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Abstract
The light curves and spectra of many Type I and Type II supernovae (SNe) are heavily influ-
enced by the interaction of the SN ejecta with circumstellar material (CSM) surrounding the
progenitor star. The observed diversity shows that many progenitors have undergone some
level of stripping and polluted their CSM shortly before the explosion. The presence of a binary
companion and the mass transfer that can ensue offers a mechanism that can give rise to this
diversity. We present a set of detailed massive evolutionary models in which the donor star, a
Red Supergiant (RSG) is in a wide orbit around a main-sequence companion, and undergoes
stable or unstable mass transfer in the later stages of evolution, up to the moment of core col-
lapse. We also discuss some significant physics of these systems that may impact our results,
from the presence of pulsations and extended atmospheres in RSGs, to the initial eccentricity
of the orbit. The resulting SN types range from Type IIP to H-deficient IIb and H-free Ib. In
models undergoing stable mass transfer, the material lost during this process is expected to form
a dense CSM surrounding the system by the time of core collapse and give rise to significant
interaction effects in the SN light curve and spectra. In the systems with unstable mass transfer
mass transfer, the SN may occur during common-envelope evolution. In this case, the progeni-
tor may show significant variability in the last few thousand years before core collapse, and the
following SN will likely exhibit strong interaction effects.

Keywords: binaries: general, circumstellar matter, stars: massive, stars: mass-loss, super-
novae: general

1. Introduction
Supernova (SN) explosions are the end of the life of massive stars, and the observation of

these phenomena has helped assess our understanding of the last evolutionary phases of massive
stars. In the last few decades, the surveys currently in place (ASAS-SN [1], ATLAS [2], Pan-
STARRS [3], PTF [4], ZTF [5]) increased the number of observations of so-called “interacting
SNe,” that is SNe which interact with the surrounding circumstellar material (CSM).

The main indicator of SN-CSM interaction is the presence of narrow-line emission spectra
which indicate a relatively slow-moving material compared to the fast-expanding ejecta. The
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light-curve may also be affected, as the collision between the ejecta and the CSM provides an
additional energy source (e.g., [6, 7]). The timescales for these interaction features are varied,
as in some cases they are present only at early times [8], late times [9] or even throughout the
entire evolution [10]. The mechanisms to produce such a variety of CSM structures are still
unclear.

To explain the presence of this CSM, many works invoke a dramatic phase of mass-loss
before the SN explosion of the progenitor star, induced by instabilities (such as LBV erup-
tions [11]) or wave-driven envelope excitations (e.g., [12–14]). Mass transfer (or Roche lobe
overflow, RLOF) during the later stages of evolution with a companion star can also produce
the CSM, so long as most of the mass fails to be accreted. This is a promising channel, as most
massive stars are found in binaries [15].

In this paper we report the results shown in [16] where we discussed late-time mass transfer
from a Red Supergiant (RSG) primary to a main-sequence (MS) secondary star in the context
of interacting H-rich SNe.

2. Results
A series of binary evolutionary models were run with the code MESA [17–21], until core-

collapse (CC) of the initially more massive star, with a mass of 12.6M⊙. The models comprised
binaries with companion masses between 12.0 and 1.3 M⊙ and initial orbital periods between
562 and 2818 d. The main physics and parameters are mentioned in [16]. The models are con-
structed such that they experience Case C RLOF in the last ∼ 20 kyr before CC. The companion
typically accretes only ∼ 0.1M⊙, while the rest of the material transferred is assumed to be lost
from the system thus forming the CSM.

Here, we will highlight three of the most particular models shown in [16] (cf. Fig. 1), and
we will briefly discuss the bulk of the results in Sect. 2.4.

2.1. Model 1

In this model (with initial mass ratio qi = 0.95, and initial orbital period Pi = 1995d)
mass transfer begins about 25kyr before CC, peaks at a rate of about 10−3 M⊙ yr−1 which then
plateaus at roughly 10−4 M⊙ yr−1. The star keeps filling its Roche lobe until CC, with roughly
the same mass-loss rate, which is about one order of magnitude higher than the wind mass-loss
rate. The phase of RLOF removed more than half of its envelope, reducing it to only 2.8M⊙
from the initial 6.9M⊙. The material that is lost will produce a nearby CSM of almost 4M⊙. If
this dense material remains close to the binary (e.g., in a circumbinary disk, see Sect. 3.4), the
SN explosion would likely resemble a Type IIn SN.

2.2. Model 2

This model (qi = 0.75, Pi = 2512d) fills its Roche lobe only in the last ∼ 5kyr before CC
and achieves significant mass transfer rates soon after. The mass transfer rate here exceeds
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Figure 1: Mass loss rate (left) and envelope mass (right) as a function of
time before CC for three exemplary models in the set (highlighted with
different colors). In the left panel, both the mass-loss rate by RLOF
(solid lines) and winds (dashed lines) are shown. The point where mass
transfer turns unstable is marked by a diamond.

10−3 M⊙ yr−1 in the last 1 kyr before CC, and even peaks at CC, removing a total of ∼ 1.4M⊙
of material. This would result in a significantly denser and closer CSM compared to Model 1.

2.3. Model 3

This model (qi = 0.25, Pi = 1995d) initially has a similar evolution to Model 2, filling
its Roche lobe at about the same time before CC. In here however, the smaller mass of the
companion results in significantly higher mass transfer rates up until ∼ 800yr before CC, where
mass transfer turns unstable, marking the beginning of the phase of common envelope evolution.
Given the short timescale between the onset of the common envelope phase and CC, this may
imply that the common envelope phase may still be ongoing at the time of CC and, therefore
the bulk of the common envelope’s mass may still be close to the system by the time of CC. At
the time of the explosion, the ejecta (which may still contain some leftover H, or be completely
H-free) of ∼ 4M⊙ impacts with ∼ 7M⊙ of CSM (i.e., the total mass of the envelope of the
RSG) which would convert a significant amount of the ejecta’s kinetic energy into radiation -
likely producing a super-luminous supernova.

2.4. Overview of all models and SN features

These three models show the potential of the binary channel, as different initial binary con-
figurations alone can drive qualitatively different CSM structures as well as progenitor prop-
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erties. Of the models in the grid in [16] that undergo Case C mass transfer, only half become
unstable, while the remaining models are stable and continue to fill their Roche lobe until CC
(e.g., Fig. 1). The different initial orbital configurations result in different levels of stripping by
the time of CC, producing a smooth transition between fully stripped Type Ibc SN-progenitors,
partially stripped Type IIb SNe and poorly (or not) stripped Type IIP/L SNe.

All models undergoing stable Case C RLOF explode while mass transfer is still ongoing,
and will likely exhibit a nearby and dense CSM (each of different masses) at the moment of
the explosion. In some cases, the mass for the CSM is a significant fraction of the mass of the
ejecta of the SN, which would be able to convert a fraction of kinetic energy into radiation. It is
therefore reasonable to assume that many of these progenitors may indeed explode as a Type IIn
SN. A similar argument can be made for the models undergoing unstable mass transfer, where
the duration of the common envelope phase is uncertain, but the contrast between the ejecta and
the CSM masses is more significant and may even explain some SLSNe.

The models undergoing Case C RLOF and then exploding as an interacting SN make up
about ∼ 5% of all CCSNe coming from the binaries with M1,i = 12.6M⊙ [16]. This number is
a good order-of-magnitude estimate of the real rate of this phenomenon if we were to include
also different masses, and it is within a factor of a few that of the observed fraction of Type IIn
SNe reported in [22, 23]. As we will see in Sect. 3, there are several uncertain physics and
assumptions in the calculation that may increase our predicted value closer to that reported in
the literature.

3. Model Uncertainties
The models presented here are based upon a series of assumptions and simplifications in

the physics of initially wide binaries, and the structure of RSGs and the CSM. We will discuss
some of these points here.

3.1. Initial eccentricity

The models shown in [16] assume a circularized orbit at ZAMS. Wide binary orbits are
not expected to be initially circular due to the lack of processes that can aid in circularizing the
orbit before any mass transfer event (as is the case in tighter binaries due to tides). Wide and
eccentric binaries systems containing a RSG undergoing episodic mass transfer are observed,
like VV Cep [24].

The effects of eccentricity would be several. Firstly, mass transfer would be periodic (at
each periastron passage), and the ejected material may produce distinct shells or even be asym-
metrical, which would be then reflected in the SN during interaction. Secondly, mass transfer
can be triggered in wider systems than those shown in [16], as the periastron distance decreases
with increasing eccentricity. This would increase the parameter space of mass-transferring RSG
binaries before CC.
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This last point will inevitably also blend the parameter space for earlier mass transfer
phases, as adding eccentricity to our models may trigger Case B RLOF instead of Case C,
due to the smaller periastron distance.

3.2. Pulsations

The variability of all known RSGs [25] implies that they exhibit radial pulsations, a phe-
nomenon that is also well studied in the literature through hydrodynamic stellar evolution mod-
els [26–28], where the pulsations are found to grow more significantly with higher L/M. This
parameter is enhanced in our models (by a factor of two and even more, compared to a single
star) thanks to the partial stripping of the RSG during RLOF.

Pulsations may increase the mass-loss rate in single RSGs, while in binaries the effect
would be more dramatic as the change in radius may allow the star to undergo episodic phases
of RLOF. The resulting features of the CSM would be qualitatively similar to those of the
episodic phases of RLOF during periastron passage in eccentric binaries, except that it would
be present in circular orbits as well.

Given the models presented, the pulsations may increase the parameter space for Case C
RLOF, as the tightest models not undergoing any RLOF may undergo episodic phases of mass
transfer triggered by the pulsations.

3.3. Extended atmospheres

The stellar models assume there is no matter outside the “surface” of the stellar model,
defined as where the structure turns optically thin (τ < 2

3 ; [17]). This is only an approximation,
and interferometric observations have suggested the presence of extended, optically-thin, quasi-
stationary atmospheres around RSGs [31].

We therefore ran a hydrodynamical single-star model (of initial mass 12.6M⊙, radius
897R⊙ with a steady-state wind mass-loss rate of ∼ 3×10−6 M⊙ yr−1), which yielded a surface
outflow velocity at the surface in the order of 3 cm s−1, which is significantly lower than the lo-
cal sound speed (∼ 5 km s−1), implying the presence of an optically thin but quasi-hydrostatic
atmosphere. Assuming an isothermal stratification, and integrating the hydrostatic equation,
yields that this atmosphere extends for a region about ∼ 10% the stellar radius before reaching
the sonic point (Fig. 2).

However, the deep convective envelope and the turbulence that arises from the convective
motion can contribute to the pressure in these layers [32–35]. Assuming the contribution is of
the form Pturb ≃ 1

3ρv2
turb, with vturb as a constant parameter, the density structure can be again

integrated. Using values around 15 km s−1, as proposed in [29], the sonic point moves as far as
a few times the stellar radius (Fig. 2).

These extended atmospheres are relatively dense, and can therefore help trigger mass trans-
fer even if the star is significantly smaller than its Roche lobe (see also wind-RLOF [36, 37]),
therefore increasing the parameter space for initially wide mass-transferring systems. If we
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Figure 2: Circumstellar density as a function of the distance from the
outer boundary of the RSG single star model taken 1 yr before CC (see
text). The isothermal atmosphere models also include the contribution
from turbulent pressure (dashed lines). At the sonic point (bullet scat-
ter), they transition to a β -wind law (dotted lines). The fiducial turbulent
pressure-driven RSG wind model of [29] is shown (solid violet line), as
well as the semi-empirical outflowing atmosphere fit to the interfero-
metric observations of RSG HD95687 from [30] (green solid line). The
constraint on the circumstellar density derived from the flash-ionization
features in SN 2013fs is reported (blue area). Figure adapted from [16].

assume that the hydrostatic atmospheres of RSGs can extend for as much as ∼ 5 times the mod-
eled radius, the number of interacting supernovae can increase by about ∼ 10–15%, bringing
this in line with the observed fraction of Type IIn SNe from [22, 23].

These extended atmospheres may also help explain a different class of SNe. The densities
and extensions derived for these atmospheres are compatible with those inferred in the observa-
tions of the flash-ionized SN 2013fs [8] (cf. Fig. 2). Therefore, if these extended atmospheres
are present in RSGs, they may help explain the fact that many Type II SNe, if observed early
enough, show flash-ionization features [38].

3.4. CSM geometry

Typically, works discussing SN-CSM interaction assume that the CSM is distributed spher-
ically around the progenitor star [39–41]. This is sensible for a CSM produced by a single star
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in the context of a sudden phase of mass loss, but it is worth noting that the multidimensional
nature of RSG outflows may induce significant deviations from spherical symmetry. If these
outflows are the result of binary interaction, the CSM need not be spherical, depending on the
ejection mechanism. Some works suggest, in the case of a low-mass giant donor, that the mass-
outflows from inefficient mass-transfer tend to remain confined towards the orbital plane (e.g.,
[42–45]). Here, since the mass loss rates are much higher, the outflow velocities are expected
to be slower and the material may not escape the system and instead forms a circumbinary disk.
Such a configuration usually sees a cavity until distances of about 2–3 times the binary separa-
tion. Such disks in our models would therefore be present for distances above ∼ 3× 1014 cm,
which is within the range of distances expected for the CSM in Type IIn SNe. The presence
of such a disk-like CSM would also affect the evolution of the angular momentum of the inner
binary by tides and torques, and possibly even pump eccentricity [46].

The asphericity of the CSM will also include additional features on the observed SN, both
in its light-curve and spectra, also in terms of the viewing-angle of the disk [47, 48] and polar-
ization features [49]. This would further contribute to the diversity of the exploding SN from
these systems.

4. Conclusion
In this work, we summarized the key results from [16], which focused on the effects of

mass transfer in wide binaries where the donor, and SN-progenitor, is a RSG star.

The work finds that mass transfer from a RSG can be stable, and produces a smooth transi-
tion between different SN types depending on the initial orbital configuration. If Case C RLOF
is stable, the progenitor star continues to fill its Roche lobe until the moment of explosion, likely
resulting in a dense and close CSM that will affect the observed SN features. If Case C RLOF
turns unstable, the resulting SN will likely be very bright, due to the presence of a very massive
CSM.

At the same time, [16] also shows that several considerations on the assumptions in the
calculations of these models (namely the initial eccentricity of the binary as well as the pulsation
of the envelope and the extension of the atmosphere of RSGs) may increase the number of
systems undergoing Case C RLOF, and therefore result in even more interacting SN than the
fiducial value of 5% that was derived.

Finally, the CSM that is produced in each system is different, from having different masses
to having been produced via different mechanisms and at different timescales. The pulsations in
RSGs and the initial eccentricity of the binaries they would be found in may also contribute to
the diversity of the CSM by adding episodic phases of mass-loss. In the case in which the CSM
is found in a disk, as it would likely be expected in such binaries, viewing-angle dependent
effects may also play a role in the observation of these SNe.
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