coefficients to repro-
duce the depths of the W-shaped O II lines are bneb∼ 1–10.
Note that the absorption line around 2700Å cannot be
reproduced by our models because of the fixed homogeneous
abundance. Mazzali et al. (2016) reproduce those lines by Mg II
with the abundance of X(Mg) ∼0.1, but we fixed the abundance
to X(Mg) = 5× 10−4.

SN 2010gx. This object was reported in Pastorello et al.
(2010b), Mahabal et al. (2010), and Quimby et al. (2011b) as
PTF10cwr, and in Pastorello et al. (2010a) as SN 2010gx. The
absolute AB magnitude at the u-band peak is ∼−21.7 mag
(Quimby et al. 2011b). For this object, the density scaling
parameter is found to be fρ= 3.0, which corresponds to the ejecta
mass outside v= 12,000 km s−1 of Mej(v� 12,000 km s−1)=
11Me. This object shows the W-shaped O II lines until
texpl= 25 days. The required departure coefficients to reproduce
the depths of the W-shaped O II lines are bneb∼ 1–3. After
texpl= 25 days, the W-shaped O II lines disappear. The observed
spectra taken after MJD 55323 (texpl= 63 days) could not be
reproduced, possibly because of the fixed abundance and/or the
single-power density law and the mass assumption. Thus, we only
show models for the observed spectra before MJD 55323.

SN 2011kg. This object was reported in Quimby et al.
(2011a). The absolute AB magnitude at the g-band peak is
∼−20.8 mag (Inserra et al. 2013). For this object, the density
scaling parameter is found to be fρ= 0.1, which corresponds to
the ejecta mass outside v= 12,000 km s−1 of Mej(v�
12,000 km s−1)= 0.4Me. This object shows the W-shaped
O II lines until texpl= 37 days. The required departure coeffi-
cients to reproduce the depths of the W-shaped O II lines are
bneb∼ 1–10 (small departure). After texpl= 37 days, the
W-shaped O II lines disappear. The absorption lines around
∼3000 and ∼3500Å may be due to Fe II and/or Si II, which
are not reproduced with our fixed abundance. However, this
does not affect the departure coefficient required for the O II
lines.

PTF 12dam. This object was reported in Quimby et al.
(2012). The absolute AB magnitude at the g-band peak is
∼−22 mag (Chen et al. 2017). For this object, the density
scaling parameter is found to be fρ= 0.4, which corresponds to
the ejecta mass outside v= 12,000 km s−1 of Mej(v x02A7E;
12,000 km s−1)= 1.5Me. This object shows the W-shaped O II
lines until texpl= 59 days. The required departure coefficients to
reproduce the depths of the W-shaped O II lines are up to
bneb∼ 50. After texpl= 59 days, the W-shaped O II lines
disappear.

LSQ 14mo. This object was reported in Nicholl et al. (2015).
The absolute AB magnitude at the g-band peak is ∼−21.2 mag
(Leloudas et al. 2015). The spectra of this object were also
modeled in Chen et al. (2017). The first spectrum (at −7 days)
is modeled with texpl= 18 days. However, the model spectrum
shows a somewhat higher velocity of the W-shaped O II lines
as compared with the observed spectrum. To have a better
match in the velocity, we adopt the photospheric velocity to be
smaller than that estimated in Chen et al. (2017) by

∼5000 km s−1. Accordingly, the time since explosion in our
model for this spectrum is estimated to be texpl= 33 days. This
revised time is compatible with the light curve, and reproduces
the later spectra as well. With this choice, the density scaling
parameter for this object is found to be fρ= 0.2, which
corresponds to the ejecta mass outside v= 12,000 km s−1 of
Mej(v� 12,000 km s−1)= 0.7Me.
This object shows the W-shaped O II lines until

texpl= 54 days. The required departure coefficients to repro-
duce the depths of the W-shaped O II lines are bneb∼ 1 (no
departure). After texpl= 54 days, the W-shaped O II lines
disappear.
SN 2015bn. This object was reported in Nicholl et al. (2016).

The absolute AB magnitude at the g-band peak is ∼−22mag
(Nicholl et al. 2016). For this object, the density scaling parameter
is found to be fρ= 0.4, which corresponds to the ejecta mass
outside v= 12,000 km s−1 of Mej(v� 12,000 km s−1)= 1.5Me.
This object lacks the W-shaped O II lines throughout the epochs of
available spectra (texpl= 63–135 days). This is the only object that
does not show the W-shaped O II lines at any epochs in our
sample.

4.2. Temperature and Departure Coefficients

In this section, we show the behavior of the temperature and
the departure coefficient as a function of time. The left panel of
Figure 5 shows radiation temperatures just outside the photo-
spheres in the models with the best parameters as a function of
time since explosion. The temperatures decrease with time. It is
clear that the only spectra with temperatures higher than
TR∼ 12,000 K show the W-shaped O II lines (see also
Könyves-Tóth 2022). The dependence of the W-shaped O II
lines on temperature is discussed in more detail in Section 5.1.
The W-shaped O II lines can appear only up to texpl∼ 60 days.
In fact, more luminous objects tend to show the W-shaped O II
lines somewhat longer (see the points with the black edges in
Figure 2). This is because, for more luminous objects, higher
temperatures can be achieved for a longer time.
The right panel of Figure 5 shows the relations between time

since the explosion and the departure coefficients. The
W-shaped O II lines in many of the observed spectra in the
early phases (texpl 50 days) are well reproduced with the
departure coefficients of bneb∼ 1. This means that the
W-shaped O II lines are formed with little departure from the
population in the nebular approximation. Some of the spectra
with the W-shaped O II lines around the phases
texpl∼ 50–70 days require somewhat larger departure coeffi-
cients of bneb∼ 10–50. For the observed spectra without the
W-shaped O II lines, we obtained the upper limits of the
departure coefficients. When the departure coefficients exceed
the upper limits, the synthetic spectra will produce the
W-shaped O II lines. The upper limits of the departure
coefficients become larger at later times.
Temperatures and departure coefficients are plotted against

one another in Figure 6. There is a tendency for spectra with
higher (lower) temperatures to require smaller (larger)
departure coefficients. The spectra with the temperatures
of TR 14,000 K show the W-shaped O II lines with the
departure coefficient of bneb= 1 (no departure). As the
temperatures decrease, larger departure coefficients are requi-
site for the spectra with the W-shaped O II lines. The departure
coefficient for the W-shaped O II lines in the spectra of the
SLSNe I in our sample is bneb∼ 50 at most. This is in contrast
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to the departure coefficient for the He I lines in spectra of SNe
Ib (b∼ 104–105; Lucy 1991).

5. Discussion

5.1. Dependence of Line Strength on Temperature

Here, we discuss the dependence of the strength of the
W-shaped O II lines on temperature. Figure 7 shows a series of
synthetic spectra with various temperatures. For the calcula-
tions of the synthetic spectra, the bolometric luminosity Lbol
was parameterized to change the temperature. The model with
the radiation temperature just outside the photosphere
of TR∼ 15,000 K shows the strongest W-shaped O II lines.
Neither the models with temperatures of TR 13,000 K nor
with TR 18,000 K show the W-shaped O II lines.

To understand this behavior, we evaluate the strength of the
absorption lines from the Sobolev optical depth as in Equation (5)

under the nebular approximation (see Hatano et al. 1999 for a
similar analysis for normal SNe under LTE). Absorption lines can
appear when the Sobolev optical depth is τlu 1 above the
photosphere over a range of velocities. A typical velocity range of
the line-forming region is v∼ vph−1.5 vph to reproduce the width
of the absorption line seen in the O II lines.
The left panel of Figure 8 shows the fraction of O II at typical

photospheric parameters evaluated with the same abundance
adopted for the spectral synthesis calculations in Section 3.2.
Near the photospheres, density is typically ρ= 3×
10−14 g cm−3, which is almost constant over time. The right
panel of Figure 8 shows the Sobolev optical depth τlu of the
W-shaped O II lines at the photosphere obtained from the
ionization fraction and Equations (1) and (5). The Sobolev
optical depth shown here is that of one of the most prominent
O II lines, λlu= 4649Å. For the line, we apply flu= 0.34
(Wiese 1996) and texpl= 40 days in Equation (5).
The Sobolev optical depth peaks at TR∼ 15,000 K with a

value τlu∼ 4. As the temperature decreases from
TR∼ 15,000 K, the Sobolev optical depth steeply decreases
since the number density of the excited state decreases with the
Boltzmann factor. On the other hand, as the temperature
increases from TR∼ 15,000 K, the Sobolev optical depth
decreases because O II is ionized to O III. Therefore, a
temperature of around TR∼ 15,000 K makes the Sobolev
optical depth peak. Only at TR∼ 13,000–18,000 K
(TR∼ 14,000–16,000 K), the Sobolev optical depth exceeds
τlu∼ 1 (τlu∼ 3).
This dependence of line strength on temperature can also be

seen in Figure 6. The synthetic spectra with temperatures
higher than TR∼ 14,000 K show the W-shaped O II lines with a
departure coefficient of bneb= 1. On the other hand, the
synthetic spectra with temperatures lower than TR∼ 14,000 K
require departure (bneb> 1) to show the W-shaped O II lines.
Most of the observed spectra with temperatures of TR
12,000 K do not show the W-shaped O II lines.
Although SLSNe I are sometimes classified into two types

based on the absence or presence of the W-shaped O II lines in
their spectra (e.g., Könyves-Tóth & Vinkó 2021), our results
indicate that the difference between the two types would be

Figure 5. Left panel: relation between time since explosion and temperature of each spectrum. The different combinations of the colors and the shapes of the points
relate to different SNe, as shown in the legend. The filled and open points represent spectra with and without the W-shaped O II lines, respectively. Right panel: same
as the left panel, but the departure coefficient is shown as a function of time since explosion. Note that the open points show upper limits of the departure coefficients
since the respective spectra lack the W-shaped O II lines.

Figure 6. Temperature vs. departure coefficient. The data and the symbols are
the same as in Figure 5.
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only temperature. It is natural that all the spectra of SN 2015bn
do not show the W-shaped O II lines because of their low
temperatures.

5.2. Effects of Host Extinction on Departure Coefficients

We now examine the effect of host extinction on the
departure coefficients via temperature. Although the tempera-
tures estimated in the model are affected by host extinction, it
was not corrected for as mentioned in Section 2. Here, we
investigate a possible host extinction of iPTF 13ajg, which
requires one of the largest departure coefficients (bneb 50)
among our sample. The upper limit of the host extinction of
iPTF 13ajg is estimated to be E(B− V )< 0.12 from the
absence of Na I D lines (Vreeswijk et al. 2014). Thus, we
applied E(B− V )= 0.05 to the second spectrum of iPTF 13ajg
taken at MJD 56391 (one of the best spectra).

The host-extinction-corrected spectra and the models with
the best parameters are shown in Figure 9. For the model of the
spectrum with E(B− V )= 0.0 (before the host extinction
correction), the best parameters are fρ= 1.0, Lbol=
1044.5 erg s−1, vph= 12,250 km s−1, texpl= 50 days, and

bneb= 30. These parameters give a radiation temperature
just outside the photosphere of TR∼ 13,000 K. When we
assume E(B− V )= 0.05, the intrinsic spectrum becomes
brighter and bluer. Then, the best parameters are fρ= 1.0,
Lbol= 1044.6 erg s−1, vph= 12,250 km s−1, texpl= 47 days, and
bneb= 1. These parameters give a radiation temperature just
outside the photosphere of TR∼ 14,500 K. By this somewhat
higher temperature, the model spectrum with bneb= 1 produces
a deeper W-shaped O II absorption feature.
These results demonstrate that the required departure

coefficients are quite sensitive to the host extinction, which is
always difficult to estimate. Even a small host extinction
correction greatly affects the UV fluxes, increasing the
estimated temperature. Thus, the required departure coefficient
tends to be smaller when the host extinction is applied.

5.3. Constraints on Ionization Rate and Implication for Power
Sources

We here examine nonthermal processes in the ejecta of
SLSNe despite our finding that the population of the excited
states of O II does not largely deviate from the population in the
nebular approximation. This may yield constraints on the
power source of SLSNe I because the population would be
influenced by nonthermal excitation/ionization to some extent
whenever there are γ-rays from either 56Ni or a magnetar in the
ejecta. We test this for temperatures in the range of
T= 8000–12,000 K, where the nebular approximation does
not lead to the formation of the W-shaped O II lines.
In analogy to He I lines in spectra of SNe Ib, the ionization

rate can be constrained by the population of the excited states
of O II. For the appearance of the He I lines, the excited states
of He I are populated by high-energy electrons that are
produced by Compton scattering of γ-rays from 56Ni decay
(Lucy 1991; Hachinger et al. 2012). The high-energy electrons
ionize He I to He II with a rate determined by the energy
deposition rate of γ-rays from 56Ni decay. Then, He II
recombines to the excited states of He I (see Figure 1 of Tarumi
et al. 2023). Therefore, the population of the excited states of
He I is related to the nonthermal ionization rate. While the
presence of He I lines in spectra of SNe Ib gives the nonthermal
ionization rate, the absence of the W-shaped O II lines in
spectra of SLSNe I can give an upper limit to the nonthermal
ionization rate through the population of the excited states
of O II.
The number density of the excited states of O II should not

exceed a certain value that produces the W-shaped O II lines.
The typical value of the Sobolev optical depth producing
absorption lines is of the order of τlu∼ 1. This corresponds to
densities of ni,j,l 1 cm−3 for the W-shaped O II lines obtained
from Equation (5) by adopting λlu= 4649Å, flu= 0.34
(Wiese 1996), and texpl= 40 days. This number density is
discussed further below and shown to give an upper limit of the
ionization rate. The ionization rate can then be converted to an
energy deposition rate through the fraction of the deposition
energy spent for ionization (among ionization, excitation, and
heating of thermal electrons, see, e.g., Fransson & Chevalier
1989), which is called work per ion pair. Finally, this energy
deposition rate can be related to power sources through the
γ-ray spectra of power sources (and γ-ray transport).
In order to estimate the population of the excited states of

O II under certain ionization and excitation conditions, we solve
a simplified rate equation as illustrated in Figure 10. We only

Figure 7. Series of synthetic spectra with various bolometric luminosities Lbol
for a given combination of the other parameters to show the gradual influence
of temperatures. Here, the bolometric luminosity Lbol is parameterized with a
step of log Lbol = 0.1 erg s−1 from log Lbol = 44.2 erg s−1 (the red line) to log
Lbol = 45.0 erg s−1 (the dark blue line). Other parameters are fixed to
vph=12,750 km s−1, texpl = 40 days, and bneb = 1. Accordingly, the density
scale factor fρ is varied from 1.3 to 0.6 so that the dilution factor converges to
1/2. The redder and bluer colors show models with lower temperatures (lower
bolometric luminosities) and higher temperatures (higher bolometric luminos-
ities). Radiation temperatures just outside photospheres are shown in the
legend. The black line shows a synthetic spectrum with the deepest W-shaped
O II lines (TR ∼ 15,000 K). The gray-shaded area highlights the W-shaped O II
lines.
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consider three levels: the ground state of O II, the ground state
of O III (35.1 eV higher than the ground state of O II), and the
excited O II spin-quartet state (23.0 eV higher than the ground
state of O II). We do not consider the case of the excited state of
O II in the spin-doublet state, which is expected to be similar to
that in the spin-quartet state. This is because both the excited
states would be balanced to be comparably occupied via O III.
This is also seen in the excited state of He I in the spin-singlet
state and that in the spin-triplet state achieved by the balance
via He II (Lucy 1991). Also, we separately solve two equations
below: an equation for the balance between the ground state of
O II and the ground state of O III, and an equation for inflow to
and outflow from the excited O II spin-quartet state.
We first consider the balance between the ground state of

O II and that of O III by nonthermal processes. The balance
between the ionization from O II to O III and the recombination
from O III to O II gives the number density of O III nO III:

n n n T , 6O O e O OII III III II( ) ( )b a= 

where β is the nonthermal ionization rate (per second), nO II is
the number density of the ground state of O II, ne is the number
density of electrons, and αO III→O II(T) is an effective
recombination rate from the ground state of O III to the ground
state of O II. Since we consider only nonthermal ionization
here, the ionization rate β is expressed as

e

w
, 7( )

b =

where e is the energy deposition rate per particle given by
power sources (erg per second), and w is the energy (erg)
required to ionize an ion (work per ion pair). Here, w is usually
obtained from the Spencer–Fano equation (Spencer &
Fano 1954; Kozma & Fransson 1992).
Treatment of the recombination processes is not trivial. The

direct recombination to the ground state is often largely
suppressed because it is immediately followed by absorption.
In fact, in a typical density we consider, the optical depth of the
recombination photons is quite high (τ> 106). In a realistic
ejecta including various elements other than O, the

Figure 8. Fraction of O II among and the Sobolev optical depth at typical photospheres (W = 1/2 and ρ = 3 × 10−14 g cm−3) with the same abundance as that
adopted to the calculations of the synthetic spectra in Section 3.2. Left panel: dependence of the fraction of O II on temperature, estimated by Equation (3). Right
panel: dependence of the Sobolev optical depth of one of the most prominent lines among the W-shaped O II lines estimated by Equations (1) and (5), where flu = 0.34
(Wiese 1996), texpl = 40 days, and λlu = 4649 Å. The horizontal gray line in the right panel marks the Sobolev optical depth τlu = 1, above which the W-shaped O II
lines can appear.

Figure 9. Modeling of observed spectra of iPTF 13ajg taken at MJD 56391
with the host extinction E(B − V ) = 0.0 (the lower spectrum) and E
(B − V ) = 0.05 (the upper spectrum) corrected. The black lines show the
observed spectra. The red line shows the model for the spectrum with the host
extinction E(B − V ) = 0.0 with the best parameters: fρ = 1.0,
Lbol = 1044.5 erg s−1, vph = 12,250 km s−1, texpl = 50 days, and bneb = 30.
The model with bneb = 1 and the other parameters the same as above are
shown with the lower-light blue line. The upper-light blue line shows the model
for the spectrum with the host extinction E(B − V ) = 0.05 with the best
parameters: Lbol = 1044.6 erg s−1 texpl = 47 days, bneb = 1, and the other
parameters are the same as above. The gray-shaded area highlights the
W-shaped O II lines. Vertical offsets for each spectrum are shown by the
horizontal lines on the right y-axis.
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recombination photons can also be absorbed by other ions, and
thus, some direct recombination can still occur. Another path is
recombination through the excited states. However, since we
do not solve a full rate equation including the excited states of
O II (see below), it is difficult to accurately evaluate the
effective recombination rate through many excited states.
Under these circumstances, we approximately adopt the direct
recombination rate to the ground state from Nahar (1999) as an
effective recombination rate αO III→O II(T) in Equation (6). This
corresponds to the limit of the most efficient recombination to
O II. In reality, the recombination rate would be lower than
what is adopted here, and the number density of O III ions
would be enhanced (implications of this assumption are
discussed below).

Next, we solve the equation for inflow to and outflow from
the excited O II spin-quartet state. This gives the number
density of O II in that state nO II, ex:

n n T

n R n q

n q A , 8

O e O O ,ex

O , ex PI e O ,ex O

e O ,ex O esc ex gs

III III II
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where αO III→O II,ex(T) is the recombination rate from the
ground state of O III to the excited O II spin-quartet state, RPI is
a photoionization rate, qO II,ex→O II is the collisional transition
rate from the excited O II spin-quartet state to the ground state
of O II, qO II,ex→O III is the collisional transition rate from the
excited O II spin-quartet state to the ground state of O III, βesc is

the Sobolev escape probability, and Aex→gs is the Einstein
coefficient for the transition from the excited O II spin-quartet
state to the ground state of O II. Note that the last term on the
right side of Equation (8) includes both self-absorption and
spontaneous emission. The photoionization rate RPI is com-
puted as
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where σPI(ν) is a photoionization cross section. The transition
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(Eissner et al. 1969), where gi is the statistical weight of an
initial state, γif is an effective collision strength from an initial
state to a final state, and Ei and Ef are an energy level of an
initial state and a final state, respectively. The escape
probability βesc is computed as

e1
11
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esc

lu

( )b
t

=
- t-

(Castor 1970) with the Sobolev optical depth τlu in
Equation (5).
The procedure above gives the number density of the excited

states of O II nO II, ex as a function of the ionization rate
(Figure 11). Here, we assumed that all the ejecta consist of O,
and that O II is dominant, as shown in the left panel of Figure 8.
This provides a condition of ne= nO II+ 2nO III. Also, we
adopted the following parameters: ρ= 3× 10−14 g cm−3 as a
typical density near the photosphere, αO III→O II,ex(T) from
Nahar (1999), σPI= 10−17 cm2 (Nahar 1999), gi = 4, γif= 1,
Ei= 23.0 eV, Ef= 0.0 eV for the collisional de-excitation,
Ef= 35.1 eV for the collisional ionization, Aex→gs= 9.8×
108 s−1 (Nahar 2010), and W= 1/2 for τlu, flu= 4.3× 10−2

(Wiese 1996), ni,j,l= nO II, λlu= 539Å, and texpl= 40 days.
Note that the photoionization cross section is assumed to be
constant because the ionization cross section has many
resonances just above the ionization energy. As the peak of
the blackbody radiation with a temperature range of
T= 8000–12,000 K is located at much lower energy than the
ionization threshold, the assumption of the constant cross
section is effectively applied just above the ionization
threshold.
Figure 11 shows the number densities for the excited O II

spin-quartet near the photosphere as a function of the ionization
rate. The number density of the excited O II spin-quartet exceeds
the critical density nO II,ex∼ 1 cm−3 (the Sobolev optical depth
τlu∼ 1) when the ionization rate is β∼ 3× 10−6 s−1 at
T= 10,000 K. At T= 8000 and 2,000 K, the number density
for the excited state of O II exceeds the critical density when
the ionization rate is β∼ 10−6 s−1 and β∼ 3× 10−5 s−1,
respectively.
We note that the estimated number densities for the excited

state of O II are lower-limit estimates because we assume
blackbody radiation even at short wavelengths. In actual SNe,
photons at short wavelengths are suppressed because of line
blanketing. Smaller photoionization rates should increase the

Figure 10. A schematic diagram showing the populating mechanism of the
excited O II spin-quartet state. Here, we consider 3 s 4P, which absorbs photons
with 4349 and 4649 Å (see also Figure 1).
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estimated number densities of the excited stated of O II. To
show this effect, we compare the number densities for the
excited O II spin-quartet with photoionization rate to those
without photoionization since the photoionization rate is
uncertain because of line blanketing. The results at all the
temperatures of T= 8000, 10,000, and 12,000 K without
photoionization are almost the same as the result at
T= 8000 K with photoionization. At the temperatures
of T= 10,000 and 12,000 K, the effect of the photoionization
is the strongest to de-populate the excited state of O II in
comparison to all the other processes (collisional de-excitation,
collisional ionization, and spontaneous emission with self-
absorption). In light of line blanketing, the result with a
radiation temperature of T= 8000 K may best represent the
actual condition in the ejecta of SLSNe.

The ionization rate can be translated to the energy deposition
rate if the work per ion pair in Equation (7) is given. The work
per ion pair becomes larger when the electron fraction is larger
since a larger fraction of the deposition energy is spent for
heating of thermal electrons, not for ionization (Kozma &
Fransson 1992). In electron-rich environments where the
ionization of metals produces many electrons, a typical value
of the work per ion pair (calculated for SNe Ia) is w∼ 30 I,
where I is an ionization potential for an ion (Axelrod 1980).
Hereafter, we assume a work per ion pair of w= 30 I for
ionization of O II to O III in SLSNe I. The deposition rates
then corresponding to an ionization rate β that makes
nO II,ex 1 cm−3 are e 2 10 15 ~ ´ - , e 5 10 15 ~ ´ - , and
e 5 10 erg s14 1 ~ ´ - - at T= 8000, 10,000, and 12,000 K,
respectively.

Finally, we demonstrate that the energy deposition rate can
be related to power sources if the γ-ray spectrum emitted by the
power sources and subsequent γ-ray transport are known. Here,
to give crude constraints on the mass of 56Ni in SLSNe I, we
hypothetically assume that 56Ni is the power source for
SLSNe I. For simplicity, 56Ni is assumed to uniformly supply
the deposition energy to the ejecta (full mixing). The optical
depth of γ-rays is τγ 1 in photospheric phases. Thus, for fully
mixed 56Ni distribution, the energy deposition rate given by
56Ni decay can be approximately written as

e
L

N
, 12

decay ( ) 

where Ldecay is the decay luminosity of 56Ni (erg per second)
and N is the number of atoms in the ejecta. The decay
luminosity is given as (e.g., Nadyozhin 1994)
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where MNi is the mass of 56Ni. Here, we apply texpl= 40 days.
The number of atoms is NA=Mej/〈A〉mp, where Mej is an
ejecta mass, 〈A〉 is the average mass number in the ejecta (here,
〈A〉= 16 for pure O), and mp is the mass of a proton. The ejecta
mass is fixed to a typical value for SLSNe I, Mej∼ 6Me

(Blanchard et al. 2020). Then, the deposition rate needed for
appropriate ionization rates can be converted to a mass ratio of
56Ni versus the ejecta MNi/Mej. This ratio is shown on the
upper x-axis in Figure 11. The mass ratio corresponding to the
ionization rate that makes nO II, ex 1 cm−3 is MNi/Mej∼ 0.05
at T= 10,000 K. This is translated to 56Ni mass of
MNi∼ 0.3Me for Mej= 6Me. If SLSNe I are entirely powered
by 56Ni, the required 56Ni mass is 3Me, but it would lead to
too strong a nonthermal ionization.
We emphasize that our estimates above involve a number of

assumptions and uncertainties, and the upper limit of the
56Ni mass is still quite uncertain. For example, the recombina-
tion rate adopted in the ionization balance (i.e., the direct
recombination rate to the ground state) is expected to be lower
because of immediate reabsorption. A lower recombination rate
would increase the number density of O III ions and enhance
the population of the excited state of O II, giving stronger
W-shaped O II lines. Then, the upper limit of 56Ni would
become smaller (or tighter). On the other hand, there may also
be the effects making the upper limit of the 56Ni mass higher.
For example, we only evaluate the Sobolev optical depth just
outside the photosphere. But, in reality, the line is formed over
a velocity range of up to v∼ 1.5 vph (Section 5.1). To have
τlu> 1 for a wider velocity region, more 56Ni would probably
be required, making the upper limit of the 56Ni mass higher.
Also, we assumed full mixing to translate the ionization rate to
the 56Ni mass. Under less mixing, the energy of nonthermal
electrons is spent inside the photosphere, which decreases the
nonthermal ionization rate outside the photosphere. Thus, with
less mixing, the upper limit of the 56Ni mass would also
become higher (i.e., less stringent).
There are also other assumptions/uncertainties: the simpli-

fied rate equation, the uncertain photoionization rate because of
the line blanketing, and the uncertain work per ion pair in the
ejecta of SLSNe I. Nevertheless, our work demonstrates that

Figure 11. The number densities for the excited O II spin-quartet state nO II,ex

as a function of the ionization rate (the lower x-axis). The upper x-axis shows
the MNi/Mej ratio corresponding to the ionization rate. Different colors show
different temperatures, as shown in the legend. Within this range of
temperatures, O II is secured to be dominant, as shown in the left panel of
Figure 8, with the typical density of ρ ∼ 3 × 10−14 g cm−3 at a photosphere.
The number densities for the excited O II spin-quartet state, nO II,ex, in the
nebular approximation at the temperature shown, are too small to produce the
W-shaped O II lines. The dashed lines and solid lines show the number
densities with and without photoionization from the excited O II spin-quartet
state. All solid lines (the cases without photoionization) overlap near the
dashed line for T = 8000 K. The gray line represents nO II,ex = 1 cm−3, beyond
which the W-shaped O II lines can appear.
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spectroscopic properties can be, in principle, used to give
constraints on the mass of 56Ni in SLSNe I, which roughly
corresponds to the mass ratio MNi/Mej of the order of 0.1. In
addition, in the cases where SLSNe I are powered by
magnetars, spectroscopic properties can also be used to
give constraints on spectra of γ-rays from magnetars via
ionization rates if combined with detailed transfer calculations
(Murase et al. 2021; Vurm & Metzger 2021).

6. Summary

We have performed systematic spectral calculations to model
the observed spectra of eight SLSNe I to quantify the
conditions for the formation of the W-shaped O II lines. We
find that many of the pre-/near-maximum spectra with the
W-shaped O II lines can be well reproduced with the departure
coefficient of bneb∼ 1 (i.e., without departure) at temperatures
in the range of TR∼ 14,000–16,000 K near the photosphere.
This suggests that departure from nebular approximation
conditions is not necessarily large for the formation of the
W-shaped O II lines in spectra of SLSNe I. The appearance of
the W-shaped O II lines is very sensitive to temperature. Thus,
to understand the physical conditions for the line formation, it
is important to accurately estimate the temperature of the ejecta
from spectral modeling (rather than a simple fitting of the
spectral energy distribution). We also highlight the importance
of the extinction correction in the host galaxy; even a small
extinction correction (E(B− V )∼ 0.05) can increase the
intrinsic UV fluxes, which tends to increase the estimated
temperatures by ∼2000–3000 K.

Finally, we have shown that the absence of the W-shaped
O II lines in spectra with a lower temperature (T 12,000 K)
can be exploited to constrain the nonthermal ionization rate in
the ejecta. Solving the simplified rate equation gives an upper
limit to the nonthermal ionization rates. Under several
assumptions, this upper limit is roughly translated to an upper
limit on the mass ratio MNi/Mej of order 0.1. Similar methods
can also be applied to give constraints on γ-ray spectra of
magnetars if detailed γ-ray transport is considered. Although
our estimate involves a number of assumptions for simplifica-
tion, our work demonstrates that spectroscopic properties can
be used to give independent constraints on the power sources of
SLSNe I.
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Appendix
Results of Spectral Modeling

The best parameters of the models for all the available
observed spectra are summarized in Table A1.

Table A1
Summary of the Best-fit Parameters for Each Spectrum

Name MJD W-shaped O II Lines frho log Lbol vph texpl bneb TR
(erg s−1) (km s−1) (days) (K)

PTF 09atu 55032 Yes 0.5 44.35 11,000 41 1 14,600
55034 Yes L 44.35 10,750 42 1 14,500
55068 Yes L 44.40 9750 65 50 11,900

PTF 09cnd 55055 Yes 0.7 44.50 13,500 31 3 15,800
55059 Yes L 44.60 13,000 34 5 16,200
55068 Yes L 44.65 12,000 42 5 15,800
55089 Yes L 44.65 10,750 58 1 14,200
55097 Yes L 44.45 10,250 65 10 11,900
55116 No L 44.30 9000 80 <300 10,600
55121 No L 44.35 8750 84 <50 10,900

SN 2010gx 55273 Yes 3.0 44.50 18,500 22 3 15,800
55276 Yes L 44.50 18,000 24 3 15,400
55277 Yes L 44.50 18,000 25 1 15,000
55287 No L 44.35 16,500 33 <50 12,400
55294 No L 44.25 15,000 39 <1 11,300
55295 No L 44.20 14,750 40 <100 10,900
55308 No L 44.00 12,250 50 <300 9900
55318 No L 43.80 11,500 59 <100,000 8700

SN 2011kg 55922 Yes 0.1 44.00 10,500 27 1 14,800
55926 Yes L 44.00 10,000 30 1 14,500
55935 Yes L 43.90 9250 37 10 12,700
55943 No L 43.85 8500 44 <30 11,600
55944 No L 43.80 8500 45 <300 10,900
55952 No L 43.65 7500 52 <500 10,200
55958 No L 43.55 7000 57 <1000 9600

PTF 12dam 56067 Yes 0.4 44.20 10,750 42 10 12,700
56068 Yes L 44.30 10,750 42 5 13,700
56069 Yes L 44.25 10,750 43 10 13,100
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