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A B S T R A C T 

From the early radiation of type II-P supernovae (SNe), it has been claimed that the majority of their red supergiant (RSG) 
progenitors are enshrouded by large amounts of circumstellar material (CSM) at the point of explosion. The inferred density 
of this CSM is orders of magnitude abo v e that seen around RSGs in the �eld,  and is therefore indicative of a short phase of 
ele v ated mass-loss prior to explosion. It is not known o v er what time-scale this material gets there: is it formed o v er sev eral 
decades by a ‘superwind’ with mass-loss rate �M � 10 Š3 M � yr Š1 ; or is it formed in less than a year by a brief ‘outburst’ with 

�M � 10 Š1 M � yr Š1 ? In this paper, we simulate spectra for RSGs undergoing such mass-loss events, and demonstrate that in 

either scenario, the CSM suppresses the optical �ux  by o v er a factor of 100, and that of the near-IR by a factor of 10. We argue 
that the ‘superwind’ model can be excluded as it causes the progenitor to be heavily obscured for decades before explosion, and 

is strongly at odds with observations of II-P progenitors taken within 10 yr of core-collapse. Instead, our results fa v our abrupt 
outbursts <  1 yr before explosion as the explanation for the early optical radiation of II-P SNe. We therefore predict that RSGs 
will  undergo dramatic photometric variability in the optical and infrared in the weeks-to-months before core-collapse. 

Key words: circumstellar matter – stars: evolution – stars: late-type – stars: massive – supergiants – supernovae: general. 
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 INTRODUCTION  

or the few dozen II-P supernovae (SNe) that have occured within 

0 Mpc, it has been possible to identify the progenitor star in high-
esolution imaging taken 1–10 yr before it exploded. In the case 

here a progenitor is identi�ed, the star is al w ays inferred to be
oth luminous ( >  10 4.5 L � ) and with colours consistent with spectra
ype M (Smartt et al. 2004 , 2009 ; Smartt 2015 ; Davies &  Beaso
018 , 2020 ). This evidence therefore strongly points towards red 

upergiants (RSGs) as being the direct progenitors for the most 
ommon type of core-collapse SN. 
Whilst pre-explosion imaging can tell us what the star looked like 

ithin a decade of the SN, the SN radiation itself can give us hints
bout what the star look ed lik  e at the moment the core collapsed. In
articular, in the �rst  few days after core-collapse as the explosion 

breaks out’ of the star’s optically thick surface layers, we may learn
bout the physical conditions at the star’s upper atmosphere and inner 
ircumstellar material (CSM). Spectroscopy taken within a day or so 

f shock breakout reveal narrow emission lines which originate in 

he dense CSM, but which disappear quickly as the CSM is o v errun
y the blast-wave (e.g. Yaron et al. 2017 ; Jacobson-Gal ́an et al.
022 ). In both works cited, analysis of this ‘�ash’  spectroscopy has
uggested circumstellar densities of between 10 Š13 to 10 Š14 g cm Š3 

t a few × 10 14 cm, which is orders of magnitude more dense than, for
xample, the CSM around Betelgeuse (Harper, Brown &  Lim 2001 ). 
 E-mail: b.davies@ljmu.ac.uk 

 

a  

w  

2022 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
ubsequent similar studies of larger samples of SNe �nd  that the
raction of objects demonstrating this behaviour increases the closer 
he SN is observed to explosion (Khazov et al. 2016 ; Bruch et al.
021 ). Indeed, the latter study found 6 out of 10 objects observed
ithin 2 d displayed �ash-ionized spectral features. This hints that 
erhaps the majority of II-P SNe might exhibit this evidence for
ense CSM around the progenitor as long as they are observed early
nough. 
Corroborating evidence for dense CSM around II-P progenitors 

omes from their early-time light curves. If  the CSM is optically
hick, it delays the breakout of the shock, allowing the explosion
o cool further before it emerges. This leads to a shorter time-scale
or the SN radiation to shift into the optical bands, causing sharpe
ise-times in the optical light curve (Moriya et al. 2017 ; Morozova
iro &  Valenti 2017 ). Hydrodynamical modelling of the early optical

ight curve, and the steepness of the initial rise, can then be used to
stimate the radius/density of the shock breakout location. Early work 

n single SNe indicated densities >  10 Š10 g cm Š3 within � 0.5 R �  of
he stellar surface (Dessart, John Hillier  &  Audit 2017 ; Moriya et al.
017 ; Morozova et al. 2017 ). These densities are many orders of
agnitude higher than those inferred around typical RSGs, or even 
SGs with very high mass-loss rates (see �g.  1 of Davies &  Plez
021 ). Later work on larger samples of objects suggests that evidence
or dense CSM is seen around 70–90 per cent of II-P SNe studied
F ̈orster et al. 2018 ; Morozova, Piro &  Valenti 2018 ). 

The open question now is how this pre-SN CSM was formed, and
 clue to answering this question will  come from establishing o v er
hat time-scale the CSM forms. The models put forward to explain
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Density pro�les of the outburst models of M20 as a function of 
time since the shockwave pierced the progenitor surface, which we de�ne 

here as day 0 (de�ned as day 140 in M20 ). The last model, at 157 d since 
the emergence of the outburst, is that determined by to be the best-�tting 

pre-explosion density pro�le.  
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his existence of the CSM fall into roughly two camps, which we will
efer to as the ‘outburst’ and ‘superwind’ scenarios. Each of these
cenarios will  be discussed in more detail in Section 2 , but brie�y
hey can be differentiated by the time-scale over which they form the
SM. In the ‘outburst’ scenario, the CSM is the product of a very
igh mass-loss rate event ( �M � 0 . 1 M � yr Š1 ) lasting of the order
f a year (e.g. Morozova et al. 2018 ). In the ‘superwind’ scenario
he CSM is the product of a steady-state out�ow  with a very high
ass-loss rate, which operates for �  100 yr prior to explosion (e.g.

 ̈orster et al. 2018 ). A third possibility is discussed in Dessart et al.
 2017 ), in which the atmospheric scale-height is puffed up by factors
f 10 to 30, with a wind stitched on top. These models generally have

ower CSM masses than the ‘superwind’ or ‘outburst’ models, but
ave greater CSM densities within � 2 R �  ( × 10 3 Š5 higher than typical
SGs). No time-scale for the generation of the CSM is provided for

his latter scenario. 
Hydrodynamical modelling of the SN’s early-time light curve

lone is not capable of discriminating between the two scenarios
o we ver, since each scenario makes a different predictions abou
ow the progenitor star should look in the years before SN, they
an be contrasted by simulating how the progenitor should look
n the decade or so before explosion. In this paper, we will
onstruct models replicating each scenario 1 (Section 2 ), and use
hem to compute synthetic spectra for each of the two scenario
escribed abo v e (Section 3 ). We will  then compare our results to
bservations of progenitors in the literature (Section 4 ). We conclude

n Section 5 . 

 DESCRIPTION  OF  PRE-SN MODELS  

.1 ‘Outburst’  models 

or the ‘outburst’ model, we refer to the work of Morozova et al.
 2017 , 2018 , 2020 , the latter two papers hereafter referred to as M18
nd M20 ). In M18 , it was argued that the early-time light curves
f a sample of SNe suggested that in the majority of cases, an
xcess of 0.1 M � of CSM was con�ned within � 10 14 cm, which

s approximately 2 R �  for a typical RSG. To achieve this mass
f CSM, these authors suggested that a wind of mass-loss rate
�  � 0.1 M � yr Š1 (for a putative wind speed of 10 km s Š1 ) would
e required. Such mass-loss rates are far many orders of magnitude
bo v e those of typical massive star winds, and are associated more
ith eruptive outbursts (e.g. � Car) rather than quiescent winds. The
heer scale of such outbursts suggests that they would require a large,
ubsurface energy deposition rather than be opacity-driven as in a
ormal massive star wind. 
In a follow-up paper, M20 suggested a potential source of such

n energy release could be wave-heating associated with late-stag
uclear burning. To simulate such an event, these authors took
he pre-SN 15-M � model of Sukhbold, Woosley &  Heger ( 2018 ),
anually deposited between 10 46 Š10 47 erg of energy at the base
f the conv ectiv e env elope, and computed the evolution of the
tellar structure as the shockwave propagated outwards through the
nvelope. Once the shock had reached the surface (which we de�ne

n this study as the beginning of the ‘outburst’) and expanded the
uter layers, M20 took a number of models at different time-steps
NRAS 517, 1483–1490 (2022) 

 Dessart et al. ( 2017 ) do not provide time-scales for how long it takes to 

enerate the CSM in their models, so at this time we do not explore these 
odels’ synthetic spectra. In this paper, we investigate only the F ̈orster et al. 

 2018 ) and Morozova et al. ( 2020 ) models. 

(

2

s
c

anually exploded them, and computed the resulting light curve. The
onclusion of the paper was that the light curves of II-P SNe were
est matched by outbursts which pierce the stellar surface � 160 d
efore explosion, at which time around 1 M � of CSM has built up at
adii abo v e the original photosphere. 

The density pro�les as a function of time after the shock has
enetrated the stellar surface are shown in Fig. 1 . 2 If  we de�ne
he circumstellar mass M CSM as that mass located abo v e the original
rogenitor surface, the mass at +  160 d is extremely high – o v er 1 M � ,
n order of magnitude abo v e those inferred in M18 . To generat
his much CSM in such a short time, this implies mass �ow  rates

 1 M � yr Š1 . 

.2 ‘Superwind’  models 

n Moriya et al. ( 2017 ), it was �rst  suggested that a wind with a
ass-loss rate orders of magnitude below that inferred by Morozova
t al. ( 2016 ) may also be able to explain the early-time SN radiation
rovided the wind had an extended acceleration zone. At �xed  �M , the
ircumstellar density is inversely proportional to the out�ow  speed
nd so a wind that expands very slowly until it reaches large radii will
e much more dense in the inner regions. Thus, a slowly-acceleratin
ind with a much lower �M may have the same CSM density in

he inner wind as a higher �M outburst which is accelerated more
teeply. 
Ho we ver, e ven with such a shallow acceleration zone, mass

oss rates of the order of 10 Š3 M � yr Š1 are still required: orders
f magnitude larger than those of typical RSGs, and a factor of � 100
igher than even the most extreme objects (e.g. Beasor &  Davies
018 ; Beasor et al. 2020 ; Humphreys et al. 2020 ). Furthermore, with
 much reduced �M with respect to the ‘outburst’ scenario, such a
ind would need to operate for 100 s of years prior to SN in order to
uild up the CSM necessary to reproduce the early-time light curves
cf. 100 s of days for the ‘outburst’ model). 
 We de�ne day 0 as the �rst  model in which the outburst has pierced the 

tellar surface. This is 140 d after the energy was deposited at the base of the 

onv ectiv e env elope, and so this model is de�ned as day 140 in M20 . 
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Figure 2. Density pro�le  of the ‘superwind’ model. The extent of the 

superwind’s outer radius as a function of years since its initiation is indicated 
by the data labels. 
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.2.1 Construction of the ‘superwind’ models 

ollowing Davies &  Plez ( 2021 ), for our base model, we be-
in with an MARCS model atmosphere of ef fecti ve temperatur 
 eff =  3800 K, gravity log g =  0.0, Solar-scaled abundances, and
icroturbulence � =  4 km s Š1 . 3 The luminosity L =  10 5 L � , and the

adius R �  =  730 R � . To this atmosphere, we add a nominal ambien
ind with �M =  10 Š7 M � yr Š1 , following the same procedure as
avies &  Plez ( 2021 ). 
To this base model, we add CSM with a density pro�le  � varying
ith radius r according to the mass continuity equation 

�  =  4 � r 
2 � ( r ) v( r ) , (1) 

here v is the out�o  w speed. Follo wing F ̈orster et al. ( 2018 , hereafte
eferred to as F18 ), we parametrize v( r ) as a beta-law 

( r ) =  v 0 +  ( v �  Š v 0 ) 

�
1 Š

R �  

r 

� �

, (2) 

here � dictates the steepness of the acceleration, v �  is the termina 

ind velocity, and v 0 is the initial speed of the wind at the photospher
hich must be non-zero to a v oid the density tending to in�nity  at
mall r . Following F18 , we adopt �M =  10 Š3 M � yr Š1 , � =  3, v �  =
0 km s Š1 , and a value of v 0 =  0.0125 km s Š1 is chosen to ensure that
he density at the inner wind knits continuously with that at the outer
hotosphere at the location where T ( r ) =  T eff . As with F18 , the wind

s propagated out to a distance r wind =  20 R �  , though we compute a
eries of models at shorter r wind to study the spectral evolution of the
tar throughout the launching of the wind (see Fig. 2 ). 
To compute the emerging �ux  through the wind, we must also 

pecify a temperature pro�le  T ( r ). To compute T ( r ), in this work we
ake the assumption that radiative equilibrium holds at all depths 

n the wind. To do this, we begin with the T pro�le  of the MARCS
odel, and at the point the wind meets the atmosphere we make the

nitial estimate of T scaling as r Š0.5 from the inner to the outer exten
f the wind. We then iterate on the T -structure to ensure that at every
epth in the wind the condition 

�  � 2 

� 1 
� � ( J � Š B � )d � =  0 , (3) 

s satis�ed. Here, � � , J � , and B � are the opacity, the intensity of
he radiation �eld,  and the Planck function, respectively. To do 

his, we use TURBOSPECTRUM V19.1 to solve the radiative transfer 
quation between � 1 =  0.2 µm and � 2 =  12 µm, at wavelength 
ampling of � / 	� =  500, and determine � � , J � , and B � at all
avelengths and all depths. The wavelength limits � 1 and � 2 are 

hosen to encompass >  95 per cent of the �ux  at all temperature
 6000 K, which is the majority of the atmosphere and wind. In
ractice, iterating the T -structure results in very little shift from the

nitial estimated pro�le  for those models where the superwind has 
et to reach 2 R �  . For later models, a very small adjustment to the
emperature pro�le  was necessary, where T ( r / R �  >  2) had to be
educed by a few per cent. After a small number of iterations, the
uminosity at every depth was consistent to within 5 per cent, and
he luminosity at the outer and inner radii are consistent to within
.05 de x. Furthermore, v ery little change to the emergent spectrum
as seen between the iterated and initial models. 
 As we will  see later, the details of the stellar atmosphere are relatively 
nimportant as it is almost completely masked by the CSM. 

T  

p  

h  

s  

l  

t  
.3 Computing the synthetic spectra 

o compute the emergent spectra of these models, we take the density
nd temperature pro�les at each stage of the simulation for each of
he two scenarios, and pass them through our modi�ed version of
URBOSPECTRUM (Plez 2012 ; Davies &  Plez 2021 ). The code solves
or the molecular equilibrium in the cooler layers, and computes 
he radiative transfer through the atmosphere under the assumption 
f local thermodynamic equilibrium. We assume Solar metallicity 

nd Solar -scaled ab undances in all spectra, noting that RSGs may
isplay surface abundances consistent with mild CNO processing 
Davies et al. 2009 ). Though we do not know quantitatively what
he impact of these approximations are, as we will  see in the next
ection, the strengths of the molecular features are enormous, far 
eyond that seen in ‘normal’ RSGs. Therefore, our conclusions are 

obust to these approximations provided they do not cause the TiO
nd ZrO band strengths to decrease by more than a factor of � 5,
uch is the effect on the progenitor colours (see Section 4 ). 

 RESULTS 

he synthesized spectra for the two scenarios are plotted in Figs 3
nd 4 , along with a 3800-K MARCS model which was the progenitor
ll  spectra have been smoothed to a constant resolving power of
 � � / 	� =  1000 to make the spectral behaviour clearer around the
olecular bands. 
The time evolution of various physical properties and observable 

uring the pre-SN events are illustrated in Figs 5 and 6 . In each of
hese plots, the time-dependent photospheric radius R phot (second 

op panel in each �gure) is de�ned as the �ux-weighted average of
he 
 � =  1 surface. The circumstellar mass M CSM is de�ned as the
ass abo v e the original progenitor photosphere. 

Below, we discuss the results from each scenario in more detail. 

.1 ‘Outburst’  spectra 

he �rst  model we compute is that shortly after the shockwave
enetrates the surface layers, de�ned in M20 as t =  140 d, but de�ned
ere as t =  0. The star expands slightly, and temperature at the
urface increases by about 1200 K, causing an increase in bolometric
uminosity. The emergence of the shock leads to a ‘thickening’ of
he outer layers, ef fecti vely reducing the atmosphere scale height.
MNRAS 517, 1483–1490 (2022) 
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