I "HUUS L 1%&'&%!

%!

Joi/1
3 2 (
00'4 &5%%

2

2 4%5 .%1" " %6&' %670"

3

)+

# %

* +

%

%




of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 517,1483-149Q2022) https://doi.org/10.1093/mnras/stac2427

Explosionimminent: the appearanceof red supergiantsat the point of
core-collapse

BenDavies! BertrandPlez”? andMike Petraulf

1AstrophysicResearchnstitute, Liverpool JohnMooresUniversity, Liverpool SciencePark IC2, MV 146 BrownlowHill, Liverpool L3 5RF,UK
2|_aboratoireUniverset Particulesde Montpellier, Universi& de Montpellier, CNRS F-34090Montpellier, France

Accepted2022August19. Received2022August19; in original form 2022April 22

ABSTRACT

From the early radiationof type II-P supernova€SNe),it hasbeenclaimedthat the majority of their red supergian{RSG)
progenitorsare enshroudedby large amountsof circumstellarmaterial(CSM) at the point of explosion.The inferred density
of this CSM is ordersof magnitudeabove that seenaroundRSGsin the eld, andis thereforeindicative of a shortphaseof

elevatedmass-losgprior to explosion.It is not known over what time-scalethis materialgetsthere:is it formedover seweral
decadedy a ‘superwind’with mass-lossateM  10°*M yr®%; oris it formedin lessthana yearby a brief ‘outburst’ with

M 10°'M yrS1?In this paper,we simulatespectrafor RSGsundergoingsuchmass-losvents,and demonstratehat in

eitherscenariothe CSM suppressetheoptical ux by overafactorof 100,andthatof the near-IRby afactorof 10. We argue
thatthe ‘superwind’modelcanbeexcludedasit causeshe progenitorto beheavily obscuredor decadedeforeexplosion.and
is stronglyat oddswith observation®f II-P progenitorgakenwithin 10yr of core-collapselnsteadour resultsfavour abrupt
outbursts< 1yr beforeexplosionasthe explanatiorfor the early optical radiationof 11-P SNe.We thereforepredictthatRSGs

will undergodramaticphotometricvariability in the opticalandinfraredin the weeks-to-monthbeforecore-collapse.

Key words: circumstellamatter— starsevolution— starsiate-type- starsmassive- supergiants supernovaegeneral.

1 INTRODUCTION

For the few dozenll-P supernovag¢SNe)that haveoccuredwithin
30Mpc, it hasbeenpossibleto identify the progenitorstarin high-
resolutionimaging taken 1-10yr beforeit exploded.In the cases
where a progenitoris identi ed, the staris always inferred to be
bothluminous(> 10*°L ) andwith coloursconsistentith spectral
type M (Smarttet al. 2004 2009 Smartt2015 Davies& Beasor
2018 2020. This evidencethereforestrongly points towardsred
supergiant§ RSGs) as being the direct progenitorsfor the most
commontype of core-collapse&N.

Whilst pre-explosiorimagingcantell uswhatthe starlookedlike
within a decadeof the SN, the SN radiationitself cangive us hints
aboutwhatthe starlooked ik e atthe momentthe corecollapsedin
particular,in the rst few daysafter core-collapsesthe explosion
‘breaksout’ of thestar'soptically thick surfacdayers,we maylearn
aboutthephysicalconditionsatthestar'supperatmospherandinner
circumstellamaterial(CSM). Spectroscopyakenwithin adayor so
of shockbreakoutrevealnarrow emissionlines which originatein
thedenseCSM, butwhich disappeaquickly asthe CSMis overrun
by the blast-wave(e.g. Yaron et al. 2017 Jacobson-Gah et al.
2022. In bothworks cited, analysisof this* ash’ spectroscopyas
suggesteaircumstellardensitiesof betweernl 0> to 10°4gcm™?
atafewx 10* cm,whichis ordersof magnitudenoredensehan for
exampletheCSMaroundBetelgeus€Harper,Brown & Lim 2007).
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Subsequensimilar studiesof larger samplesof SNe nd thatthe
fractionof objectsdemonstratinghis behaviourincreaseshecloser
the SN is observedo explosion(Khazovet al. 2016 Bruch et al.
2021). Indeed,the latter study found 6 out of 10 objectsobserved
within 2d displayed ash-ionized spectralfeatures.This hints that
perhapsthe majority of II-P SNe might exhibit this evidencefor
denseCSM aroundthe progenitoraslong astheyareobservectarly
enough.

Corroboratingevidencefor denseCSM aroundll-P progenitors
comesfrom their early-timelight curves.If the CSM is optically
thick, it delaysthe breakoutof the shock,allowing the explosion
to cool further beforeit emergesThis leadsto a shortertime-scale
for the SN radiationto shift into the optical bands,causingsharper
rise-timesin the optical light curve(Moriya etal. 2017 Morozova,
Piro& Valenti2017). Hydrodynamicamodellingof theearlyoptical
light curve,andthe steepnessf theinitial rise,canthenbe usedto
estimateheradius/densitpf theshockbreakoutocation Earlywork
on single SNeindicateddensities> 10°°gcmP?® within - 0.5R of
thestellarsurface(Dessart,JohnHillier & Audit 2017 Moriya etal.
2017 Morozovaet al. 2017). Thesedensitiesare many ordersof
magnitudehigherthanthoseinferredaroundtypical RSGs,or even
RSGswith very high mass-lossates(see g. 1 of Davies& Plez
2021). Laterwork onlargersample®f objectssuggestthatevidence
for denseCSM is seenaround70-90percentof II-P SNe studied
(Forsteretal. 2018 Morozova,Piro & Valenti2018.

Theopenquestiomow is howthis pre-SNCSM wasformed,and
a clue to answeringthis questionwill comefrom establishingover
whattime-scalethe CSM forms. The modelsput forwardto explain
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CommonsgAttribution License(http://creativecommons.grlicenses/by/4.)/ which permitsunrestrictedeuse distribution,andreproductiorin any medium,

providedtheoriginal work is properlycited.

2202 J1aquiaoa( ZT U0 1asn AlSIaAluN Sa100A uyor j0odiaA A 66T6S.29/S8YT/T/LTS/a1oNe/seluw/wod dno aiwapese//:sdny woiy papeojumod



1484 B.Davies,B. Plezand M. Petrault

thisexistenceof the CSMfall into roughlytwo campswhichwewill
referto asthe ‘outburst’ and ‘superwind’ scenariosEachof these
scenariowill be discussedn moredetail in Section2, but brie y
theycanbedifferentiatedoy thetime-scaleoverwhichtheyform the
CSM. In the ‘outburst’ scenariothe CSMis the productof a very
high mass-losgateevent(M 0.1M yrSl) lasting of the order
of ayear(e.g.Morozovaet al. 2018. In the ‘superwind’ scenario,
the CSM is the productof a steady-stat®ut ow with a very high
mass-losgate, which operatedor  100yr prior to explosion(e.g.
Forsteretal. 2018. A third possibilityis discussedn Dessaretal.
(2017, in whichtheatmospheriscale-heighis puffedup by factors
of 10to 30, with awind stitchedontop. Thesemodelsgenerallyhave
lower CSM masseghanthe ‘superwind’ or ‘outburst’ models,but
havegreateiCSMdensitiesvithin - 2R (x 10°>5 higherthantypical
RSGs).No time-scalefor the generatiorof the CSMis providedfor
this latterscenario.

Hydrodynamicalmodelling of the SN'’s early-time light curve
aloneis not capableof discriminatingbetweenthe two scenarios.
However, since eachscenariomakesa different predictionsabout
how the progenitorstar shouldlook in the yearsbefore SN, they
can be contrastedby simulating how the progenitorshould look
in the decadeor so before explosion. In this paper, we will
constructmodelsreplicating eachscenarid (Section?2), and use
themto computesyntheticspectrafor eachof the two scenarios
describedabore (Section3). We will then compareour resultsto
observationsf progenitorsn theliterature(Sectiord). We conclude
in Section5.

2 DESCRIPTION OF PRE-SN MODELS

2.1 ‘Outburst’ models

For the ‘outburst’ model, we refer to the work of Morozovaet al.
(2017 2018 202Q thelattertwo papersereaftereferredto asM18
and M20). In M18, it was arguedthat the early-timelight curves
of a sampleof SNe suggestedhat in the majority of cases,an
excessof 0.1M of CSM was con ned within ~ 10*cm, which
is approximately?R for a typical RSG. To achievethis mass
of CSM, theseauthorssuggestedhat a wind of mass-lossrate
M 0.1M yrS! (for a putativewind speedof 10kms5%) would
be required.Suchmass-lossatesarefar manyordersof magnitude
above thoseof typical massivestarwinds, andareassociateanore
with eruptiveoutburstge.g. Car)ratherthanquiescentinds.The
sheerscaleof suchoutburstsuggestshattheywouldrequirealarge,
subsurfaceenergydepositionratherthan be opacity-drivenasin a
normalmassivestarwind.

In a follow-up paper,M20 suggested potentialsourceof such
an energyreleasecould be wave-heatingassociatedvith late-stage
nuclear burning. To simulate such an event, these authorstook
the pre-SN15-M modelof Sukhbold,Woosley& Heger(2018),
manually depositedbetween10S 10*” erg of energyat the base
of the conwective enwelope, and computedthe evolution of the
stellarstructureasthe shockwavepropagateautwardsthroughthe
envelopeOncethe shockhadreachedhe surface(whichwe de ne
in this study asthe beginningof the ‘outburst’) and expandedhe
outerlayers,M20 took a numberof modelsat differenttime-steps,

1Dessartet al. (2017) do not provide time-scalesfor how long it takesto

generatehe CSM in their models,so at this time we do not explorethese
models’syntheticspectraln this paperwe investigateonly the Forsteretal.

(2018 andMorozovaetal. (2020 models.
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Figure 1. Densitypro les of the outburstmodelsof M20 asa function of
time sincethe shockwavepiercedthe progenitorsurface which we de ne
hereasday O (de ned asday 140in M20). The last model,at 157d since
the emergencef the outburst,is that determinedby to be the best- tting
pre-explosiordensitypro le.

manuallyexplodedhem,andcomputedheresultinglight curve.The
conclusionof the paperwasthatthe light curvesof II-P SNewere
bestmatchedby outburstswhich piercethe stellarsurface 160d
beforeexplosionatwhichtimearoundlM of CSM hasbuilt up at
radii above the original photosphere.

The density pro les as a function of time after the shock has
penetratedhe stellar surfaceare shownin Fig. 1.2 If we de ne
thecircumstellamassMcsy asthatmasdocatedabove the original
progenitorsurfacethemassat+ 160d is extremelyhigh—over1M
an order of magnitudeabove thoseinferred in M18. To generate
this much CSM in sucha shorttime, this implies mass ow rates
>1M yret,

2.2 ‘Superwind’ models

In Moriya et al. (2017, it was rst suggestedhat a wind with a
mass-lossateordersof magnitudebelowthatinferredby Morozova
etal. (2016 mayalsobeableto explaintheearly-timeSN radiation,
providedthewind hadanextendedcceleratiozone At xed M, the
circumstellardensityis inverselyproportionalto the out ow speed,
andsoawind thatexpandwsery slowly until it reacheargeradii will
bemuchmoredensan theinnerregions Thus,aslowly-accelerating
wind with a much lower M may have the sameCSM densityin
the inner wind as a higher M outburstwhich is acceleratednore
steeply.

However, even with such a shallow accelerationzone, mass-
loss ratesof the order of 10°°M yr! are still required: orders
of magnituddargerthanthoseof typical RSGsandafactorof 100
higher than eventhe most extremeobjects(e.g. Beasor& Davies
2018 Beasotetal. 2020 Humphreysetal. 2020. Furthermorewith
a muchreducedM with respectto the ‘outburst’ scenario,sucha
wind would needto operateor 100s of yearsprior to SNin orderto
build upthe CSM necessaryo reproduceheearly-timelight curves
(cf. 100s of daysfor the ‘outburst’ model).

2We de ne day 0 asthe rst modelin which the outbursthas piercedthe
stellarsurface Thisis 140d aftertheenergywasdepositedat the baseof the
conwective enwelope,andsothis modelis de ned asday 140in M20.
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2.2.1 Constructionof the ‘superwind’models

Following Davies & Plez (2021), for our base model, we be-
gin with an MARCS model atmosphereof effective temperature
Ter = 3800K, gravity logg = 0.0, Solar-scalecabundancesand
microturbulence = 4km s51.2 TheluminosityL = 10°L , andthe
radiusR = 730R . To this atmosphereywe adda nominalambient
wind with M = 10°M yr®%, following the sameprocedureas
Davies& Plez(2021).

To this basemodel,we addCSM with adensitypro le  varying
with radiusr accordingto the masscontinuity equation
M = 4 r? (r)v(r), (1)

wherev istheout ow speedFollowing Forsteretal. (2018 hereafter
referredto asF18), we parametrize/(r) asabeta-law

v(r)= vo+ (v S ) lSRT , 2

where dictateghesteepnessf theaccelerationy istheterminal
wind velocity,andvg istheinitial speedfthewind atthephotosphere
which mustbe non-zeroto avoid the densitytendingto in nity at
smallr. Following F18 we adoptM = 10°3M yrS%, = 3,v =
10kms°1, andavalueof vy = 0.0125km s> is choserto ensurehat
thedensityattheinnerwind knits continuouslywith thatattheouter
photospheratthelocationwhereT(r) = Tes. As with F18 thewind
is propagatedut to a distancery,ing = 20R , thoughwe computea
serieof modelsat shorterr,ing to studythe spectrakevolutionof the
starthroughouthe launchingof thewind (seeFig. 2).

To computethe emerging ux throughthe wind, we mustalso
specifyatemperaturero le T(r). To computeT(r), in thiswork we
makethe assumptiorthat radiative equilibrium holds at all depths
in thewind. To do this, we beginwith the T pro le of the MARCS
model,andatthe pointthewind meetsthe atmosphereve makethe
initial estimateof T scalingasr>° from theinnerto theouterextent
of thewind. We theniterateonthe T-structureto ensurethatatevery
depthin thewind the condition

2
J SB) =0, 3)
1

is satis ed. Here, , J, andB are the opacity, the intensity of
the radiation eld, and the Planck function, respectively.To do
this, we use TURBOSPECTRUMV19.1to solve the radiativetransfer
equationbetween ; = 0.2um and , = 12um, at wavelength
samplingof / = 500, and determine , J, and B at all
wavelengthsand all depths.The wavelengthlimits ; and , are
chosento encompass 95 percentof the ux at all temperatures
< 6000K, which is the majority of the atmosphereand wind. In
practice iteratingthe T-structureresultsin very little shift from the
initial estimatedpro le for thosemodelswherethe superwindhas
yet to reach2R . For later models,a very small adjustmento the
temperaturepro le was necessarywhere T(r/R > 2) hadto be
reducedby a few percent. After a small numberof iterations,the
luminosity at every depthwas consistentto within 5percent, and
the luminosity at the outerandinner radii are consistento within
0.05dex. Furthermoreyery little changeto the emergenspectrum
wasseerbetweertheiteratedandinitial models.

3As we will seelater, the details of the stellar atmosphereare relatively
unimportantasit is almostcompletelymaskedoy the CSM.
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Figure 2. Density pro le of the ‘superwind’ model. The extent of the
superwind’'souterradiusasa functionof yearssinceits initiation is indicated
by thedatalabels.

2.3 Computing the synthetic spectra

To computeheemergenspectraof thesemodelswetakethedensity
andtemperaturgro les at eachstageof the simulationfor eachof
the two scenariosand passthemthroughour modi ed versionof
TURBOSPECTRUM(Plez2012 Davies& Plez2021). Thecodesolves
for the molecularequilibrium in the cooler layers,and computes
the radiativetransferthroughthe atmosphereinderthe assumption
of local thermodynamicequilibrium. We assumeSolar metallicity
and Solarscaledabundancesn all spectranoting that RSGsmay
display surfaceabundancesonsistentwith mild CNO processing
(Davieset al. 2009. Thoughwe do not know quantitativelywhat
the impactof theseapproximationsare,aswe will seein the next
section,the strengthsof the molecularfeaturesare enormous far
beyondthatseenin ‘normal’ RSGs.Therefore our conclusionsare
robustto theseapproximationgrovidedthey do not causethe TiO
and ZrO bandstrengthsto decreaséy morethana factorof 5,
suchis the effecton the progenitorcolours(seeSection4).

3 RESULTS

The synthesizedpectrafor the two scenariosare plottedin Figs 3
and4, alongwith a 3800-KMARCS modelwhich wasthe progenitor.
All spectrahave beensmoothedto a constantresolving power of
R / = 1000to makethespectrabehaviourcleareraroundthe
molecularbands.

Thetime evolutionof variousphysicalpropertiesandobservables
during the pre-SNeventsareillustratedin Figs5 and6. In eachof
theseplots, the time-dependenphotospheriaadius Rynot (second-
top panelin each gure) is de ned asthe ux-weighted averageof
the = 1 surface.The circumstellarmassMcsy is de ned asthe
massabove the original progenitorphotosphere.

Below, we discusgheresultsfrom eachscenarian moredetail.

3.1 ‘Outburst’ spectra

The rst model we computeis that shortly after the shockwave
penetratethesurfacdayers,de nedin M20ast = 140d, butde ned
hereast = 0. The star expandsslightly, and temperatureat the
surfacencreasedy aboutl200K, causinganincreasen bolometric
luminosity. The emergencef the shockleadsto a ‘thickening’ of
the outer layers, effectively reducingthe atmospherescaleheight.
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