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ABSTRACT

The effects of the interaction between Type Ia supernova ejecta and their circumstellar wind on the photometric properties
of Type Ia supernovae are investigated. We assume that a hydrogen-rich, dense, and extended circumstellar matter (CSM) is
formed by the steady mass-loss of their progenitor systems. The CSM density is assumed to be proportional to 7~2. When the
mass-loss rate is above 10™* Mg yr~! with a wind velocity of 100 kms~!, CSM interaction results in an early flux excess in
optical light curves within 4 d of explosion. In these cases, the optical colour quickly evolves to the blue. The ultraviolet flux
below 3000 A is found to have a persistent flux excess compared to Type Ia supernovae as long as CSM interaction continues.
Type Ia supernovae with progenitor mass-loss rates between 10~* and 1073 M, yr~!' may not have a CSM that is dense enough
to affect spectra to make them Type la CSM, but they may still result in Type Ia supernovae with an early optical flux excess.
Because they have a persistent ultraviolet flux excess, ultraviolet light curves around the luminosity peak would be significantly

different from those with a low-density CSM.

Key words: circumstellar matter — supernovae: general.

1 INTRODUCTION

Type Ia supernovae (SNe Ia) are thermonuclear explosions of white
dwarfs (e.g. Nugent et al. 2011; Bloom et al. 2012). The evolutionary
path leading to white dwarf explosions is a long-standing issue in
astrophysics (see e.g. Maeda & Terada 2016; Livio & Mazzali 2018;
Wang 2018; Soker 2019, for recent reviews). Two major paths have
been proposed. One is a so-called single-degenerate channel in which
a white dwarf gains its mass through the accretion from a non-
degenerate companion star (e.g. Nomoto 1982). The other path is a
‘double-degenerate’ channel in which coalescence of binary white
dwarfs leads to a thermonuclear explosion (e.g. Iben & Tutukov
1984; Webbink 1984).

The two channels predict different properties of circumstellar
matter (CSM) around SNe Ia. In the case of the single-degenerate
channel, mass transfer from a non-degenerate star to a white dwarf
can lead to mass-loss (e.g. Chomiuk et al. 2012; Moriya et al. 2019,
and references therein). Thus, single-degenerate systems can lead to
the formation of an extended dense hydrogen-rich or helium CSM
(e.g. Dragulin & Hoeflich 2016). However, the double-degenerate
channel involves two white dwarfs. Therefore, no significant mass-
loss forming a dense extended CSM is expected from such a system
before the explosion. Observationally, a fraction of SNe Ia show clear
signatures of interaction between the SN Ia ejecta and an extended
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dense hydrogen-rich or helium CSM in their optical light curves and
spectra (e.g. Hamuy et al. 2003; Dilday et al. 2012; Silverman et al.
2013; Kool et al. 2022; Sharma et al. 2023), and they are likely
related to the single-degenerate channel. It is also possible that SN Ia
signatures are often hidden in the interaction features and a certain
fraction of interacting SNe are linked to SNe Ia (e.g. Leloudas et al.
2015; Jerkstrand, Maeda & Kawabata 2020). The fact that some SNe
Ia tend to appear in star-forming regions also suggests importance of
large mass-loss in their progenitor systems and implies the existence
of dense CSM around SNe Ia (e.g. Bartunov, Tsvetkov & Filimonova
1994; Anderson et al. 2015; Hakobyan et al. 2016; Pavlyuk &
Tsvetkov 2016).

Several observational features have been linked to the possible
presence of hydrogen-rich dense CSM around SNe la. For example,
strong calcium absorption observed in early spectra of SNe Ia has
been related to the existence of hydrogen-rich CSM (e.g. Gerardy
et al. 2004; Mazzali et al. 2005a, b; Tanaka et al. 2008). Some
SNe Ia also show hydrogen emission lines at late phases that could
be excited by CSM interaction (e.g. Kollmeier et al. 2019; Vallely
et al. 2019; Prieto et al. 2020; Elias-Rosa et al. 2021). In addition,
narrow, blueshifted sodium absorption lines detected in SNe Ia are
suggested to indicate the existence of extended CSM around their
progenitors (e.g. Patat et al. 2007; Maguire et al. 2013). The density of
extended CSM around SN Ia progenitor systems can also be probed
by radio and X-ray observations of SNe la. However, no radio and
X-ray emission from SNe Ia has been observed (e.g. Chomiuk et al.
2012, 2016; Margutti et al. 2012, 2014; Russell & Immler 2012;
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Pérez-Torres et al. 2014; Harris, Nugent & Kasen 2016; Harris
et al. 2018; Lundqvist et al. 2020; Harris, Chomiuk & Nugent 2021;
Dwarkadas 2022) except for SN 2020eyj (Kool et al. 2022)." The
lack of radio and X-ray detection indicates that the CSM density
around SNe Ia is generally not as high as that predicted by the
single-degenerate channel, but it is important to note that the inferred
CSM density depends on uncertain physics determining the emission
properties (e.g. Chomiuk et al. 2016). It is also possible that there
is a delay between the accretion phase and explosion in the single-
degenerate channel (e.g. Di Stefano, Voss & Claeys 2011; Justham
2011).

In addition to the aforementioned CSM signatures, early emission
from SNe Ia is suggested to contain information on progenitor
systems of SNe Ia. Recent early SN Ia observations are starting to
reveal that some SNe Ia have excess optical emission within several
days after the explosions (e.g. Goobar et al. 2014; Cao et al. 2015;
Marion et al. 2016; Hosseinzadeh et al. 2017, 2022; Jiang et al. 2017,
2018, 2020, 2021; Miller et al. 2018, 2020; Dimitriadis et al. 2019;
Li et al. 2019; Shappee et al. 2019; Burke et al. 2021; Tucker et al.
2021; Ashall et al. 2022; Ni et al. 2022; Sai et al. 2022; Srivastav
et al. 2022; Lim et al. 2023). The fraction of SNe Ia showing early
excess emission is estimated to be ~20—30 per cent (e.g. Deckers
et al. 2022; Magee et al. 2022). Early excess emission was originally
suggested to be caused by the impact of the SN ejecta on a non-
degenerate companion star in the progenitor system, and therefore
to constitute evidence in favour of the single-degenerate channel
(e.g. Kasen 2010; Maeda, Kutsuna & Shigeyama 2014; Kutsuna &
Shigeyama 2015; Liu, Moriya & Stancliffe 2015). Other mechanisms
have been proposed to cause early excess emission, such as mixing
of 3Ni to outer layers (e.g. Piro & Morozova 2016; Noebauer et al.
2017; Maeda et al. 2018; Polin, Nugent & Kasen 2019; Magee &
Maguire 2020; Magee et al. 2021), Doppler line shifts (Ashall et al.
2022), and existence of carbon- and oxygen-rich envelope around
white dwarfs (e.g. Ashall et al. 2021; Maeda et al. 2023). In addition
to the excess emission, early colour evolution is found to have
diversity in SNe Ia (e.g. Stritzinger et al. 2018; Bulla et al. 2020;
Burke et al. 2022).

Another possible way to produce early excess emission is the
interaction between the SN ejecta and a locally produced CSM.
Interaction between SN ejecta and a confined, dense CSM composed
mostly of carbon and oxygen has been suggested to cause early excess
emission in SNe Ia (e.g. Dessart et al. 2014a; Levanon, Soker &
Garcia-Berro 2015; Kromer et al. 2016; Piro & Morozova 2016;
Levanon & Soker 2017, 2019). This type of CSM is expected to
form during the merger of two white dwarfs in the double-degenerate
channel (e.g. Hachinger et al. 2012; Schwab et al. 2012; Shen et al.
2012; Pakmor et al. 2013; Tanikawa et al. 2015). However, in the
case of the single-degenerate channel, extended hydrogen-rich CSM
formed by the mass-loss from progenitor systems is expected to
exist as discussed earlier. In this study, we investigate how the early
emission properties of SNe Ia are affected by the interaction between
SN ejecta and such an extended hydrogen-rich CSM.

The rest of the paper is organized as follows. We first show
our numerical modelling set-ups and the initial conditions of our
numerical simulations in Section 2. We summarize our results in
Section 3. We discuss our results in Section 4 and conclude this
paper in Section 5.

There is a controversial case of SN 2005ke (Immler et al. 2006; Hughes
et al. 2007). SN 2012ca was detected in X-rays (Bochenek et al. 2018), but it
may not be a SN Ia (Inserra et al. 2016).
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2 METHODS

2.1 Numerical modelling

The interaction between SN ejecta and CSM involves the conversion
of kinetic energy of SN ejecta to radiation. Thus, it is necessary to
treat hydrodynamics and radiation transfer, as well as their mutual
effects, simultaneously. We use the one-dimensional multifrequency
radiation hydrodynamics code STELLA (Blinnikov et al. 1998, 2000,
2006) to investigate the consequences of the interaction between SN
ejecta and CSM in SNe Ia. STELLA has been used for light-curve
modelling of SNe Ia (e.g. Blinnikov et al. 2006; Woosley et al. 2007;
Kamiya et al. 2012; Noebauer et al. 2017), including the interaction
between SN Ia ejecta and a confined, dense carbon—oxygen CSM
(Noebauer et al. 2016). In short, STELLA numerically treats the
hydrodynamic equations coupled with radiation, and implicitly
solves the time-dependent equations of the angular moments of the
radiation intensity averaged over a frequency bin by using the variable
Eddington method. STELLA calculates spectral energy distributions
(SEDs) at each time-step. Multicolour light curves can be obtained
by convolving filter functions with the SEDs. The standard 100
frequency bins in the SED calculations, i.e. from 1 to 5 x 10* A
on a log scale, are adopted in this study. STELLA assumes spherical
symmetry in calculating hydrodynamic and radiation properties.
Although SNe Ia and their CSM may not be spherical (e.g. Liu
et al. 2017), our assumption of spherical symmetry would be good
enough to obtain the overall properties of CSM interaction features
in SNe Ia (cf. Cikota et al. 2019).

2.2 Initial conditions

We take the hydrodynamic structure of the W7 model in Nomoto,
Thielemann & Yokoi (1984) and Thielemann, Nomoto & Yokoi
(1986) to represent the SN Ia ejecta. The W7 model is a carbon
fast deflagration explosion model of a white dwarf. The W7 model is
known to explain the overall properties of SNe Ia (e.g. Nugent et al.
1997; Tanaka et al. 2011), although its nucleosynthesis is known
to have some issues (e.g. Iwamoto et al. 1999). Because in the W7
model, the SN ejecta properties and the 3*Ni mass, which are the most
influential photometric properties of SNe, are overall consistent with
SN Ia observations (e.g. Stehle et al. 2005; Mazzali et al. 2008), it is
reasonable to adopt it to investigate the effects of CSM interaction
in SN Ia photometric properties.

Before colliding on the CSM, the SN Ia ejecta are assumed to
expand homologously for 2 x 10* s ~ 0.2 d when the outermost
layers reach 4 x 10'* cm. Because the most extended companion
stars in SN Ia progenitor systems are likely red giants having radii of
~10 cm (e.g. Hachisu, Kato & Nomoto 1996), the CSM interaction
may actually start earlier. Still, the collision time is small compared
to the time-scales of significant changes in photospheric properties.
These occur on a time-scale of several days, as shown below, such
that the assumed collision radius is reasonable.

The CSM structure is attached to the SN ejecta at 4 x 10'3 cm and
extends above. If we assume that the progenitor system experienced
steady mass-loss, the CSM density can be expressed as

M
2
47T Vying

pcsm = (D
where M is the mass-loss rate, vyiyg is the wind velocity, and r is
the radius. The CSM density, which is the most influential parameter
in CSM interaction, is determined by M/vcsy. In this paper, we
assume vying = 100 kms~! and vary M to investigate the effects
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Figure 1. Initial density structure in our light-curve calculations. The CSM
with pcsm o 72 is attached on top of the W7 density structure at4 x 1013 cm.
The mass-loss rate of each model, as well as the mass in each CSM, is shown
in the figure. We assume a wind velocity of 100 kms™!

of the interaction between SN Ia ejecta and CSM. Our results are
not significantly affected by the wind velocity as long as this is
smaller than the typical SN Ia ejecta velocity that is much larger than
1000 km s~!. Wind velocities of SN Ia progenitors are expected to be
~10—1000 kms~! (e.g. Chomiuk et al. 2016). The CSM extends to
10'® cm in our standard models, so that the interaction continues
through the peak of the light curve. The choice of CSM radius
does not affect our conclusions as long as the radius is sufficiently
large, as discussed below. We also show some models with different
CSM radii. The CSM is assumed to have solar composition. The
exact composition, however, does not affect our results because the
emission properties are mostly determined by the hydrodynamics.
Fig. 1 shows the initial density structure of our standard models. Our
models cover from M = 107 to 1073 Mg yr~".

The major differences between our initial conditions and those
in previous studies of interaction between SN Ia ejecta and CSM
concern the density structure. Previous studies considered a CSM
formed in the mergers of two white dwarfs and adopt a CSM density
structure pcsm X 13 (e.g. Piro & Morozova 2016; Maeda et al.
2018). Thus, the radius of the dense CSM in those studies is smaller
than in our model. The CSM composition is also different, but this
is not expected to affect interaction-powered light curves, as they are
powered mechanically.

3 RESULTS

3.1 Bolometric light curves

The top panel of Fig. 2 presents our synthetic bolometric light
curves. We can find that the existence of CSM affects light-
curve properties of SNe Ia. When M < 2.5 x 10~* Mg yr~!, the
bolometric luminosity of SN Ia models with CSM deviate from that
without CSM mostly at the earliest phases, within 4 d of explosion.
Although CSM interaction continues at later phases, the luminosity
from CSM interaction is much less than the luminosity caused by
heating from **Ni and °Co decay. When M > 5 x 107* Mg yr~!,
the luminosity provided by CSM interaction becomes sufficiently
high and the bolometric luminosity is higher than that in the model
without CSM as long as the interaction continues. Even in these
cases, though, the contribution of CSM impact to the luminosity is
most significant at the earliest phases, within 4 d of explosion.

SN Ia and wind interaction ~ 6037
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Figure 2. Bolometric (top) and pseudo-bolometric (bottom) light curves
obtained from our numerical calculations. The bolometric light curves include
the flux in all the wavelengths and the pseudo-bolometric light-curves are
obtained by integrating the optical flux from 3250 to 8900 A.

The bottom panel of Fig. 2 shows the pseudo-bolometric luminos-
ity evolution that is obtained by integrating the fluxes at optical
wavelengths (3250-8900 A). Compared to the bolometric light
curves, excess luminosity due to CSM interaction is only noticeable
within 4 d of explosion in all the models. As discussed in the next
section, the luminosity excess at later epochs is mostly at ultraviolet
(UV) wavelengths. The effect of CSM interaction is only visible
at optical wavelengths when M > 10~* Mg yr~', and only in the
earliest phases.

Fig. 3 shows the effects of CSM radius on the bolometric and
pseudo-bolometric light curves. The CSM is artificially cut at 10'® cm
in our models, but the actual outer edge of the CSM is determined
by the duration of the mass-loss phase from the progenitor system.
Although there are slight differences caused by the CSM radius, the
effect of CSM density is found to be much more significant than that
of CSM radius. When the CSM radius is too small, however, CSM
interaction does not persist long enough for a luminosity excess to
be observed. To summarize, our conclusions in this work are not
affected by our assumption on the CSM radius if this is large enough
to cause CSM interaction at the earliest phases.

3.2 Optical and ultraviolet light curves

Fig. 4 shows our synthetic light curves in optical bands. We show the
light curves in the B and V bands from the Carnegie Supernova Project

MNRAS 522, 6035-6042 (2023)
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Figure 3. Same as Fig. 2, but we additionally show the models with different
CSM radii in the case of M = 5 x 107* Mg yr~!.

(CSP; Hamuy et al. 2006) and the g and r bands from the Zwicky
Transient Facility (ZTF; Bellm et al. 2019). As discussed in the
previous section, optical light curves are only affected at the earliest
phases within 4 d of explosion. We can find that CSM interaction
results in a significant early-phase flux excess in the optical bands
when M > 107* Mg yr~!.

The light-curve evolution in UV bands below 3000 A is presented
in Fig. 5. We adopt the u band (3000-4000 A) from CSP, and
the uvw2 and uvwl bands from Neil Gehrels Swift Observatory
(Gehrels et al. 2004; Roming et al. 2005), which are sensitive below
3000 A. The u-band light curves have similar properties to those
of the optical light curves with the early-phase excess emission
discussed above. However, UV light curves below 3000 A show
significantly different light-curve features from those found in optical
light curves. In particular, the UV light curves computed using
M 25 x 107 Mg yr~! show a persistent flux excess at all phases
when interaction is active. The SN UV flux below 3000 A is usually
suppressed in SNe Ia by absorption by Fe-group elements (e.g.
Hoflich, Wheeler & Thielemann 1998; Lentz et al. 2000; Mazzali
2000; Kasen, Thomas & Nugent 2006; Dessart et al. 2014b; Mazzali
et al. 2014). Meanwhile, a large fraction of the radiation from CSM
interaction is emitted at the UV wavelengths because of the high
shock temperature (~10* K, e.g. Moriya et al. 2011). This UV flux
is emitted at large radii and can therefore escape. Thus, the effect of
CSM interaction is seen mainly at UV wavelengths, and the extra flux
from CSM interaction can easily dominate the UV flux of interacting
SNe Ia.

MNRAS 522, 6035-6042 (2023)

3.3 Colour

Fig. 6 shows that the colour evolution of our synthetic SN Ia models
is also affected by CSM interaction. When the CSM density is high,
SNe Ia are found to become blue more rapidly because of stronger
CSM interaction. We discuss a comparison with observations in the
next section.

Fig. 7 compares the colour evolution of several models predicting
early flux excess in SNe la from Maeda et al. (2018). A CSM
interaction model with a CSM density distribution of pcgy o 73
from a WD merger, a companion interaction model, and three helium
detonation models (*°Ni at outer layers) are compared. Our CSM
interaction model (pcsm o 772) is found to have a distinct colour
evolution compared to other models.

4 DISCUSSION

We have shown that the collision between SNela ejecta and an
extended CSM caused by a steady wind from the progenitor system
leads to a flux excess in the SN optical light curves in the first
4 d after explosion if M > 10~* Mg yr~! with a wind velocity of
100 kms~! (Fig. 4). The colour evolution is also affected by CSM
interaction (Fig. 6). It has been suggested that there may be distinct
populations in colour evolution in the early phases (=4 d) of SNe Ia
(Stritzinger et al. 2018), although some studies find the evidence less
conclusive (e.g. Bulla et al. 2020). In order to test whether interaction
with a CSM could lead to the observed behaviour, the observed
colour evolution of SNela is compared to the colour evolution in
our synthetic models in Fig. 6. In the case of the B — V colour
evolution presented by Stritzinger et al. (2018), we find that SNe
Ia with an early red colour are consistent with the models with
M < 107* Mg yr~!, while SNe Ia with an early blue colour evolution
are more consistent with models with M > 2.5 x 107 Mg, yr~'. The
change from red evolution to blue evolution occurs over a small range
of M (107* Mg yr™! <M <2.5x%x107* Mg yr ).

The ZTF SNela sample (Bulla et al. 2020) does not show the
presence of two groups with different g — r colour evolution (Fig. 6).
Our synthetic models match the B — V evolution of the SNe Ia sample
in Stritzinger et al. (2018) well, from early to late phases, but the g
— r colour evolution is quite different at most phases from that of
the ZTF SNe Ia as reported by Bulla et al. (2020). We cannot offer a
clear reason for this difference. As our numerical calculations do not
resolve spectral line features in the g and r bands well, some lines in
spectra might be responsible for the difference. It is also possible that
the explosion dates of the ZTF SN Ia sample, which are estimated by
adopting a power-law function, are not well determined, and there
might be a systematic shift in the colour evolution.

If the separation in B — V colour evolution at early phases is the
result of a difference in CSM, SNe Ia that are blue at the early phases
should always have an early flux excess from CSM interaction. Fig. 8
shows the B-band light curves of SNe Ia in the Stritzinger’s sample
(top panel of Fig. 6). SNe Ia with an early B-band flux excess tend
to have blue colour. In particular, the flux excess and early colour
evolution of SN 2017cbv (Hosseinzadeh et al. 2017; Stritzinger et al.
2018) are well explained by our CSM interaction model. However,
one SN Ia (SN 2009ig; Blondin et al. 2012; Foley et al. 2012; Marion
et al. 2013) with early flux excess has red colour evolution. This
suggests that more than one mechanism may be responsible for the
early flux excess, as discussed in Section 1. The colour evolution of
SN 2017cbv towards the blue is faster than the model prediction. It
may be an effect of asphericity in the CSM, allowing photons from
the interaction region to escape faster. The discrepancy between
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Figure 4. Optical light curves obtained from our numerical calculations.

the synthetic and observed light curves after peak seen in Fig. 8
may be caused by differences inside the ejecta and it does not
affect the early bumps caused by the interaction with the outermost
ejecta.

An early flux excess due to CSM interaction requires mass-loss
rates from SN Ia progenitor systems of at least M > 10~ Mg yr~!,
assuming a wind velocity of 100 kms~!. Such high mass-loss rates
are usually excluded by radio and X-ray observations (Section 1).
However, we do know that some SN Ia—CSM progenitor systems had
mass-loss rates exceeding 107> Mg yr~! (e.g. Sharma et al. 2023).
It is possible that SN Ia progenitor systems with 10™* Mg yr~! <
M < 1073 Mg yr~! do not exhibit clear CSM interaction signatures
in spectra as do SNe Ia—CSM, but only show a flux excess in the
light curves.

SNe Ia with a moderate mass-loss rate such that they only show the
early flux excess in optical bands but no spectroscopic signature may
still show significant, persistent flux excess also in the UV, and CSM
interaction may thus explain some diversity in the UV properties of
SNe Ia (e.g. Sauer et al. 2008; Brown et al. 2012; Pan et al. 2018,
2020; Brown & Crumpler 2020; Srivastav et al. 2022). Because 20—
30 per cent of SNe la show early flux excess (e.g. Deckers et al. 2022;
Magee et al. 2022) and there are several mechanisms to cause early
flux excess, up to around 10 per cent of SNe Ia may have such early
flux excess due to CSM interaction discussed in this paper. Chomiuk
et al. (2016) estimated that less than 10 percent of SNe Ia have
mass-loss rates higher than 10~* Mg, yr~! based on radio luminosity
limits. This is consistent with our estimates of the fraction of SNe

Ia with early flux excess from wind interaction. SN Ia progenitor
systems with high mass-loss rates may result from optically thick
winds (e.g. Kato & Hachisu 1994) or common-envelope winds (e.g.
Cui et al. 2022), for example. The fraction of SNe Ia with early
flux excess from the CSM interaction is presumably higher than the
fraction of SNe [a—-CSM among SNe Ia (0.02-0.2 per cent of SNe
Ia; Sharma et al. 2023).

Finally, we note that SNe Ia without early flux excess show a rather
slow light-curve rise, often referred to as a ‘dark phase’ (e.g. Mazzali
et al. 2001; Piro & Nakar 2013). Fitting bolometric light curves with
a £ function leads to an explosion date estimate of about 1 d later than
the actual explosion date (Fig. 2). A difference of even just 1 d may
be critical in interpreting the earliest photometric and spectroscopic
properties of SNe Ia. Interpretation of early observational data needs
a careful assessment of the explosion date.

5 CONCLUSIONS

We investigated the effect on the photometric properties of SNe Ia of
the interaction between the SN ejecta and a surrounding hydrogen-
rich, dense, extended CSM. The CSM is assumed to be formed
by steady mass-loss from the progenitor system. It is assumed to
have an extended structure with pcgy o #~2 (equation 1) and solar
metallicity. An early flux excess in optical light curves is caused by
CSM interaction if M > 10~* Mg yr~'. UV (below 3000 A) light
curves are affected significantly and the flux excess there persists as
long as CSM interaction continues.
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Figure 5. Ultraviolet light curves obtained from our numerical calculations.

CSM interaction also affects the early colour evolution in SNe Ia.
When the CSM density is high enough to cause an early optical
flux excess, the optical colour is also found to evolve rapidly
towards the blue. Thus, CSM interaction may be partly responsible
for the diversity of the early colour evolution that has been seen
in SNe Ia. It is possible that a fraction of SNe Ia do not have
high enough CSM density for the spectra to display the features
of SNe Ia—-CSM (M > 1073 Mg yr™!), but still have a sufficient
CSM density to cause early-phase flux excess in optical light curves.
This requires 107 Mg yr—' < M < 1073 Mg yr—'. CSM interaction
should also affect the X-ray and radio properties. Multiwavelength
observations of SNe Ia are therefore important in constraining their
CSM properties. Such high mass-loss rates are rather extreme even
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Figure 6. Colour evolution of our synthetic light curves. The top panel
presents the B — V colour evolution and the bottom panel presents the g — r
colour evolution. We also show the observed colour evolution of SNe Ia from
Stritzinger et al. (2018, top) and Bulla et al. (2020, bottom). In the top panel,
each SN Ia is plotted with the same symbol as in Stritzinger et al. (2018), and
the colour of the symbols is based on the early-phase behaviour as defined
in Stritzinger et al. (2018). The green symbol is the intermediate case. The
details of each SN Ia can be found in Stritzinger et al. (2018). SN 2017cbv is
shown by blue circles.
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Figure 7. Comparisons of the B — V colour evolution among different
theoretical models predicting early flux excess in SNe Ia. Representative
models in Maeda et al. (2018) are presented.
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Figure 8. Scaled B-band light curves of the SNe Ia shown in the top panel of
Fig. 6, which are taken from Stritzinger et al. (2018). The observed magnitudes
are scaled to match the synthetic models at light-curve peak. The top panel
shows the light curves until 30 d after explosion and the bottom panel shows
the light curves until 10 d after explosion. SN 2017cbv is shown as blue
circles.

among single-degenerate progenitor systems. However, even though
systems with such high mass-loss rates may be rare, they can
provide important clues as to the evolutionary path towards SNe
Ia. Because the CSM interaction signatures appear clearly in the
UV, early SN Ia observations by future ultraviolet satellites such
as ULTRASAT? and CASTOR? will be critical in uncovering the
circumstellar environments and progenitor systems of SNe Ia.
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