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Abstract

Superluminous supernovae (SLSNe) and luminous supernovae (LSNe) exhibit
extreme luminosities, which require additional energy supply mechanisms such
as central engines or circumstellar interaction. In the central-engine scenario,
jets inject energy into the polar ejecta, modifying its evolution and shaping the
explosion geometry. This study investigates the polarization signatures of jet-
driven bipolar explosions in SLSNe/LSNe, where the asymmetric ejecta struc-
ture and differential photospheric evolution imprint distinct observational fea-
tures. We develop a two-component ejecta model, consisting of fast-expanding
polar ejecta (powered by jets) and slower equatorial ejecta. We find that po-
larization exhibits complex temporal evolution, where the ejecta geometry and
flux asymmetry between the two regions jointly produce a double-peaked fea-
ture. In addition, the line opacity in the polar region further enhances the
wavelength dependence of the polarization. Spectropolarimetric observations,
particularly during early phases, can constrain the geometry and energy sources
of SLSNe/LSNe, advancing our understanding of their explosion mechanisms.
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Abstract

Superluminous supernovae (SLSNe) and luminous supernovae (LSNe) exhibit
extreme luminosities that require additional energy supply mechanisms such as
central engines or circumstellar interaction. In the central-engine scenario, jets
inject energy into the polar ejecta, modifying its evolution and shaping the explo-
sion geometry. This study investigates the polarization signatures of jet-driven
bipolar explosions in SLSNe/LSNe, where the asymmetric ejecta structure and
differential photospheric evolution imprint distinct observational features. We
develop a two-component ejecta model, consisting of fast-expanding polar ejecta
(powered by jets) and slower equatorial ejecta. We find that polarization exhibits
complex temporal evolution, where the ejecta geometry and flux asymmetry be-
tween the two regions jointly produce a double-peaked feature. In addition, the
line opacity in the polar region further enhances the wavelength dependence of
polarization. Spectropolarimetric observations, particularly during early phases,
can constrain the geometry and energy sources of SLSNe/LSNe, advancing our
understanding of their explosion mechanisms.
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1. Introduction

Optical surveys have identified a growing population of exceptionally luminous
transients, classified as superluminous supernovae (SLSNe) with peak r-band
magnitudes of M_r < —20 and luminous supernovae (LSNe) with M_r = —19
to —20 (Gomez et al. 2022). These events, which are significantly brighter than
ordinary core-collapse supernovae (CCSNe), exhibit unique observational char-
acteristics that challenge CCSN models. The extreme luminosities and rapid
optical evolution of SLSNe and LSNe require far more radioactive *Ni than pre-
dicted by CCSN models, suggesting the existence of an additional energy supply
mechanism (Nicholl et al. 2013). This has stimulated further exploration of the
underlying astrophysical processes.

There are two primary channels commonly invoked to explain the observed
lightcurves of SLSNe. The first involves the interaction of supernova ejecta with
a dense circumstellar medium (Ginzburg & Balberg 2012). The thermalized
shock energy is effectively trapped due to the high optical depth of the medium,
and is eventually released through radiative diffusion, producing the observed
extreme luminosity (Smith & McCray 2007; Woosley et al. 2007; Chevalier &
Trwin 2011; Moriya et al. 2011). The second channel posits that the ejecta from
a standard supernova explosion is continuously reheated by energy injection
from a long-lived central engine. This engine could be a rapidly rotating, highly
magnetized neutron star (Kasen & Bildsten 2010; Woosley 2010) or an accreting
black hole (Dexter & Kasen 2013). Both mechanisms provide plausible explana-
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tions for the extreme brightness and prolonged emission observed in SLSNe (Liu
et al. 2017; Nicholl et al. 2017; Yu et al. 2017). Some SLSNe exhibit character-
istics of both interaction-driven and central-engine-powered mechanisms (Wang
et al. 2016), though the exact nature of the energy source remains an active area
of investigation. In the latter scenario, some studies suggest that formation of
the central engine likely involves the launch of jets during the explosion, and in
some cases, these jets may also be emitted post-explosion, potentially carrying
significant additional energy (Soker 2016, 2017; Kaplan & Soker 2020a).

Jets can significantly alter the geometry of the ejecta, as evidenced by observa-
tions of bipolar protrusions (“Ears”) in images of certain CCSNe, as well as by
the detection of polarization in some CCSN events (Wang et al. 2001; Maund
et al. 2007; Milisavljevic et al. 2013; Inserra et al. 2016; Mauerhan et al. 2017).
Kaplan & Soker (2020a) developed a toy model of jet-driven bipolar ejecta,
demonstrating that the rapid evolution of the photosphere in the polar regions
can lead to a sharp decline in the lightcurve or, in some cases, the formation of
a distinct “knee” feature. This model provides a plausible explanation for the
observed rapid lightcurve evolution in SLSN 2020wnt and LSN 2018don (Ka-
plan & Soker 2020b; Soker 2022). Polarimetry provides a powerful diagnostic
of the SN explosion geometry (Shapiro & Sutherland 1982; Hoflich 1991; Kasen
et al. 2003; Wang & Wheeler 2008). Jet-driven bipolar ejecta exhibit faster evo-
lution in the polar regions compared to the slower-evolving equatorial ejecta.
This two-component radiation would produce an observable polarization signal
that is dependent on the viewing angle and the distribution of the emitting
zone on the photosphere (Wen et al. 2023). In this study, we construct a toy
model of a bipolar explosion (Section 2) and subsequently estimate the result-
ing lightcurves and polarization signatures (Section 3). In our conclusion, we
discuss how polarization can serve as a powerful diagnostic tool for identifying
bipolar explosions.

2.1. Luminosity

We follow the toy model proposed by Kaplan & Soker (2020a), which assumes
that jets enhance the energy of the polar ejecta. We simplify the ejecta by divid-
ing it into two distinct regions, both expanding as part of a spherical explosion
but with different energies. The polar ejecta, characterized by a half-opening
angle of , (measured from the symmetry axis), can be treated as a portion of
a spherical explosion with mass M_ {ej} = 13M__, which carries a very high
explosion energy E_ {po}. The mass and energy of the polar ejecta are treated
as independent parameters respectively. The expanding equatorial ejecta can
also be seen as part of a spherical explosion with mass M_ {ej}, but with a
relatively low explosion energy E_ {eq}. The mass and energy of the equatorial
ejecta are similarly treated as independent parameters respectively.

The ejecta density profiles in the two regions follow a spherical explosion with
energy E_{ej} and mass M_ {ej}. Following Matzner & McKee (1999), we
adopt a broken power law to describe the radial density profile of the SN ejecta,
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i.e.,

1 M, -
(r,t) = 4 D e (dr)  forr> Ry,
Psn\T, 1 M., ( r ) for r < R,,

where the transition radius R_ {tr} of the ejecta is expressed as

R, = [3(34;(?(_71”—) 3)] 13 ( M, )1/3

pcore

The coefficients can be obtained from the normalized continuity condition,
namely

/ Amr2pgy (r t)dr = M,;
0

For a red supergiant progenitor, the typical values of the density power indices
are § = 1, n = 12 (Matzner & McKee 1999). The radius of the photosphere
R_ {ph} satisfies

1

2
R, =2 -
! kpsn (R, t)

Since the polar ejecta has higher energy and lower density, the polar photosphere
initially expands more rapidly and then begins to recede more quickly than the
equatorial photosphere.

After the progenitor star experiences an explosion, a rapidly rotating magnetar
is formed. This magnetar loses rotational energy through a magnetic dipole
spin-down process and has a luminosity of

_ Lmag,i

Enedl) = T 7

where the initial luminosity is

rot,i
Lmag,i - t
sd

and the spin-down timescale is

373
ta = pogeqe
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where B, I, R are the polar magnetic field, the moment of inertia, and the radius
of the magnetar. For ejecta in the polar region, we calculate the luminosity
produced from magnetar heating by the standard SN diffusion equation that
includes the effects of gamma-ray leakage

2 t ’
L (t)ZELRph»po / Limag(t') et /ta po g’
po 3 Kpo tﬁwo b Lt/ 0

where gamma-ray leakage and _ «y,po is the effective gamma-ray opacity for the
polar ejecta (Arnett 1982). The effective diffusion time is

¢ _ 2'€poMej,poRph,po
d.po 13.8v,,c

accounts ej,po where _ {po} is the opacity of the polar ejecta, § = 13.8 is a
constant for the density distribution of the ejecta, v_ {po} is the velocity of the
polar ejecta (Nicholl et al. 2017). Similar to Equation (8), the lightcurve from
the equatorial direction can be written as

2 t ’
L., (t) = R / Lnag®) it t4.c0 g
eq 3 Keg tﬁ,eq h 1+ t/td,eq

The effective diffusion timescales in Equation (10) have the same expression
as in Equation (8), and only require replacing _ {po}, M_{ej}, v_{po} with
the opacity of the equatorial ejecta _ {eq}, M_{ej} and the velocity of the
equatorial ejecta v__{eq}.

Research in Astronomy and Astrophysics, 25:065016 (7pp), 2025 June Wen,
Peng, & Gao Table 1 Elemental Abundances

2.2. Polarization

We performed three-dimensional calculations of the polarization evolution us-
ing a Monte Carlo polarization simulation code (Wen et al. 2023). Each photon
packet carries polarization information which can be described by a useful con-
vention, namely the Stokes vector S = (I, Q, U, V), where I gives the total
intensity, Q and U describe the linear polarization, and V specifies the state of
circular polarization.

Since the signal of the V component has not yet been observed, implying that
the projectile does not have a strong magnetic field (Kasen et al. 2003), we
ignore the V component in our calculations in this paper. The polarization
degree (P) and the position angle ( ) can then be given in terms of the Stokes
parameters, namely
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For the sake of convenience, for the case of the orthogonal components of U,
which is balanced in the projection plane along the line-of-sight to the observer,
the polarization degree can be simplified to P = Q/I.

Unpolarized photon packets are emitted from the photosphere with random
propagation directions and propagate through the medium. Following the pre-
scriptions in previous studies (e.g., Mazzali & Lucy 1993; Code & Whitney 1995;
Lucy 1999; Kasen et al. 2003; Whitney 2011; Bulla et al. 2015), photon packets
with zero polarization were prepared at the emitting layer, whose initial trav-
eling directions were set randomly. For a photon packet traveling through the
medium, a certain probability of electron scattering is assigned. When electron
scattering occurs, the polarization state and the direction of propagation of the
photon packet after being scattered will be calculated, following which the pho-
ton packet continues to propagate in the new direction. The line interaction will
have a depolarizing effect on the photon packet. We set the electron scattering
opacity in the two ejecta regions to be = 0.1 cm? g~! and estimate the line
opacity distribution from the TARDIS radiative transfer code (Kerzendorf &
Sim 2014). We used the composition of ejected material proposed by Mazzali et
al. (2016) as shown in Table 1. We destroy the photon packages that enter the
interior of the photosphere. For photon packets in the computational domain
outside the photosphere, we treat them as free to propagate in two regions. The
observer frame was set at 100 Mpc from the SN center. The final collection of
the photon packets is carried out within each 1° x 180° latitudinal bin.

3. Results

In the case of a central energy source with isotropic radiation, the evolution of
the luminosity mainly depends on the dynamics of the two ejecta, which in turn
depends on the mass and energy of each region of the ejecta, as well as on the
half-opening angle that divides the two ejecta regions. To facilitate comparison
with observed SLSN (SN 2015bn), we adopt a parameter set consistent with
SN 2015bn observational data (Inserra et al. 2016): E_{po} = 5 x 10°2 erg,
E_{eq} =5 x 10°! erg, , = 35°, R = 10% cm, I = 10*® g cm?, B = 0.2 x 104
G, and the rotation period of the magnetar P {mag} = 1.7 ms.

Figure 1 [Figure 1: see original paper] illustrates the dynamical evolution of the
photosphere. Initially, the ejecta in the polar region expanded outwards more
rapidly than the ejecta in the equatorial region. Subsequently, because of its
higher kinetic energy, the polar photosphere began to recede earlier than the
equatorial photosphere. This differential evolution continued until about 180
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days after the explosion, when the polar photosphere receded inwards to within
the radius of the equatorial photosphere.

Each of the two regions produces different luminosity levels. The evolution of
the luminosity of each region is shown in Figure 2 [Figure 2: see original paper].
The rapid evolution of the polar region ejecta results in a rapid early reduction
and a steep post-peak drop of the luminosity. The total luminosity (L_{eq} +
L_{po}) of the two regions has a weak enhancement compared to the luminosity
produced from the equatorial region (L_{eq}) before the peak. The observed
lightcurve is strongly dependent on the viewing angle (_{los}, 0° from the
north pole) as shown in Figure 3 [Figure 3: see original paper|. A higher peak
level will be observed from the equatorial direction due to the larger projection
area of the two regions than that observed from _ {los} = 0°. The lightcurve
along the  {los} = 0° viewing direction exhibits a “shoulder” or plateau feature
before the peak of its time evolution. The “shoulder” is primarily dominated
by the rapidly brightening photosphere from the polar regions, where the large
expansion area of the polar photosphere partially obscures the equatorial region,
resulting in only a fractional luminosity contribution from the latter. As the
polar photosphere expansion velocity and its luminosity decline, the dominant
radiative contribution shifts toward the redder spectral bands. Around 100
days, continued expansion of the photosphere and increased luminosity in the
equatorial region provide an additional contribution to the flux, leading to the
peak. The spectra of the two regions are predominantly distributed at the blue
end of the spectrum during the lightcurve peak, until the spectra start to evolve
toward the red end after 150 days (shown in Figure 4 [Figure 4: see original

paper]).

The level of polarization strongly depends on the viewing angle, the luminos-
ity levels of the two regions, and the geometry of the ejecta. In contrast to
the lightcurve, polarization exhibits a very rich variation in the time evolution
from the beginning (as shown in Figure 5 [Figure 5: see original paper]). At
early times, the rapidly expanding polar ejecta makes the whole ejecta geom-
etry exhibit a bipolar-long equatorial-narrow shape. During this phase, there
is no significant flux asymmetry between the two regions, so this polarization
is mainly due to geometric effects. When the polar region luminosity reaches
its peak, a significant flux asymmetry between the two regions leads to a de-
crease in polarization. The rapid decrease in luminosity in the polar region is
accompanied by a corresponding significant increase in polarization. During
this phase, while the global ejecta geometry remains largely unchanged, the
relative luminosity contribution shifts substantially as the polar regions fade
and the equatorial emission brightens, ultimately causing the equatorial compo-
nent to dominate both the polarization level and its sign. After the luminosity
peak in the equatorial region (about day 100), the luminosity and temperature
differences between the two regions do not increase, and the radiative flux is
mainly contributed by the equatorial region. At this point, the polarization
level evolves in the direction of a positive sign due to the flux from the equato-
rial region. As the polar region photosphere recedes, the geometry of the whole
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ejecta gradually changes to a bipolar concave equatorial oblate shape, at which
point the polarization starts to be dominated by the geometry and is maximal
in the direction of _ {los} = 90°. As the equatorial photosphere continues to
expand, the level of polarization gradually begins to increase.

The polarization level is significantly dependent on the viewing angle. As shown
in Figure 5 [Figure 5: see original paper]|, the polarization level tends to be
minimum with _ {los} = 0° and reaches a maximum in the equatorial direction.
This is due to the fact that under the axisymmetric assumption, the geometry of
the ejecta gradually converges to a symmetric disk shape when viewed from the
polar direction, which causes the polarization vectors in each direction to cancel
each other out, eventually resulting in no significant net polarization. Therefore,
a significant geometry in the equatorial direction leads to a net polarization and
reflects an upper limit of the polarization level.

Line opacity depends on wavelength, which can affect the dependence of polar-
ization with wavelength to some extent. We used TARDIS to calculate the value
of the Sobolev optical depth for each transition in each region, and used this to
calculate a table of wavelength-dependent expansion opacities. For instance, the
opacity of the layer near the photosphere on day 75 is shown in Figures 6 and 7
[Figure 6: see original paper| [Figure 7: see original paper]. In our calculations,
we use a polynomial fit to the line opacity distribution to represent the pseudo-
continuous absorption component. The polar region ejecta has the same level of
opacity at the blue end of the spectrum as electron scattering. The opacity of
equatorial ejecta has a weak wavelength dependence in the visible wavelength
band. Under the effect of line opacity depolarization, the polarization exhibits a
wavelength dependence (shown in Figure 8 [Figure 8: see original paper]). The
blue end of the spectrum is affected by the higher line opacity from the polar
region, resulting in a decrease in polarization level. The red end of the spec-
trum is weakly affected by depolarization and produces a higher polarization
degree from the geometry. However, wavelength dependence has an additional
contribution from the flux difference between the two regions in addition to the
effect of line absorption. The low-temperature polar photosphere contributes
polarized photons mainly to longer wavelength bands, while more polarized pho-
ton energy in the equatorial region is distributed at shorter wavelengths. We
compute the wavelength-dependent polarization distribution governed by both
photospheric geometry (P_ {geo}) and flux asymmetry (P_ {flux}) between the
two regions (red curve in Figure 8 [Figure 8: see original paper]|). The blue
curve in Figure 8, representing purely geometry-induced polarization, demon-
strates significant blue-band depolarization caused by line absorption, while
maintaining nearly constant polarization level across 5000-9000 A. We shift the
blue line in Figure 8 to the red line for comparison (as shown by the green curve
in the figure), and we find that the flux asymmetry between the two regions
introduces an additional polarization component, leading to an increase in the
net polarization in the blue band.
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4. Conclusions

This study explores the polarization signatures of SLSNe and LSNe arising from
bipolar ejecta driven by a central engine. By constructing a toy model that
divides the ejecta into distinct polar and equatorial regions with differing ener-
gies, we simulate the dynamical evolution of the photosphere, lightcurve behav-
ior, and polarization characteristics. The polar ejecta, characterized by higher
energy, exhibit rapid expansion and early recession compared to the slower-
evolving equatorial ejecta. This differential evolution leads to a photospheric
geometry that transitions from an initially prolate to an oblate structure, im-
printing unique signatures on the observed lightcurves and polarizations. The
total luminosity displays a mild post-peak decline compared to a spherical explo-
sion, with viewing-angle-dependent features such as “shoulder” or plateau-like
lightcurves when observed along the polar axis. Polarization serves as a power-
ful diagnostic of the ejecta geometry, revealing complex temporal evolution tied
to the changing luminosity contributions and photospheric shapes.

During the phase when polar radiation dominates, the early peaks of polariza-
tion come from the geometry of the polar bulges. Subsequently, as the equatorial
radiation flux increases and the polar radiation flux decreases, the overall polar-
ization level begins to decrease. As the relatively faint photosphere in the polar
regions continues to expand, a secondary polarization enhancement occurs. The
wavelength-dependent polarization arises from line opacity variations between
the polar and equatorial regions, exhibiting strongest depolarization in the blue
band—a finding consistent with the polarization interpretation by Inserra et
al. (2016). Furthermore, the flux asymmetry between these regions generates
an additional polarization component. These findings highlight how spectropo-
larimetry can disentangle the geometric and radiative contributions to SLSNe
emission, providing critical constraints on central engine models and jet-driven
explosions.

Such polarization signatures become particularly discriminative when compar-
ing different energy injection scenarios. Comparative analysis of polarization
characteristics reveals a fundamental distinction between jet-driven and
companion-fed SLSNe models (Gao et al. 2020). In the companion-fed scenario,
where a black hole or neutron star injects energy through accretion feedback,
it produces polarization peaks that are temporally coupled with either the
lightcurve maximum or plateau phase—a direct consequence of the accretion
processes. This characteristic timing behavior provides a clear observational
discriminant from the polarization evolution predicted by jet-driven models.
These results underscore the importance of polarization observations in
distinguishing between competing energy sources for powering SLSNe. Future
high-cadence polarimetric campaigns, particularly during the early phases
of SLSN lightcurves, will be essential for testing the predicted signatures of
bipolar ejecta. Additionally, advancements in radiative transfer modeling,
incorporating more detailed treatments of line opacity and 3D ejecta structures,
will refine the interpretation of polarization data. By further combining these
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tools with multi-wavelength observations, we can advance our understanding
of the extreme physics governing SLSNe and their role in stellar evolution.
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