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ABSTRACT

Aim. We present observations of ASASSN-13dn, one of the first supernovae discovered by ASAS-SN and a new member of the rare
group of known type II luminous supernovae (LSNe). It was discovered near maximum light, reaching an absolute magnitude of
M, ~ —19 mag, placing this object between normal luminosity type II supernovae and superluminous supernovae.

Methods. We performed a detailed analysis of the photometric and spectroscopic data of ASASSN-13dn. The spectra are charac-
terized by broad lines, in particular the Ha lines, where we measure expansion velocities ranging between 14 000 and 6000 km s~!
over the first 100 days. He dominates the nebular spectra, and we detect a narrow P-Cygni absorption within the broader emission
line with an expansion velocity of 1100 km s™!. Photometrically, its light curve shows a re-brightening of ~0.6 mag in the gri bands
starting 25 + 2 days after discovery, with a secondary peak at ~73d followed by an abrupt and nearly linear decay of 0.09 magd~! for
the next 35 days. At later times, after a drop of 4 magnitudes from the second maximum, the light curves of ASASSN-13dn show
softer undulations from 125 to 175 days.

Results. We compared ASASSN-13dn with other type II LSNe in the literature, finding no match to either the light curve or spectro-
scopic properties. We discuss the main powering mechanism and suggest that interaction between the ejecta and a dense circumstellar

material produced by eruptions from a luminous blue variable-like progenitor could potentially explain the observations.

Key words. supernovae: general — supernovae: individual: ASASSN-13dn

1. Introduction

Core-collapse supernovae (CCSNe) are the explosive ends of
massive stars (Mzays > 8 Mg; Filippenko 1997; Heger et al.
2003). When the progenitor star retains its hydrogen envelope,
the spectra are dominated by prominent Balmer lines from
hydrogen. These hydrogen-rich supernovae (SNe) are classi-
fied as type II SNe. Based on their photometric properties,
type I SNe are usually classified into two major sub-classes:
type II-P and II-L (Barbon et al. 1979). If the light curve is char-
acterized by a plateau of nearly constant luminosity after the
peak, it is classified as type II-P. On the other hand, light curves
characterized by a linear decay after their peak luminosity are
classified as type II-L. Nonetheless, recent studies have shown
that a continuous distribution better describes the wide variety
of light curve shapes (Anderson et al. 2014).

* Corresponding author: emilio.hueichapan@mail.udp.cl

The spectroscopic properties of type II SNe define two
additional sub-classes: type IIb and type IIn. Type IIb SNe
are stripped-envelope supernovae (SESNe) that retain a frac-
tion of their hydrogen envelopes at the time of the explo-
sion (Filippenko et al. 1993). They exhibit strong hydrogen and
helium lines in early phases, while hydrogen lines disappear and
helium lines dominate in later stages. Type IIn SNe are char-
acterized by persistent narrow emission lines with velocities of
<1000 km/s; these narrow lines are produced by photoionized
and unshocked circumstellar material (CSM; Schlegel 1990).
The narrow lines are frequently found on top of a broad spec-
tral feature, which is produced by the shocked ejecta and CSM.
The SN emission is dominated by the interaction between the
SN ejecta and the dense CSM.

The main powering mechanisms for regular type II SNe are
the energy of the explosion deposited in the envelope during
shock wave propagation and the decay of the radioactive ele-
ments, mainly °Ni, generated during explosive nucleosynthesis
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(Branch & Wheeler 2017). After the photospheric phase, when
the energy deposited in the envelope is released via recombina-
tion processes, the tail of the light curve is mainly powered by
the energy deposition from the radioactive decay of **Ni—>¢Co
—Fe. With full y-ray trapping, the expected decline rate dur-
ing this phase is 0.98 mag per 100 days (Woosley et al. 1989;
Nadyozhin 1994).

In the last two decades, a new class of transient phenom-
ena has been identified. While regular CCSNe have an abso-
lute magnitude range of My ~ —14 to —18.5 (Lietal. 2011),
explosions with peak absolute magnitudes brighter than My <
—21 mag had been classified as superluminous SNe (SLSNe;
Quimby et al. 2011). However, this luminosity threshold is not
definitive; De Cia et al. (2018) show that SLSNe are a distinct
spectroscopic sub-class that sometimes overlaps in luminosity
with the normal population of SESNe.

Over the last few years, the luminosity gap between reg-
ular CCSNe and SLSNe has been gradually populated by the
so-called luminous supernovae (LSNe). With peak absolute
magnitudes My <~ —19, these objects appear to spec-
troscopically bridge the gap between regular CCSNe and
SLSNe, suggesting a continuum in their spectroscopic prop-
erties (Gomez et al. 2022; Nicholl 2021). While the discovery
of type II SNe within this luminosity range dates back sev-
eral decades (e.g. SN 1979C, Branch et al. 1981; SN 19988,
Liu et al. 2000; SN2003bg, Hamuy et al. 2009), it was not until
Pessi et al. (2023) that these kinds of explosions were formally
recognized as a subgroup of type II SNe. Their study found
that this subgroup evolves more slowly than typical type II SNe,
exhibiting broader emission lines and ejecta velocities of around
v~ 10000kms™.

The light curves of CCSNe are generally characterized by
a single peak. However, recent studies have increasingly iden-
tified double or multi-peaked light curves, particularly among
SESNe (Gutiérrez et al. 2021; Chen et al. 2023; Cartier et al.
2024). These findings challenge traditional models and require
the consideration of alternative powering mechanisms to account
for the observations. Among the proposed central engine power
sources are newly formed magnetars undergoing spin-down
(Kasen & Bildsten 2010; Woosley 2010) and fallback accretion
onto a stellar-mass black hole (Dexter & Kasen 2013). These
mechanisms have been invoked to explain the extreme luminosi-
ties (Moriya et al. 2018), long-duration light curves (Arcavi et al.
2017), and distinct spectroscopic features observed in individual
SNe (e.g. Nicholl et al. 2018). Additionally, the hypothesis of a
double nickel distribution in SESNe has provided an explanation
for the observed light curves (Orellana & Bersten 2022).

Due to the limited number of well-characterized multi-
peaked type II SNe, there is insufficient consensus regarding
the mechanisms responsible for their powering. The observed
properties, particularly the high luminosities, are difficult to rec-
oncile with the typical powering mechanisms, suggesting that
additional mechanisms are at play (Orellana et al. 2018).

An example of this debate surrounds iPTF14hls
(Arcavi et al. 2017), a type II SN with long, luminous, and
multi-peaked light curves whose spectra show no clear sig-
natures of ejecta-CSM interaction. No narrow emission lines
were observed in this event, and an equal increase in luminosity
at all wavelengths ruled out the ejecta-CSM interaction sce-
nario. Fallback into a stellar-mass black hole was adopted as
the leading powering mechanism to explain the bumpy light
curve (Arcavi et al. 2017). Dessart (2018) argue in favour of a
magnetar-powered model to explain the observed properties of
this SN. A type II LSN with a similar discussion is ASASSN-
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15nx (Bose et al. 2018). The linearity of its light curve might
indicate that it is powered purely by radioactive decay with
a significant gamma-ray leakage factor, but the °Ni mass
necessary to explain the peak luminosity is too high for CCSNe
(Miiller et al. 2017). Chugai (2019) discusses the possibility of
this SN being powered by a magnetar after modelling the light
curve and the [O1] 6300, 6364 A doublet in late-time spectra.

Typically, a standard type II SN is understood as the explo-
sive endpoint of a red supergiant, and many of its observed char-
acteristics align with this scenario. However, Morozova et al.
(2017) and Dessart & Hillier (2022) argue that the continuum
observed in the light curve properties could be attributed to
variations in CSM properties. In some cases, observed features
such as the interaction of ejecta with fast-moving pre-explosion
eruptions challenge the standard red supergiant scenario and
suggest alternative progenitor types, including luminous blue
variable (LBV)-like stars. This is exemplified by events such as
SN 2009ip, a type IIn SN, where pre-explosion eruptions and
their interaction with the surrounding CSM indicate an LB V-like
progenitor (Mauerhan et al. 2013).

In this paper, we report on the unique luminous type II
SN ASASSN-13dn. With a peak absolute magnitude of My ~
—19mag, the SN shows a secondary maximum 73 days after
maximum light; At 125 days, the SN has dropped 4 magnitudes
from the secondary maximum and begins to show bumps. Spec-
troscopically, ASASSN-13dn displays broad hydrogen emission
lines with ejecta velocities of ~14000kms~!. In Sect. 2 we
present the data collected, describe the reduction process, and
briefly describe the host galaxy properties. In Sect. 3 we describe
both the photometry and spectroscopic data of ASASSN-13dn.
Then, in Sect. 4 we discuss possible power sources and the
ejecta-CSM interaction signatures found in the observations.
Finally, in Sect. 5 we present our conclusions.

2. Data
2.1. Discovery and host galaxy

ASASSN-13dn was discovered by the All-Sky Automated
Survey for Supernovae (ASAS-SN; Shappeeetal. 2014;
Kochanek et al. 2017) on December 5, 2013, 04:09UT at a
V-band magnitude of 15.70 by Shappee et al. (2013) and on
December 17, 2013, at 21:03UT the SN was classified as
a type II SN (Martini et al. 2013). It exploded in the outer
regions of the star-forming galaxy SDSS J125258.03+322444.3
(z = 0.022636) at @ = 12052m58520, § = +32°2509/30
(J2000.0). We adopted the Virgo infall only distance reported on
NASA/IPAC Extragalactic Database of 96.0 Mpc (1 = 3491 +
0.15 mag) using a flat cosmology with Hy = 73km s~ Mpc ~!
and Q,, = 0.27. At this distance, the SN is ~11.8 kpc from the
centre of its host galaxy (see Fig. 1). We neglected any host-
galaxy extinction due to the absence of any NaI D absorption
in all our spectra, which indicates a very low or negligible con-
tribution from the host. Therefore, we adopted a total redden-
ing of E(B — V) = 0.014mag (Schlafly & Finkbeiner 2011),
assuming a Ry = 3.1 (Cardelli et al. 1989), which results in
Ay = 0.043 mag.

Taggart & Perley (2021) includes this galaxy in their pho-
tometric analysis of CCSNe hosts and estimates a total stellar
mass of logo(M,/Mg) =9.85 + 0.05 and a specific star-formation
rate (sSFR) of log;o(sSFR/yr™!) = 8.69*09!. We extracted a spec-
trum of the host galaxy with the Multi-Object Double Spectro-
graph (MODS) at the Large Binocular Telescope (LBT) on July
2, 2015, when the SN had already faded. From the spectrum,
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) ASASSN-13dn

Fig. 1. LCOGTN gri composite image of ASASSN-13dn.

we detect nebular emission lines of Ha, HB, [O III] 5007 A,
and [N II] 6583 A. We used the scaling relation of Kennicutt
(1998) to estimate a star-formation rate (SFR) of the host from
the H,, luminosity of log;o(SFR) = 0.79 M, yr~!. Using emission
line ratios and the scaling relations presented in Marino et al.
(2013), we estimate an oxygen abundance of 12+log(O/H) = 8.33
and 12+log(O/H) = 8.38 with the O3N2 and N2 methods, respec-
tively. These values are consistent with 12+log(O/H) = 8.39 and
12+1og(O/H) = 8.34 for the O3N2 and N2 indicators, the mean
values of the oxygen abundances of the sample of CCSNe from
Pessi et al. (2023).

2.2. Photometry

The ASAS-SN V-band photometry using image subtraction
is reported in Table A.1. The SN was followed up with
the Liverpool Telescope (LT; Steele etal. 2004) 2.0m and
the Las Cumbres Observatory Global Telescope Network
(LCOGTN; Brown et al. 2013) 1.0m telescopes from discovery
until ~180 days after the first detection. The griz photometry
was obtained performing point-spread-function photometry with
DoPhot (Schechter et al. 1993; Alonso-Garcia et al. 2012), using
photometry of stars in the field from SDSS DR12 (Alam et al.
2015) to perform photometric calibrations. Image subtraction
was performed on the g and r bands using a single archival SDSS
DR12 image as a template. No major differences with the non-
subtracted photometry were seen, so no further attempts were
made to improve the photometry.

The SN exploded during a seasonal gap, and no rise to peak
was seen in the light curve. The last non-detection was on July
24.25, 2013, 134d before the discovery (Martini et al. 2013), so
the explosion date is poorly constrained. In the first 10 days,
the V-band light curve slowly faded and then transitioned to a
steeper decay rate. This suggests that the SN was discovered
shortly after maximum light. For simplicity, we assumed that the
first detection is close enough to the epoch of maximum light,
and all reported times are relative to the discovery.

2.3. Spectroscopy

We obtained 13 optical spectra between +9d and +176d after
maximum light using the Kitt Peak Ohio State Multi-Object

Spectrograph (KOSMOS; Martini et al. 2014) on the KPNO
Mayall 4m telescope, the Multi-Object Double Spectrograph
(MODS; Pogge et al. 2010) on the LBT (Hill et al. 2010), and
the Dual Imaging Spectrograph (DIS) on the Apache Point
Observatory (APO) 3.5m telescope. The spectra were reduced
using standard techniques in IRAF that included basic 2D image
reductions (overscan and bias subtraction, flat-fielding), extrac-
tion of 1D spectra, wavelength calibration using HeNeAr lamps,
and flux calibration using a standard star observed on the night
of the observation. We corrected the absolute flux calibration of
the spectra by matching synthetic photometry from the spectra
to the photometric light curve in the r band.

3. Analysis
3.1. Light curve

ASASSN-13dn was discovered at an absolute magnitude of
My = —-18.94 + 0.21 mag. We fitted a second-order polyno-
mial to the V-band photometry, calculated the mean-fit poly-
nomial derivative, and found that this value is constantly
decreasing. As the first detection is the point where the deriva-
tive is close to zero, we assumed that the maximum light is
at MJD =56631.2 +1.2. Using the r band as a reference, we
defined four different sections of the light curve: (1) An initial
decline from first detection to +48d; (2) A rise from +49d to a
secondary peak at +73d. For the following days, it slowly decays
to: (3) A second and steeper decline from +91d to +132d, and (4)
A bumpy tail from +132d to the end of the observations. Fitting
a quadratic polynomial to the gri bands between +32d and +62d,
we find a minimum at +48.2 + 0.8 days (MJD =56681.05). The
light curve has a nearly linear decay of 4.4 mag/100d with a sta-
tistical error of 0.1 mag after the first 10 days. We observe that
the SN reaches the secondary peak at different epochs for the
individual gri bands. Specifically, the later the peak occurs, the
bluer the corresponding band (see Table A.2).

The light curve brightens ~0.6 mag from +48d to +73d and
becomes bluer, reaching its bluest colour near the secondary
peak. Next, the light curve decays 0.6 mag in ~15 days. This
peak is followed by a faster decay of 9.3 mag/100d with a statis-
tical error of 0.1 mag for the next 35 days. There is a second min-
imum at +132d and wiggles in the light curve can be observed.
Figure 2 shows the light curve of ASASSN-13dn, where the
described phases can be clearly distinguished.

The luminosity of this object places it into the group of
hydrogen-rich luminous SNe. In Fig. 4 we present a comparison
between ASASSN-13dn r-band light curve with SN 1987A and
type II LSNe from the literature. Immediately after maximum,
most of the SNe in Fig. 4 show a similar decay rate until ~45d,
with the extreme exception of the fast-declining SN 2017hxz.
After this phase, the variety of light curves makes them difficult
to compare; nonetheless, linear decay at different phases is the
common behaviour, and the secondary peak of ASASSN-13dn
is unique among this group. After this, ASASSN-13dn’s decay
is faster than the other SNe presented here at similar phases.
This is particularly clear when comparing the r-band light curve
of ASASSN-13dn with ASASSN-15nx (Bose et al. 2018), an
almost perfectly linearly declining type IT SN.

Even though the light curves presented in Fig. 4 show a wide
variety in their behaviour, the g—r colours (corrected for Galactic
extinction) shown in Fig. 3 are remarkably consistent between
type II LSNe. A slight change towards the blue between +65d
and +125d is detected, but it is still consistent with the blue

A47, page 3 of 11



Hueichapidn, E., et al.: A&A, 702, A47 (2025)

16 1 k | ' 4 r—19
)‘-‘s*i“ t g
® R ‘,‘. + r
17 1 ~o 4 1 0"'3:,0 i r—18
. s
° o0 V4
Q ° b $ o0 o0, + Q
© :0 o o
= 18] P (e F-17 3
c ¥ b=
o) e o
© 0°. )
2 19 e r—16 =
§o) %
D o & g
> 3 2
Y 20 —15 3
Ro) . 3?', ' Fo)
O .41 T <
21 1 o.# +¢ ‘* + ¢ ° r—14
N
NI -
0 25 50 75 100 125 150 175

Rest-frame time relative to maximum [days]

Fig. 2. ASASSN-13dn light curve. A secondary peak is observed ~73 days after the first detection. In the tail of the light curve, clear signs of
ejecta-CSM interaction are seen in the wiggles. The decline in slope after the secondary peak is faster than the decline after the first peak. The
lines at the bottom mark the epochs where spectroscopic data are available. The vertical lines divide the light curve into the phases described in

Sect. 3.1.

colours of type II LSNe. This change occurs at the same epochs
where the secondary peak occurs.

3.2. Bolometric light curve

We estimated the bolometric and pseudo-bolometric evolution
using superbol.py (Nicholl 2018) to fit a modified blackbody
to the photometry. The bolometric light curve integrates the
model between 1500 and 25 000 A while the pseudo-bolometric
light curve only uses the wavelength range of the observed griz
photometry. Since it is the best sampled photometric band, we
used the r-band detections as the reference light curve. The z
band was extrapolated assuming a constant z — r colour from
peak to first z-detection at +65d. The resulting bolometric light
curve, effective temperature, and blackbody radius are presented
in Fig. 5. We estimate a maximum bolometric luminosity of
1.3 £ 0.6 x 108 ergs™ and a total radiated energy of Ey >
4.5 % 10% erg.

An abrupt increase of 103 cm in the radius at +55 days
is observed, and at the same time, a slow rise in the tem-
perature of 2x 10° K occurred. Simultaneously, the observed
colours in Fig. 3 became bluer, consistent with the increas-
ing temperature at the same epochs. This suggests an out-
ward movement of the photosphere, potentially driven by an
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additional energy source boosting the light curves at this
time.

The wiggles at the end of the light curve are not consis-
tent with a radioactive decay-powered explosion. Therefore, we
can only place an upper limit on the °Ni synthesized in the
explosion. Assuming a rise time between 15 and 25 days and,
considering that the luminosity at +132d of 1.45x 10*' ergs™!
is nickel-powered with full trapping of gamma-rays, we used
Nadyozhin (1994) to estimate an upper limit of ~0.02 Mg of
56Ni, which is a factor of two lower than the mean nickel mass
for the type II SNe of M(®°Ni) =0.046 M, (Miiller et al. 2017)
and M(°°Ni) = 0.036 M, reported by Martinez et al. (2022).

3.3. Spectra

Between +9d and +176d, 13 optical spectra of ASASSN-
13dn were taken. The spectra are characterized by a broad He
emission line with velocities measured from the full width at
half maximum (FWHM) higher than 10000kms~' until 86d
post-maximum. Broad FelI at 24924 A and 15018 A lines are
detected, but during the evolution of ASASSN-13dn those lines
are blended with the HB emission line and themselves, so no fur-
ther analysis was done with the Fe 11 features. NaT at 15889.9 A
and the Ca triplet at 18498 A, 18542 A, and 18662 A are also
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the maximum brightness. The bumps of ASASSN-13dn are not seen
in other objects. The adopted maximum light date in MJD, dis-
tance (Mpc), and Ay for each SN are, respectively: SN 1987A!:
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1013.2, 0.032 (Milleretal. 2009) SN 2013fc: 56530.8, 83.2,
2914 (Kangasetal. 2016); ASASSN-15no: 57235.5, 153.5, 0.045
(Benetti et al. 2018); ASASSN-15nx: 57219.1, 127.25, 0.22 (Bose et al.
2018) SN 2016gsd: 57662.5, 311.6, 0.254 (Reynolds et al. 2020);
ASASSN-18am: 58142.6, 140.5, 0.027 (Bose et al. 2021); SN 2017cfo:
57838.0, 178.2, 0.066; SN 2017hbj: 58031.0, 75.0, 0.095; SN 2017hxz:
58070.0, 330.6, 0.128; SN 2018aql: 58206.0, 321.4, 0.052; and
SN 2018eph: 58342.0, 121.8, 0.066 (Pessi et al. 2023). For SN1987A
and SN2008es we used the R-band photometry. Note that the phase
reported for SN 1987A is relative to the explosion and not the maxi-
mum.

detected. Davis et al. (2019) published a near-infrared spectrum
of ASASSN-13dn at +77d (MJD = 56711) that is mainly dom-
inated by hydrogen, showing strong Py at 11.094 um, PS at
A1.282 um, and Pa at 11.875 um. The spectroscopic evolution
of ASASSN-13dn is presented in Fig. 6, and the spectroscopic
log is in Table A.3.

In Fig. 7 we compare the spectra from +9d to +38d with
other early spectra of type II LSNe. ASASSN-13dn shows
a strong emission line of Ha with a weak P-Cygni absorp-
tion, blended Fe1I lines, and a weak NaT emission profile. The
broad hydrogen profile at this phase is only comparable with
the type IIb SN 2003bg Hamuy et al. (2009). Before +30d,
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Fig. 5. Bolometric light curve and best-fit parameters from the black-
body fitting for ASASSN-13dn. Upper panel: Bolometric and pseudo-
bolometric light curves. Middle and bottom panels: Effective temper-
ature and blackbody radius derived from superbol.py, respectively.
The increase at +40d might indicate an outward movement of the pho-
tosphere.

SN 2016gsd (Reynolds et al. 2020), SN 2017hbj (Pessi et al.
2023), SN 2017hxz (Pessietal. 2023), and SN 2018eph
(Pessi et al. 2023) are mainly a blue featureless continuum.

Between +50d and +100d, all the spectra in Fig. 7 are char-
acterized by strong and broad Balmer emission lines. Boxy
Ha emission profiles are seen in the spectra of SN 2018eph
and SN 2017hbj. A strong Call triplet at 18498 A, 18542 A
and 18662 A is also present in SN 2017hbj and ASASSN-15nx
(Bose et al. 2018). Both ASASSN-13dn and SN 2017hxz show
an asymmetry towards the red wing of the Ha line, which
is not seen in other SNe. With the exception of SN 2016gsd
Reynolds et al. (2020), P-Cygni absorption at these phases is
either weak or not detected.

At later epochs, the spectra are dominated by Balmer emis-
sion lines with profiles that deviate from a single Gaussian com-
ponent. Although the spectra of the other type II LSNe shown
in Fig. 8 are characterized by a broad and boxy Ha emission
line, the spectra of ASASSN-13dn are dominated by a nar-
row Ha profile, with an absorption within the emission line at
26540 A. He 1 at 17065 A, 17281 A and Ca11 18498 A, 18542 A,
and 18662 A lines are observed in nebular spectra of ASASSN-
15nx and SN 2016gsd. Helium is not detected in ASASSN-
13dn, and a weak calcium line is detected in the last spectrum
(¢ + 176d).

3.4. Ha evolution

The He line profile and evolution shown in Fig. 9 is complex. In
the first two spectra, at +9d and +11d, the Ha peak is blueshifted
by 2174kms~'. From +38d to +86d, a shoulder appears on the
red wing of the emission line. In the +98d spectra, the line shows
bumps towards the red and the blue sections of the emission line,
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and finally, the blue bump seen at +98d evolves into a narrow P-
Cygni profile detected between +135d and +147d.

The blueshifted peak of the emission observed in the +9d
and +11d spectra has a velocity of 2174kms~! and is consis-
tent with that observed by Pessi et al. (2023) at later epochs for
other type II LSNe, nonetheless, it is not detected in the obser-
vations at +38d after peak. During the following observations,
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from +38d to +86d, a small but persistent shoulder appears on
the red wing of He at 6678 A. It is detected in every spectrum
between +38d and +98d; it is most prominent at +82d, which
coincides with the secondary peak in the light curve. A simi-
lar structure is present in the HS line profile, particularly clear
at +52d and +82d. Figure 10 shows the emission profiles of
He and HB at +82d where the shoulder is observed in both
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profiles with similar velocities, indicating that this structure is
most likely related to asymmetries in the ejecta rather than the
He11 line.

We calculated the FWHM velocity (vpwga) and the veloc-
ity of the P-Cygni absorption trough (vpe,,) from the Ha line
in ASASSN-13dn. To fit and subtract the pseudo-continuum
of the line, we used PYTHON’s package specutils (Earl et al.
2022) in the range of the line profile for each spectrum. We
also calculated the pseudo-equivalent width (pEW) of the line.
This parameter quantifies the strength of the line compared to
a pseudo-continuum, arbitrarily defined. In this case, we used
the same specutils package to redefine a pseudo-continuum
in the range of the Ha emission. For both vpwyy and pEW,
we determined the uncertainties by randomly varying the wave-
length range used to determine the pseudo-continuum by +5 A
in a normal distribution. The evolution of the vpwry and vpey,
velocities are presented in Fig. 11.

In Fig. 12 we show the Ha velocity measured from
the FWHM (vpwpy) and pEW evolution of ASASSN-13dn
compared with the samples of normal type II SNe from
Gutiérrez et al. (2017) and type II LSNe from Pessi et al. (2023).
The velocity and pEW evolution of ASASSN-13dn is consistent
with type II LSNe. Between +9d and +98d, the P-Cygni veloc-
ities are always higher than 10000kms~!, but at +140d and
+176d spectra, the absorption was not detected. The Ha pro-
file evolution is presented in Fig. 9. In the last three spectra, a
P-Cygni profile inside the hydrogen line at 416550 A is detected,
and a velocity of 1100 km s~! was measured.

4. Discussion

In this section we explore different scenarios that could explain
the luminosity and light curve features of ASASSN-13dn.
Although the power source remains unclear, several signs of
ejecta-CSM interaction are seen in the observations. The pres-
ence of a weak P-Cygni profile in the Ha line has been
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Fig. 10. Ho and HB emission lines from the +82d spectrum. The blue
region marks the shoulder detected in both Ha and HB. The flux was
normalized to the peak of the emission for visibility purposes.

interpreted as a consequence of interaction in type II SNe
(Gutiérrez et al. 2014).

A shoulder at ~4100kms~!, detected in both the Ha and
Hp profiles near the second peak, is consistent with this inter-
action. Observed between +38d and +86d, it matches the rest
wavelength of HeI emission, but it is most likely related to the
ejecta-CSM interaction as it is also detected in the Hp line at
a similar velocity (see Fig. 10). A similar feature is described
by Dessart & Hillier (2022) in models and is associated with an
increase in the interaction power of the model.
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In the later phases, the double-peaked Ha profile and the
bumpy light curve — particularly the wiggles observed after
+128d — indicate a continued interaction between the ejecta and
the surrounding material. The P-Cygni absorption profiles at
+140d, +147d, and +176d, with a velocity of 1100 km s~ sug-
gest interaction with a stellar wind or eruption from a massive
progenitor star (Smith 2014). Similar profiles were observed in
SN 2009ip, a type IIn SN, by Mauerhan et al. (2013), who pro-
posed an LB V-like progenitor to explain the high velocity of the
CSM shell. A comparable light curve signature, including sim-
ilar wiggles, was observed in the type IIn SN iPTF13z, where
the authors suggested that the interaction between the ejecta and
denser CSM regions produced by LB V-like progenitor eruptions
was responsible (Nyholm et al. 2017).

In this scenario, three dense CSM shells at distances of
~4.9%10" cm, ~1.3x10'® cm, and ~1.6 x 10'® cm, can produce
the interaction signs at the secondary peak and subsequent wig-
gles observed in the light curve. The peak at +73d arises from the
initial collision between the SN ejecta and the innermost CSM
shell. The wiggles in the light curve result from continued inter-
action with the more distant shells.

These distances were determined by interpolating the Ha
FWHM velocity (vpwmay; Fig. 11) and integrating the interpo-
lated velocities to calculate the distance travelled by the mate-
rial at specific epochs. Assuming a rise time of 20 days and
a constant velocity of 12000kms™! up to day +9d, the sec-
ondary peak at +73d and the wiggles at +138d and +170d align
with these shell locations. Assuming a velocity of the progen-
itor eruption/wind between 100 and 1000 km s~!, the first shell
is inferred to have been ejected between 25 and 2.5 years, prior
to the explosion while the later shells, based on a CSM velocity
of 1100kms™! measured from the +140d Ha spectrum 9 were
produced 4.9 and 5.7 years before the explosion.

Using these observations, the properties of the CSM can be
constrained. The wind-density parameter is defined by M/Vesy =
2L/ V; ~» Where Vg is the CSM velocity, Vs is the ejecta veloc-

ity, L the luminosity, and M is the mass-loss rate. Using the bolo-
metric luminosity of the first wiggle at +154d of 1.3 x 10*} erg s~
and a mean velocity of 11000kms~! from the P-Cygni absorp-
tion, we calculated a wind-density parameter of 1.7x10'¢ g cm™".
Additionally, with the CSM velocity measured at +140d, we esti-
mate a mass-loss rate M ~ 0.08 M, yr~! in this scenario.

The light curve of ASASSN-13dn, shown in Fig. 2, dis-
plays notable features, including a secondary peak and bumps
at later times. In Sect. 3.1 we measure the slopes of the light
curve in different sections, finding a rapid decline immediately
after the peak, followed by an even steeper decay after the
secondary peak. The presence of CSM-ejecta interactions is
known to enhance early-time luminosity, resulting in a rapidly
declining light curve (Morozova et al. 2017). The irregularities,
particularly the wiggles observed post +128d, coincide with the
appearance of the P-Cygni absorption at 1100 kms~! in the Ha
emission, further reinforcing the signature of ejecta-CSM inter-
action.

Energy injection by the spin-down of a newly born magne-
tar (Kasen & Bildsten 2010; Woosley 2010) has been proposed
to explain the extreme luminosities of transients, particularly
H-poor SLSNe (Chatzopoulos et al. 2013; Nicholl et al. 2018;
Hsu et al. 2021). This scenario has been proposed for a few
hydrogen-rich SNe (iPTF14hls, Dessart 2018; OGLE-2014-SN-
073, Dessart & Audit 2018; Orellana et al. 2018) as well as more
normal SESNe (Rodriguez et al. 2024). In the case of ASASSN-
13dn, a delayed power injection from a magnetar may boost the
luminosity and explain the secondary peak.
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Such power sources can increase the continuum emission
without significantly affecting the spectral features, consistent
with the relatively little spectral evolution observed during this
phase. Likewise, interaction with a structured CSM—depending
on its geometry—can enhance the luminosity without altering the
spectral lines, as has been noted in other interacting transients.

The interaction between stars in a binary system has been
proposed to explain pre-peak luminosity bumps, double-peaked
light curves, and late-time wiggles (Dessart et al. 2024). A recent
example of a SN with late-time wiggles is SN 2022jli, a type
Ic SN whose light curve shows periodic undulations that might
be explained by the stripping of the outer envelope of a compan-
ion star (Chen et al. 2024; Cartier et al. 2024). This is in good
agreement with the periodic displacement of the peak emission
lines on the same timescale. Although the stripping of the outer
layers of a companion could form a complex CSM structure,
which can explain the different structures in the emission lines of
ASASSN-13dn, we cannot determine periodicity in the wiggles
of the light curve.

A mixture of several power sources is also a feasible sce-
nario. Zhu et al. (2024) propose a model in which a magnetar
formed in the SN can evaporate the outer layers of a companion
star. The heating of the outer envelope can produce post-peak
bumps and broaden the emission lines by accelerating the SN
ejecta. A similar scenario could explain the secondary peak, the
wiggles, and the high ejecta velocities observed in ASASSN-
13dn.

5. Summary and conclusions

ASASSN-13dn is a unique example of a double-peaked type
IT LSN. We present an analysis of this hydrogen-rich SN, whose
light curve exhibits a primary peak at My ~ —19 mag, placing
it within the category of LSNe. Approximately 45 days after
reaching peak luminosity, the brightness of the SN increases
by 0.6mag over a period of 30 days, reaching a secondary
peak at +73 days. Then, the light curve shows a decline at a
rate of ~4.4 mag per 100 days. Finally, two distinct wiggles are
observed in all bands from +125 days until the last detection.
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compared with the sample of type II LSNe from Pessi et al. (2023) and
the type II SN sample from Gutiérrez et al. (2017).

Although ASASSN-13dn falls into the broad-line type
IT LSN group, some of the spectroscopic and photometric fea-
tures differ from the sample shown by Pessi et al. (2023). Most
LSNe are characterized by a blue continuum at early epochs,
whereas the peak spectra of ASASSN-13dn are dominated by
strong hydrogen emission lines. This leads to a g—r colour at the
peak Iuminosity of ASASSN-13dn that is 0.4 mag redder than
the type II LSNe in the Pessi et al. (2023) sample. This might
indicate a problem with the phases calculated under the assump-
tion that the first detection is the peak luminosity. Spectroscopi-
cally, ASASSN-13dn shows broad hydrogen emission lines from
peak to +86d with measured FWHM velocities higher than
7000kms~!'. The P-Cygni trough velocity remains fairly con-
stant until +98d at ~11000km s~'. Finally, the P-Cygni trough
at 1100km s~! in the last three spectra seems to indicate that the
ejecta is interacting with a fast-moving CSM, probably produced
by eruptions of an LB V-like progenitor.
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Appendix A: Tables

Table A.1. ASASSN-13dn V-band photometry.

MID \Y
(days) (mag)

56632.10 15.97 £ 0.06
56638.07 15.99 + 0.06
56641.08 16.25 +0.10
56642.10 16.20 + 0.09
56644.08 16.08 +0.14
56649.04 16.24 + 0.13
56651.09 16.30 £ 0.09
56657.02 16.67 +0.09
56658.08 16.62 + 0.09

Table A.2. ASASSN-13dn secondary peak epochs, phases, and magnitude for individual gri bands.

Filter MID Phase m M
[days] [days] [mag] [mag]
g 56706.5 74428 1755+0.03 -17.36+0.03

r 56705.1 73.0+2.1 1694+0.02 -17.97+0.02
i 56703.2 71.1+26 17.04+0.04 -17.87 +0.04

Table A.3. Log of spectroscopic observations.

o

Date [UT] MJD Phase [d] (*) Instrument Resolution Range [A]
2013-12-16.97 56642.97 9 KOSMOS 2800 3805 - 9660
2013-12-18.99 56644.99 11 KOSMOS 2800 3805 - 9660
2014-01-14.03 56671.03 38 KOSMOS 2800 3805 - 9660
2014-01-29.78 56686.78 42 APO 800 3500 - 9800
2014-02-10.74 56698.74 64 APO 800 3500 - 9800
2014-02-28.87 56716.87 82 MODS 2000 3400 - 10000
2014-03-05.75 56721.75 86 APO 800 3500 - 9800
2014-03-17.88 56733.88 98 APO 800 3500 - 9800
2014-04-08.87 56755.87 120 APO 800 3500 - 9800
2014-04-2490 56771.90 135 APO 800 3500 - 9800
2014-04-29.69 56776.69 140 MODS 2000 3400 - 10000
2014-05-06.91 56783.91 147 APO 800 3500 - 9800
2014-06-05.68 56813.68 176 MODS 2000 3400 - 10000

Notes. *Phases are in rest frame and relative to the first detection. For simplicity, were truncated to the unit.
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Table A.4. ASASSN-13dn griz photometry from LT and the LCOGTN (extract).

Hueichapdn, E., et al.: A&A, 702, A47 (2025)

MID g r i z
(days) (mag) (mag) (mag) (mag)
56644.01 16.60 + 0.03 16.16 + 002 -— -—
56644.98 16.61 £ 0.02 16.19 + 002 16.24 + 002 —-—
56646.01 -—— 16.24 + 003 —— -——
56650.00 16.73 + 0.02 16.33 + 001 16.39 + 002 -——
56653.03 16.84 + 0.03 16.40 + 002 16.44 + 003 -—
56654.00 16.87 + 0.02 16.41 + 002 16.45 + 003 —-—
56657.00 17.04 £ 0.02 16.56 + 002 16.60 + 003 -——
56661.03 17.27 £ 0.05 16.78 + 002 16.82 + 004 -——
56664.95 17.48 + 0.03 16.94 + 003 17.05 + 004 ——
56672.95 17.86 + 0.05 17.36 + 004 17.42 + 007 —-—
56677.03 18.05 + 0.05 17.45 + 004 17.56 + 007 -——
56678.93 18.09 £ 0.05 17.57 + 004 17.63 + 007 -——
56689.90 17.90 + 0.05 17.13 + 003 17.24 + 006 -—
56692.86 17.82 +0.04 17.10 + 003 17.20 + 005 —-—
56693.86 17.68 + 0.05 17.02 + 006 17.11 + 006 -——
56696.77 17.68 + 0.05 17.00 + 004 17.07 + 006 -——
56697.81 17.68 + 0.04 17.02 + 003 17.04 + 004 —-—
56701.73 17.56 + 0.07 17.00 + 006 17.07 £ 008 -——
56704.73 17.57 £ 0.05 16.90 + 003 17.03 + 005 -
56706.90 17.57 £ 0.04 16.96 + 002 17.02 + 004 -——
56710.63 17.54 £ 0.01 16.96 + 000 17.09 + 001 17.04 + 001
56712.63 17.56 £ 0.01 16.99 + 001 17.11 + 001 17.07 + 001
56715.63 17.61 + 0.02 17.03 + 002 17.18 + 002 17.09 + 002
56717.66 17.66 + 0.01 17.09 + 001 17.25 + 001 17.18 + 001
56719.71 17.77 £ 0.08 17.19 + 004 17.49 + 015 —-—
56720.59 17.80 £ 0.01 17.22 £ 001 17.41 + 001 17.32 + 001
56722.54 17.89 + 0.01 17.34 + 001 17.55 + 001 17.47 + 001
56724.46 18.03 £ 0.01 17.48 + 001 17.73 +£ 001 ——
56728.53 18.44 £ 0.02 17.86 + 001 18.16 + 001 18.02 + 002
56729.47 18.53 +0.02 17.95 + 001 18.29 + 001 18.15 + 002
56730.42 —-— 18.19 + 006 18.37 + 008 18.20 + 010
56731.45 18.69 + 0.05 18.17 £ 013 18.38 £ 016 ——
56732.42 -- 18.34 + 003 18.60 + 003 18.49 + 004
56733.41 19.00 + 0.05 18.47 + 003 -—— 18.55 + 003
56734.43 19.14 + 0.04 - 18.87 + 003 -
56735.41 19.28 + 0.04 18.63 + 002 19.00 + 003 18.85 + 003
56736.44 19.36 + 0.02 18.78 + 001 19.09 + 002 18.98 + 003
56737.41 19.46 + 0.01 18.87 + 001 19.17 + 002 19.07 + 004
56740.50 19.82 £ 0.02 19.22 £ 001 19.56 + 002 19.39 + 002
56741.41 19.88 + 0.04 19.29 + 003 19.70 + 006 19.69 + 011
56742.41 -- 19.36 + 004 19.77 + 007 19.55 £ 010
56744.50 20.25 £ 0.03 19.59 + 002 19.93 + 004 19.77 + 005
56751.54 20.78 + 0.03 20.12 + 002 20.44 + 004 20.25 + 006
56752.51 20.97 £ 0.03 20.18 + 002 20.51 + 004 20.28 + 006
56753.53 21.07 £ 0.04 20.21 + 002 20.52 + 004 20.43 + 006
56754.52 21.14 £ 0.05 20.38 + 003 20.63 + 004 20.57 + 006
56755.52 21.08 £ 0.09 20.31 £ 004 20.66 + 007 20.56 + 012
56756.49 21.10 £ 0.12 20.36 + 007 20.74 £ 011 20.57 £ 013
56761.58 21.52 £0.20 21.04 £ 013 20.88 + 009 21.17 £ 016
56762.43 -— 20.56 £ 012 21.08 + 017 20.81 + 014
56763.44 21.08 + 0.19 —-— —-— —-—
56768.56 - 21.00 + 013 20.94 + 020 -
56769.47 21.82 £ 0.07 20.97 + 003 21.18 + 006 21.31 £ 012
56775.53 22.09 £ 0.10 20.96 + 006 21.05 + 008 20.92 £ 013
56779.52 —— 20.82 + 004 20.86 + 006 21.01 £ 013
56783.49 21.44 £ 0.06 20.60 + 003 20.70 + 006 20.66 + 009
56790.49 21.18 £ 0.13 20.27 + 006 20.54 + 007 20.52 £ 014
56794.48 21.45 £ 0.07 20.49 + 003 20.80 + 005 20.61 £ 010
56798.47 21.59 £ 0.03 -—— 20.93 + 003 20.93 + 007
56806.45 21.90 + 0.07 20.85 + 004 20.78 + 006 20.60 + 017
56814.43 21.37 £ 0.04 20.69 + 002 20.69 + 003 20.64 + 009

Notes. The complete table is available at the CDS.
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