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ABSTRACT

Type II supernovae (SNe II) show growing evidence of an interaction with circumstellar material (CSM) surrounding their progenitor
stars as a consequence of enhanced mass loss during the last years of the progenitor’s life, although the exact mechanism is still
unknown. We present an analysis of the progenitor mass-loss history of SN 2023ixf, a nearby SN II showing signs of an interaction.
First, we calculated the early-time (< 19 days) bolometric light curve for SN 2023ixf based on the integration of the observed flux
covering ultraviolet, optical and near-infrared bands, and black-body extrapolations for the unobserved flux. Our calculations detected
the sudden increase to maximum luminosity and temperature, in addition to the subsequent fall, displaying an evident peak. This is
the first time that this phase can be precisely estimated for a SN II. We used the early-time bolometric light curve of SN 2023ixf
to test the calibrations of bolometric corrections against colours from the literature. In addition, we included the observations of
SN 2023ixf into some of the available calibrations to extend their use to earlier epochs. A comparison of the observed bolometric
light curve to SN II explosion models with CSM interaction suggests a progenitor mass-loss rate of Ṁ = 3× 10−3 M� yr−1confined
to 12000 R� (∼ 8× 1014 cm) and a wind acceleration parameter of β= 5. This model reproduces the early bolometric light curve,
expansion velocities, and the epoch of disappearance of interacting lines in the spectra. This model indicates that the wind was
launched ∼ 80 yr before the explosion. If the effect of the wind acceleration is not taken into account, the enhanced wind must
have developed over the final months to years prior to the SN, which may not be consistent with the lack of outburst detection in
pre-explosion images over the last ∼ 20 yr before explosion.
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1. Introduction1

Type II supernovae (SNe II1) are the result of the explosion of2

massive stars (& 9 M�) that have retained a hydrogen-rich en-3

velope at the end of their evolution. SNe II are characterised4

by prominent hydrogen lines in their spectra (Minkowski 1941;5

Filippenko 1997) and they are the most common type of core-6

collapse SNe (Shivvers et al. 2017). Direct detections of pro-7

genitors in pre-explosion images provide strong evidence for red8

supergiant (RSG) stars as SN II progenitors (e.g. Van Dyk et al.9

2012; Smartt 2015).10

Hydrogen-rich SNe are sub-classified based on their pho-11

tometric and/or spectral characteristics. Some of these objects12

show prevalent narrow emission lines in their spectra and lumi-13

nous light curves (Schlegel 1990; Arcavi 2017). These events14

are referred to as type IIn SNe. The characteristics of this sub-15

group are attributed to the interaction of the SN ejecta with a16

pre-existing dense circumstellar material (CSM). This CSM is17

1 Throughout this paper we use the denomination ‘SNe II’ to refer
to hydrogen rich core-collapse supernovae excluding type IIn, IIb, and
SN 1987A-like events.

the result of a high mass-loss rate during the last stage of the 18

progenitor evolution. 19

A significant fraction of SNe II also show narrow emis- 20

sion features, disappearing within hours to days after explosion 21

(Bruch et al. 2021), thus suggesting that the spatial extension of 22

the CSM is small and that the progenitor experienced enhanced 23

mass loss shortly before core collapse (e.g. Yaron et al. 2017). 24

The SN shock wave breaks out from the progenitor surface emit- 25

ting high-energy photons that excite and ionise the CSM; more- 26

over, the continuous interaction between the shock wave and the 27

CSM converts kinetic energy into radiation that also ionises the 28

material outwards from the shock front. The narrow emission 29

features are a consequence of the recombination of the slow- 30

expanding ionised CSM (Khazov et al. 2016; Dessart et al. 2017; 31

Smith 2017). 32

SN 2023ixf is a SN II (Perley et al. 2023) discovered on 33

2023 May 19 17:27:15.00 UT in the galaxy M101 (Itagaki 34

2023). The proximity to this object allowed several detections 35

of the progenitor candidate in pre-explosion images taken with 36

the Hubble Space Telescope, the Spitzer Space Telescope, and 37

ground-based telescopes. The analysis of these images results 38
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in a variable RSG candidate obscured by dust, whose lumi-39

nosity is consistent with the evolution of a star with an initial40

mass of MZAMS = 10−15 M� (Szalai & Dyk 2023; Pledger &41

Shara 2023; Kilpatrick et al. 2023; Jencson et al. 2023; Xiang42

et al. 2024; Neustadt et al. 2024). At the same time, the analy-43

sis of the progenitor variability implies an initially more mas-44

sive star of MZAMS = 20± 4 M� (Soraisam et al. 2023), while45

the study of the stellar populations in the vicinity of the site46

of explosion of SN 2023ixf infers a progenitor initial mass of47

MZAMS = 17−19 M� (Niu et al. 2023). The progenitor could not48

be detected in X-rays and ultraviolet (UV) pre-explosion im-49

ages (Kong 2023; Matsunaga et al. 2023; Basu et al. 2023). Pre-50

explosion observations disfavour the presence of outbursts in the51

last ∼20 yr (Jencson et al. 2023; Dong et al. 2023; Neustadt et al.52

2024), although a low-luminosity outburst might not alter the53

dust optical depth enough to become detectable (Hiramatsu et al.54

2023; Neustadt et al. 2024). Additionally, light-curve modelling55

infers a progenitor initial mass of MZAMS = 12 M� (Bersten et al.56

in press).57

After the discovery, intensive photometric, spectroscopic,58

and polarimetric follows-up were carried out (e.g. Hosseinzadeh59

et al. 2023; Grefenstette et al. 2023; Teja et al. 2023; Vasylyev60

et al. 2023). Early-time spectra show narrow emission features61

during the first week after discovery, which indicate the pres-62

ence of a dense CSM (Sutaria & Ray 2023; Yamanaka et al.63

2023; Teja et al. 2023; Jacobson-Galán et al. 2023; Bostroem64

et al. 2023; Smith et al. 2023; Hiramatsu et al. 2023).65

In the present paper, we attempt to estimate the physical66

properties of the CSM surrounding the progenitor of SN 2023ixf67

by modelling the early-time bolometric light curve and evolu-68

tion of the expansion velocity. We note that the characteristics of69

the wind producing the CSM has to be consistent not only with70

the aforementioned observables of SN 2023ixf but also with the71

epoch of disappearance of the narrow emission features and the72

absence of outbursts —at least— during the last ∼20 yr before73

explosion.74

There are only a small number of objects observed as early75

and intensively as SN 2023ixf; therefore, it is a great opportu-76

nity to calculate and analyse the early bolometric light curve of77

a SN II. The early follow-up of SN 2023ixf allowed us to cal-78

culate the bolometric light curve before the maximum luminos-79

ity, during the rise to peak. This is of particular interest given80

that this has only been observed in a small number of previously81

discovered SNe II. Given the exceptional temporal and wave-82

length coverage of SN 2023ixf observations, the analysis of this83

early phase can provide important information about the shock84

wave emergence. In addition, the calculation of the early-time85

bolometric light curve allows us to estimate bolometric correc-86

tions (BCs) and to extend the calibrations of BC against optical87

colours previously established in the literature (Martinez et al.88

2022b) to earlier epochs.89

In this work, we adopted a Cepheid-based distance of90

6.85± 0.15 Mpc (Riess et al. 2022). For the explosion epoch,91

there are various constraints thanks to the large number92

of non-detections close to the discovery date. We adopted93

MJD 60082.75 as the explosion date, following the analysis of94

Hosseinzadeh et al. (2023) and the non-detections by Mao et al.95

(2023). The Milky Way reddening in the direction of SN 2023ixf96

is E(B−V)MW = 0.008 mag (Schlafly & Finkbeiner 2011), while97

we adopted a host-galaxy reddening of E(B−V)host = 0.031 mag98

based on the equivalent widths of Na i lines (Lundquist et al.99

2023, see also Smith et al. 2023). We considered a Galactic ex-100

tinction law from Cardelli et al. (1989) with RV = 3.1.101
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Fig. 1. Early bolometric light curve for SN 2023ixf (blue dots). The
dashed line represents the pseudo-bolometric light curve. The inset plot
shows the first week of evolution of the bolometric luminosity. In this
plot, the pink triangles are the bolometric luminosities when observed
UV data are not taken into account in the calculation method. In most
cases the error bars are smaller than the dot size.
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Fig. 2. Evolution in time of black-body fit parameters for SN 2023ixf:
temperature (red dots) and radius (green diamonds).

The present paper is organised as follows. Section 2 de- 102

scribes the methodology to calculate the bolometric light curve 103

of SN 2023ixf. Section 3 inspects the currently available calibra- 104

tions for BCs versus optical colours and presents an extension 105

of the calibrations previously found by Martinez et al. (2022b) 106

by including SN 2023ixf in the analysis. Section 4 presents the 107

modelling to the early-time bolometric light curve of SN 2023ixf 108

and the derived physical properties of the CSM. In Sect. 5, we 109

discuss the scenario that produces the CSM and compare with 110

the results from the literature. We provide our concluding re- 111

marks in Sect. 6. 112

2. Bolometric light curve 113

The main goal of this work is to derive physical properties for 114

the mass-loss history of the progenitor of SN 2023ixf near core 115

collapse, based on comparing models with early-time observa- 116

tions (< 19 days). The models are computed using a 1D code 117
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that simulates the explosion of the SN and calculates bolomet-118

ric luminosities, among other observables (Bersten et al. 2011,119

see Sect. 4 for additional details). Therefore, in a first stage, we120

estimated bolometric luminosities for SN 2023ixf.121

SN 2023ixf has been monitored since shortly after its dis-122

covery with an exceptional cadence and wavelength coverage. In123

order to estimate bolometric luminosities, we collected publicly-124

available multi-band photometric data from the literature and125

additional photometry reported through The Astronomer’s Tele-126

grams2 and TNS Astronotes3 services. Specifically, we gathered127

UV, optical (UBVu′g′r′i′z′ filters) and near-infrared (NIR, JHKs128

filters) magnitudes from Teja et al. (2023), and optical photom-129

etry (BVRIg′r′i′) from Balam & Kendurkar (2023), D’Avanzo130

et al. (2023), Fowler et al. (2023), Kendurkar & Balam (2023),131

Sgro et al. (2023), and Vannini (2023a,b,c). The UV data pre-132

sented in Teja et al. (2023) correspond to UVW2, UV M2, and133

UVW1 filters from the Ultraviolet Optical Telescope (Roming134

et al. 2005) on board the Swift Observatory (Gehrels et al. 2004).135

The entire data set covers from 0.3 to 19 days after explosion,136

which allow us to analyse the early SN emission and to estimate137

the physical properties of the CSM.138

The estimation of the bolometric luminosities was performed139

in the same manner as in Martinez et al. (2022b). This method140

consists in the integration of the observed fluxes, which in the141

present study represents the spectral energy distribution (SED)142

of SN 2023ixf from mid-UV —when available— to NIR wave-143

lengths. In addition, the calculation method assumes that the SN144

emits as a black body at the unobserved wavelengths (see details145

below).146

The early-time photometry of SN 2023ixf is characterised by147

a high cadence of observations. However, magnitude values are148

not always available at a given epoch for all the observed bands,149

which are necessary to produce reliable black-body fits to the ob-150

served SED. We obtained a complete set of magnitudes at each151

observed epoch performing loess non-parametric regressions152

using the ALR code4 described in Rodríguez et al. (2019). Ob-153

served UVW2 and UV M2 light curves have a small number of154

observations, therefore, these light curves were not interpolated.155

Extrapolations were not allowed for any band.156

Having photometric measurements or interpolated magni-157

tudes in all observed bands at each epoch of observation (with158

the exception of UVW2 and UV M2), we proceeded with the159

bolometric luminosity estimation method. We transformed mag-160

nitudes into monochromatic fluxes at the mean wavelength of161

the filter using the transmission functions provided by the SVO162

filter service (Rodrigo et al. 2012; Rodrigo & Solano 2020), tak-163

ing into account that the collected data are available in different164

photometric systems. The monochromatic fluxes were then inte-165

grated using the trapezoidal method and the observed flux was166

estimated at each epoch of observation.167

To estimate the unobserved flux at shorter and longer wave-168

lengths we assumed that the SN emission in those regimes is169

well described by a black-body model. At early times, this as-170

sumption is mostly correct. As the SN ejecta expands and cools,171

the UV emission starts to depart from a black-body model as a172

consequence of the increasing line blanketing produced by iron-173

group elements. However, with our collected data set, we note174

that black-body models are still consistent with the observed UV175

emission at least up to ∼15 days from explosion (after this epoch176

there are no available observations at UV bands). Therefore, it177

2 https://www.astronomerstelegram.org/
3 https://www.wis-tns.org/astronotes
4 https://github.com/olrodrig/ALR

is not necessary to remove the bluest bands from the black-body 178

fitting as it is, in general, for later observations (see e.g. Bersten 179

& Hamuy 2009; Faran et al. 2018; Martinez et al. 2022b). Black- 180

body fits were carried out only for observational epochs with at 181

least four data points. 182

Once we found a black-body model that fits the observed 183

SED, the extrapolated flux at longer wavelengths is simply the 184

emission of the black-body model between the reddest observed 185

band and infinity (known as the IR correction). At the same 186

time, the extrapolated flux at shorter wavelengths is the emission 187

of the black-body model between the bluest observed band and 188

zero wavelength (known as the UV correction). The sum of the 189

observed flux and the extrapolated fluxes from the black-body 190

model equates the bolometric flux. 191

To take the magnitude uncertainties into account, we calcu- 192

lated the bolometric flux via a Monte Carlo procedure. For each 193

of the two thousand simulations, we randomly sampled broad- 194

band magnitudes assuming a Gaussian distribution centred at 195

the magnitude value with a standard deviation equal to the mag- 196

nitude uncertainty. Then, the observed flux was integrated, the 197

best-fitting black-body model was found, and the IR and UV 198

corrections were estimated. The mean bolometric flux of the two 199

thousand simulations was calculated and taken as the bolomet- 200

ric flux. We took the standard deviation of the distribution as 201

the uncertainty of the luminosity. This procedure was repeated 202

at every epoch of observation. Finally, the bolometric flux was 203

transformed into luminosity using the distance to the SN. The 204

bolometric light curve was calculated from 1.9 to 18.9 days after 205

explosion. 206

Figure 1 shows the resulting bolometric light curve for 207

SN 2023ixf. In addition, this figure shows the pseudo-bolometric 208

light curve for SN 2023ixf, which is defined as the integration of 209

the observed flux in the optical and NIR regimes. At early times, 210

the differences between both light curves are significant. This 211

behaviour indicates the great contribution of the UV to the bolo- 212

metric flux at these epochs. Moreover, the absence of the UV flux 213

erases the luminosity peak. Therefore, if the photometric cover- 214

age is limited to optical and redder bands, or the unobserved flux 215

in the UV is not taken into account, the peak in the bolometric 216

light curve is lost. Eventually, the differences become smaller be- 217

cause the SN ejecta cools and the UV emission decreases, while 218

the SN emission in the optical increases. 219

The early bolometric light curve of SN 2023ixf consists of a 220

rapid rise time of 3.47 days to maximum at log Lbol = 45.5+0.18
−0.30 221

(Mbol =−25.08± 0.54 mag). This is the first time —to our 222

knowledge— that such a detailed rise to maximum and sharp 223

peak are observed in bolometric luminosities, having a large 224

wavelength coverage and using similar techniques. At the epoch 225

of maximum luminosity, the black-body model fits observed 226

fluxes in the following bands: UVOT -B, B, g, UVOT -V , V , r, 227

i, z, J, H, and K; resulting in a black body with a tempera- 228

ture of ∼ 1.3× 105 K. Recently, while our study was on the re- 229

vision stage, a study appeared on the archive: Zimmerman et al. 230

(2023), who also presented bolometric light curve calculations 231

for SN 2023ixf. While the time of maximum bolometric lumi- 232

nosity estimated by Zimmerman et al. (2023) agrees very well 233

with our estimation, their maximum luminosity is much lower. 234

Given that Zimmerman et al. (2023) used a larger wavelength 235

coverage to compute the luminosity at maximum light, we note 236

that our estimation of the maximum luminosity might be mag- 237

nified due to an overestimation of the extrapolation to shorter 238

wavelengths. After peak, the luminosity drops ∼2.3 dex in the 239

following 1.5 days. Then, the luminosity starts a slower decline, 240

at least up to day 19 post-explosion. 241
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During the luminosity rise, SN 2023ixf shows different242

slopes to reach the maximum luminosity (see Fig. 1). First,243

the luminosity increases almost linearly up to 2.2 days post-244

explosion. Then, the luminosity starts a slower rise up to day 2.9.245

Finally, the light curve rises up to maximum with a single246

slope —much steeper than in earlier times— from day 2.9.247

This epoch matches with the last epoch of observation —before248

maximum— having Swift data in the UV. Specifically, before249

maximum luminosity, the UVW1-band light curve is available250

until 2.9 days post-explosion, while only a single data point in251

the UV M2 band was obtained.252

In order to test the influence of the available UV data on the253

rise to maximum luminosity, we calculated the early bolomet-254

ric light curve for SN 2023ixf again, but this time neglecting255

the Swift data in the UV regime, both from the black-body fit-256

ting procedure and the integration of the observed SED. This257

is shown in the inset plot of Fig. 1 as pink triangles (only the258

first three days are shown given that these are the epochs with259

most UV observations). This process results in a bolometric260

light curve without the slope changes mentioned above, and with261

lower luminosities before day 2.9 post-explosion. The lower lu-262

minosities are obtained because the Swift data in the UV (mostly263

in the UVW1 band) are more luminous than the predicted flux264

from black-body models at the mean wavelength of the UVW1265

filter, when the UVW1 data are neglected from the calculation.266

This means that black-body fits ignoring the available UV data267

underestimate the UV extrapolation. Therefore, the observed268

UVW1 data produce black-body models that peak at shorter269

wavelengths (i.e. hotter black-body models), causing larger UV270

corrections and higher temperatures during this time interval (see271

Fig. 2).272

Figure 2 shows the black-body parameters obtained from273

the fits. Before the luminosity peak, the temperature shows val-274

ues between log T∼ 4.3−4.4, while the radius increase by a fac-275

tor of ∼2. Then, the temperature suddenly increases to a value276

of log T∼ 5.1 in less than 0.5 days, coincident with the maxi-277

mum luminosity. At the same time, the black-body radius takes278

smaller values. This increase in temperature coincides with the279

blueward evolution of the (U − V) colour and the transition to280

higher ionisation states of some lines visible in early-time spec-281

tra, which may indicate the observation of the delayed shock282

breakout inside a dense CSM (Hiramatsu et al. 2023). After the283

luminosity peak, the black-body temperature (radius) decreases284

(increases) almost monotonically.285

3. Bolometric corrections286

In Sect. 2, we estimated bolometric luminosities for SN 2023ixf287

through direct integration of the observed flux (covering UV,288

optical, and NIR bands) and assuming that the SN emits as a289

black body at shorter and longer —unobserved— wavelengths.290

This is the most accurate method to estimate bolometric lumi-291

nosities when extensive wavelength coverage is available. The292

use of bolometric corrections to convert broadband magnitudes293

into bolometric magnitudes is a more frequent technique when294

the photometric coverage is limited only to optical filters. From295

the work of Bersten & Hamuy (2009), where the authors devel-296

oped calibrations between BCs and optical colours, several other297

studies have analysed these relations (e.g. Lyman et al. 2014; Pe-298

jcha & Prieto 2015). More recently, Martinez et al. (2022b) pre-299

sented updated calibrations of BC against optical colours using300

the most homogeneous and largest sample of SN II bolometric301

light curves.302

The unprecedented early-time bolometric light curve of 303

SN 2023ixf, characterised by a high cadence of observations 304

and the wide wavelength coverage of the broadband data, allows 305

us to examine the calibrations of bolometric corrections versus 306

colour found in the literature (Sect. 3.1) and to extend previous 307

calibrations to bluer colours (i.e. to earlier times, Sect. 3.2). 308

3.1. Testing calibrations of bolometric corrections 309

In this section, we compare the bolometric light curve of 310

SN 2023ixf estimated in Sect. 2 with those constructed employ- 311

ing the calibrations of bolometric corrections from the literature. 312

Specifically, we compare with the calibrations from Bersten & 313

Hamuy (2009), Lyman et al. (2014), Pritchard et al. (2014), Pe- 314

jcha & Prieto (2015), and Martinez et al. (2022b). Figure 3 shows 315

the results of the analysis. Each panel also shows the colour 316

curves used for the calculation. The details of the comparison 317

are found below. 318

Martinez et al. (2022b) presented calibrations of BCs ver- 319

sus (B − V), (g − r), and (g − i) colours, with the latter two 320

colour indices showing the smallest dispersions. These BC cal- 321

ibrations are distinguished according to the phase in which the 322

SN is found. For the comparison, we utilised the calibrations 323

that corresponds to the ‘cooling phase’, since these are the most 324

appropriate for our data set. In addition, these calibrations were 325

performed with photometric data points in the natural system 326

of the Swope telescope at Las Campanas Observatory (Contr- 327

eras et al. 2010). Therefore, we first converted our data into the 328

corresponding photometric system. Vega magnitudes were trans- 329

formed into AB system using the conversion values published in 330

Blanton & Roweis (2007). We then used the magnitude offsets 331

from Krisciunas et al. (2017) to convert AB magnitudes into the 332

natural system of the Swope telescope. At that moment, the cal- 333

ibrations of BCs were applied. 334

We find good agreements between the bolometric light curve 335

calculated in Sect. 2 (referred to as ‘SED integration’ in Fig. 3), 336

and those calculated using the BC calibrations from Martinez 337

et al. (2022b) (Fig. 3, top-left panel). The bolometric light curve 338

constructed with the BC calibration against (g − r) produces the 339

most similar light curve to that observed. At the same time, the 340

predicted bolometric luminosities using the calibration versus 341

(g− i) are slightly brighter than those estimated using the (g− r) 342

colour index. The bolometric light curve using the BC calibra- 343

tion against (B − V) agrees well between days 6 and 10. After 344

day 10 the predicted bolometric luminosities overestimate the 345

observations. We note that earlier estimations are not possible 346

because the colour values are bluer than the validity ranges of 347

the calibrations (see below for predicted bolometric luminosities 348

if the validity colour ranges are not considered). 349

The top-right panel of Fig. 3 compares our bolometric light 350

curve and those predicted using the BC calibrations for the cool- 351

ing phase from Lyman et al. (2014). These authors constructed 352

calibrations for several colour indices. However, we show com- 353

parisons only to calibrations using (B − V), (g − r), and (g − i) 354

given that the other colour indices present a small number of data 355

points. The bolometric light curve computed using BC calibra- 356

tions versus (B−V) shows good agreement with our, with the ex- 357

ception of the data points between 7 and 10 days post-explosion. 358

At those epochs, the predicted luminosities underestimate our 359

estimation by ∼0.1 dex. The predicted bolometric light curves 360

using (g − r) and (g − i) colours show similar behaviours. In 361

both cases, the luminosity is underestimated, especially during 362

the first 5 days post-explosion. For the (g − i) colour, the rise to 363

maximum is much smoother than the calculated with our pro- 364
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Fig. 3. Bolometric light curve for SN 2023ixf calculated from the integration of the observed flux plus black-body extrapolations (thick grey
line, referred to as ‘SED integration’) in comparison with those calculated from calibrations of bolometric corrections versus colours found in the
literature: Martinez et al. (2022b) (top-left panel), Lyman et al. (2014) (top-right panel), Bersten & Hamuy (2009), Pejcha & Prieto (2015), and
Pritchard et al. (2014) (bottom-left panel). The bottom-right panel shows bolometric light curves using the calibrations by Martinez et al. (2022b)
when larger validity ranges of colours are allowed.

cedure, similar to the behaviour of the pseudo-bolometric light365

curve (see Fig. 1).366

The bottom-left panel of Fig. 3 shows a comparison with sev-367

eral other calibrations found in the literature. We chose to com-368

pare with the BC calibrations versus (B − V) from Bersten &369

Hamuy (2009) and Pejcha & Prieto (2015). The other BC cali-370

brations from these latter two papers cannot be well compared371

due to the small number of data points for the colours involved372

[(B − I) and (V − I) in the case of Bersten & Hamuy (2009) and373

(B − R) and (B − I) for Pejcha & Prieto (2015)]. The bolomet-374

ric light curve calculated with the BC calibration from Bersten375

& Hamuy (2009) present two data points —around days 6.5 and376

10.5 post-explosion— much brighter than those using the SED377

integration method. With the exception of these values, the lu-378

minosity agrees well with our estimate. The BC calibration from379

Pejcha & Prieto (2015) agrees well with our bolometric light380

curve at some epochs. However, other epochs show a variable381

behaviour. This behaviour can possibly be explained due to the382

irregular conduct of the (B − V) colour curve, which could also383

explain the over-luminous data points in the comparison with384

the BC calibration from Bersten & Hamuy (2009). Addition-385

ally, we compared to the BC calibrations from Pritchard et al. 386

(2014). These calibrations were performed for (U−B) and (B−V) 387

colours using Swift+UVOT filters; therefore, we used the avail- 388

able Swift+UVOT photometry for this comparison. For both BC 389

calibrations, the resulting bolometric light curves are much dim- 390

mer than that estimated via SED integration. 391

Finally, we used the BC calibrations from Martinez et al. 392

(2022b) again, but this time without considering the validity 393

ranges of colours. This means that we extrapolated the calibra- 394

tions to bluer colours. The predicted bolometric light curves us- 395

ing the extrapolated BC calibrations versus (g − r) and (g − i) 396

shows remarkable good agreement at these early epochs, with 397

the exception of the value around day 6. However, we note the 398

large error bars in the (g − r) and (g − i) colour curves at that 399

epoch, arising predominantly from the g-band magnitude. Sur- 400

prisingly, the BC calibration versus (B − V) predicts the be- 401

haviour of the rise to maximum luminosity and the subsequent 402

drop, although the following data points clearly overestimate the 403

luminosity from the SED integration method. However, as stated 404

before, we note the variable behaviour of the (B − V) colour 405

curve. This analysis shows that the BC calibrations from Mar- 406
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Table 1. Coefficients of the polynomial fits to the bolometric corrections
versus optical colours.

Colour Range c0 c1 c2 c3 c4 σ

(g − r) (−0.43, 1.09) −0.353 1.643 −3.574 1.474 — 0.133
(g − i) (−0.60, 1.15) −0.220 0.738 −2.137 0.913 — 0.125
(B − V) (−0.35, 1.16) −0.704 4.013 −7.985 6.904 −2.357 0.206

Notes. BC =
∑n

k=0 ck(colour)k, where colour is taken from the first col-
umn. The last column (σ) represents the standard deviation about the
fit.

tinez et al. (2022b) are a satisfactory method to estimate bolo-407

metric luminosities, particularly the calibrations versus (g − r)408

and (g − i) colours.409

3.2. Calibrations of bolometric corrections including410

SN 2023ixf411

In Sect. 3.1, we show that the BC calibrations from Martinez412

et al. (2022b) adequately reproduce the bolometric light curve of413

SN 2023ixf. In addition, SN 2023ixf has an unique early-time414

bolometric light curve, due to the high observational cadence415

that resolves the rise to maximum luminosity, and the extensive416

wavelength coverage from UV to NIR. This motivates us to in-417

corporate the early-time data of SN 2023ixf to the BC calibra-418

tions from Martinez et al. (2022b) in order to extend the calibra-419

tions (corresponding to the ‘cooling phase’) to bluer colours (i.e.420

to earlier times).421

The BC calibrations from Martinez et al. (2022b) were per-422

formed using a sample of 74 SNe II observed by the Carnegie423

Supernova Project-I (Hamuy et al. 2006) using the facilities of424

the Las Campanas Observatory. Therefore, we used the same425

data, in addition to those from SN 2023ixf, to construct new BC426

calibrations.427

First, we converted the bolometric luminosities of428

SN 2023ixf into bolometric magnitudes. By definition429

Mbol = M�,bol − 2.5 log10

(
Lbol

L�,bol

)
, (1)

where L�,bol = 3.845 × 1033 erg s−1 and M�,bol = 4.74 mag are430

the luminosity and the absolute bolometric magnitude of the431

Sun (Drilling & Landolt 2000). We then calculated the bolomet-432

ric corrections for SN 2023ixf employing the definition, BC j =433

mbol −m j, where m j is the extinction-corrected magnitude in the434

band j of the SN, and mbol is its the bolometric magnitude. Fi-435

nally, we looked for calibrations between the bolometric correc-436

tions and the same three colour indices.437

Figure 4 displays the bolometric correction relative to the438

g band (BCg) as a function of (g − r) and (g − i) colours (top439

and middle panels, respectively). Figure 4 also includes polyno-440

mial fits to the data computed via Markov chain Monte Carlo441

(MCMC) methods using the python package emcee (Foreman-442

Mackey et al. 2013). We used third order polynomial fits for443

the calibrations comprising (g − r) and (g − i) colours. We find444

good agreement between the polynomial fits and the data, ex-445

cept for the lowest BCg value in both plots (BCg =−2.40 mag).446

This value corresponds to the epoch when the luminosity peak is447

taking place.448

We also searched for calibrations between the bolometric449

correction relative to the V band (BCV ) as a function of (B − V).450

This is shown in the bottom panel of Fig. 4. For this case, we451

utilised a fourth order polynomial to fit the early-time data of452

SN 2023ixf. We do not find any improvement in the BC cali- 453

bration versus (B − V) colour with respect to that obtained us- 454

ing the CSP-I SN II data, that is, towards (B − V) values lower 455

than −0.10 mag. The lowest two BCV values (BCV =−5.04 and 456

−4.10 mag) corresponds to the peak time. However, we note that 457

these calibrations should be considered more uncertain for the 458

bluest colours for the following reasons: 1) we are using only 459

one SN II at these colour ranges; and 2) the steep dependence 460

of the BC with colour, which implies that an uncertainty in the 461

colour measurement could produce a considerable error in the 462

estimation of the BC. The coefficients of the polynomial fits and 463

the standard deviation around the fits are presented in Table 1. 464

4. Modelling 465

The early-time bolometric light curve of SN 2023ixf allows us to 466

constrain its progenitor mass-loss history by comparing models 467

with observations. Theoretical light curves are calculated using a 468

code that solves the hydrodynamical equations assuming spher- 469

ical symmetry coupled to the radiation transfer equations in the 470

diffusion approximation (Bersten et al. 2011). The explosion is 471

simulated by injecting energy near the centre of the progenitor 472

star, producing a powerful shock wave that propagates out. 473

In addition to bolometric light curves, our code calculates 474

expansion velocities at different layers. Therefore, we also com- 475

pare the expansion velocity at the photospheric layer to the 476

Fe ii λ5169 line velocity, given that this line gives a good es- 477

timation of the photospheric velocity (Dessart & Hillier 2005). 478

The omission of the expansion velocities in the fitting procedure 479

can result in solutions that are not consistent with the SN ex- 480

pansion rate (see Martinez et al. 2020). If this is the case, the 481

solution found is spurious. In order to measure expansion ve- 482

locities of SN 2023ixf, we used public spectra from the WIS- 483

eREP5 archive (Yaron & Gal-Yam 2012) in those epochs where 484

Fe ii λ5169 profiles started appearing (approximately at 25 days 485

after explosion). We used three spectra uploaded to WISeREP 486

from the Dark Energy Spectroscopic Instrument (DESI; Levi 487

et al. 2019) at the 4m Mayall Telescope at Kitt Peak National 488

Observatory and one spectrum uploaded by TNS, without infor- 489

mation about the telescope and instrument listed. We measured 490

the expansion velocities of Fe ii λ5169 in the spectra by fitting 491

a Gaussian to the minimum of the absorption profiles. Addition- 492

ally, we utilised the relation by Faran et al. (2014) that predicts 493

the photospheric velocity at 50 days post-explosion from Fe ii 494

velocity measurements. 495

Progenitor models at the time of core collapse are needed to 496

initialise the explosion. In this context, we used the public stellar 497

evolution code MESA6 version 22.6.1 (Paxton et al. 2011, 2013, 498

2015, 2018, 2019; Jermyn et al. 2023) to obtain a non-rotating 499

RSG pre-SN model at solar metallicity (Z� = 0.0142; Asplund 500

et al. 2009) for a star of 15 M� on the main sequence. The choice 501

of this initial mass value was carried out to agree with the pro- 502

genitor luminosity observed in pre-explosion images (Jencson 503

et al. 2023; Van Dyk et al. 2023; Xiang et al. 2024; Neustadt 504

et al. 2024). The stellar models were evolved from the main se- 505

quence to core collapse, defined as the time when any location 506

inside the iron core reaches an infall velocity of 1000 km s−1. 507

During massive-star evolution, mass loss was treated using the 508

‘Dutch’ wind scheme defined in MESA (Vink et al. 2001; de 509

Jager et al. 1988). Convection was modelled using the mixing- 510

length theory (Böhm-Vitense 1958) adopting a mixing-length 511

5 https://www.wiserep.org/
6 http://mesa.sourceforge.net/
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Table 2. Summary of the initial conditions of the models presented in this work.

Model Ṁ RCSM RCSM β MCSM tdis
[M� yr−1] [R�] [cm] [M�] [days]

m15_w0.3_r2500 0.3 2500 1.7× 1014 0 0.08 1.4
m15_w0.5_r2500 0.5 2500 1.7× 1014 0 0.14 1.5
m15_w1.0_r2500 1.0 2500 1.7× 1014 0 0.28 1.1
m15_w1.0_r3000 1.0 3000 2.1× 1014 0 0.37 0.7
m15_w1.2m2_r8000 1.2× 10−2 8000 5.6× 1014 0 0.02 6.7
m15_w3m2_r8000 3× 10−2 8000 5.6× 1014 0 0.04 8.5
m15_w1.2m2_r5000 1.2× 10−2 5000 3.5× 1014 0 9× 10−3 3.9
m15_w3m3_r12000_beta5 3× 10−3 12000 8.4× 1014 5 0.23 6.5
m15_w3m3_r7000_beta5 3× 10−3 7000 4.9× 1014 5 0.23 4.8
m15_w1m2_r12000_beta5 1× 10−2 12000 8.4× 1014 5 0.76 10.0
m15_w3m3_r12000_beta2 3× 10−3 12000 8.4× 1014 2 0.05 5.0

Notes. Ṁ is the progenitor mass-loss rate, RCSM is the extension of the wind material, β is the wind acceleration parameter (β= 0 corresponds to
steady-state winds), MCSM is the CSM mass, and tdis is the theoretical epoch of disappearance of interacting lines.

parameter αmlt = 2.0. The convective regions were determined512

using the Ledoux criterion. Semiconvenction was implemented513

as a diffusive process adopting an efficiency of αsc = 1.0 (Langer514

et al. 1983). Convective-core overshooting is treated in the step515

formalism during hydrogen- and helium-core burning adopting516

overshooting parameters of αos = 0.15 (Martins & Palacios 2013)517

and 0.03 (Li et al. 2019) pressure scale heights, respectively. For518

later core-burning stages, we adopted the decreasing exponential519

approach implemented in MESA to account for convective over-520

shooting with a parameter f = 0.003 (Farmer et al. 2016; Jones521

et al. 2017). The evolution of the initially 15M� star with the522

above evolutionary parameters results in a progenitor model with523

a final mass of 12.7 M�, hydrogen-rich envelope of 8.0 M�, and524

radius of 918 R�.525

The observation of narrow emission lines in early-time SN526

spectra result from the presence of a dense and confined CSM527

surrounding the progenitor star. The CSM formation is thought528

as a consequence of a high mass-loss rate occurred during the529

last years to decades before core collapse, although the exact530

mechanism is unclear. As the SN ejecta interacts with the CSM,531

kinetic energy of the ejecta is converted to radiation that can532

ionise the CSM and boost the SN early-time luminosity. Given533

that the progenitor models computed with MESA do not consider534

the mass loss producing the CSM we are interested in, we arti-535

ficially attached a CSM profile to the outer layers of the pre-SN536

model as usually done in the literature (e.g. Moriya et al. 2011;537

Morozova et al. 2018; Englert Urrutia et al. 2020).538

Before attaching any CSM profile, we computed several539

models with different explosion energies (Eexp) and compared540

them to our observations. Particularly, we look for agreement to541

the observed expansion velocities of SN 2023ixf, since these ob-542

servables are strongly influenced by the energy of the explosion543

(for a fixed pre-SN model). We choose an explosion energy of544

Eexp = 1.25× 1051 erg for each of our simulations with CSM in-545

teraction7. We note that the ejecta mass and the explosion energy546

are rough estimates because in the present paper we are focused547

on the properties of the CSM. In Bersten et al. (in press), we548

7 We note that the inclusion of CSM can alter the photospheric veloci-
ties of a SN due to the conversion of kinetic energy into radiation at the
shock front. This depends on the adopted physical parameters for the
CSM.

analyse the complete evolution of the bolometric light curve and 549

estimate the physical properties of the progenitor and explosion. 550

In the following we aim to reproduce the early-time bolomet- 551

ric light curve of SN 2023ixf by considering two different sce- 552

narios to simulate the CSM formation: steady-state (Sect. 4.1) 553

and accelerated (Sect. 4.2) winds. The nomenclature is based 554

on naming each model according to its initial mass, wind 555

mass-loss rate, radial CSM extension, and velocity law for the 556

wind velocity. For example, m15_w3m3_r12000_beta5 corre- 557

sponds to a initial mass of MZAMS = 15 M�, a mass-loss rate 558

of Ṁ = 3× 10−3 M� yr−1, a CSM extension of RCSM = 12000 R�, 559

and a velocity law of β= 5. A summary of the presented models 560

is found in Table 2. We note that none of the models presented 561

in this section can reproduce the change in the slope during the 562

rise to maximum, observed in the bolometric light curve before 563

day 2.9 post-explosion (see Sect. 2). 564

We note that the explosion epoch of SN 2023ixf is based on 565

the first detection and last non-detection, while in our models 566

the explosion epoch is defined as the moment when the energy is 567

deposited near the centre of the progenitor star. Given the differ- 568

ence in the definition of ‘explosion epoch’ and that it takes a few 569

days for the shock wave to break out from the CSM, we shifted 570

our models to match the time of maximum luminosity. These 571

shifts were always less than 1 day for the best-fitting models. 572

4.1. Steady-state winds 573

The first scenario to survey involves steady-state winds. In 574

this scenario, the CSM density (ρCSM) is represented as 575

ρCSM(r) = Ṁ/(4πvwindr2), where r is the radial coordinate, Ṁ is 576

the wind mass-loss rate and vwind is the velocity of the wind. 577

Throughout the present work, we assume a terminal wind veloc- 578

ity of vwind = 115 km s−1, as measured by Smith et al. (2023). 579

The top panel of Fig. 5 compares explosion models includ- 580

ing CSM-ejecta interaction to observations of SN 2023ixf. In this 581

case, we choose CSM models characterised for their confined ra- 582

dial extent between 2500 and 3000 R� (∼1.7−2.1× 1014 cm) and 583

high mass-loss rates in the range of 0.3−1.0 M� yr−1. While all of 584

these models reproduce the width of the luminosity peak, model 585

m15_w0.3_r2500 does it better. However, this model underesti- 586

mates the luminosity after day 6 after explosion. Higher mass- 587

loss rates (models m15_w0.5_r2500 and m15_w1.0_r2500) re- 588

sult in higher peak luminosities. However, these models achieve 589
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more luminous light curves after peak than observed, and un-590

derestimate the observed luminosities after day 10. A more ex-591

tended CSM produce higher luminosities after peak, inconsistent592

with observations.593

The comparison from the top panel of Fig. 5 shows that some594

parts of the early light curve of SN 2023ixf can be reproduced595

with the adopted CSM parameters. Potentially, a more detailed596

study around these parameters could result in better agreements.597

However, all of these models are inconsistent with the epoch of598

disappearance of the narrow emission lines in observed spectra.599

Following Dessart et al. (2017), the narrow lines last as long as600

the shock is placed within a slow-moving optically thick mate-601

rial (i.e. until the shock goes through the SN photosphere). We602

checked this epoch in each of our simulations and found values603

around ∼0.7−1.5 days after explosion, while the observations of604

SN 2023ixf show interaction lines until 6−7 days post-explosion605

(Bostroem et al. 2023).606

In the following we look for a model that reproduces607

the epoch when the interaction lines faded, while matching608

the bolometric light curve and photospheric expansion veloc-609

ities. The thick blue solid line in the bottom panel of Fig. 5610

shows a CSM interaction model for Ṁ = 1.2× 10−2 M� yr−1 and611

RCSM = 8000 R� (∼5.5× 1014 cm). This model is able to repro-612

duce the width of the luminosity peak, post-peak luminosities,613

photospheric velocities, and the epoch of disappearance of the614

narrow emission features. However, this model fails to reproduce615

the peak luminosity. Higher mass-loss rates produce wider peaks616

and more luminous post-maximum light curves (bottom panel617

of Fig. 5, dashed line). The opposite effect is expected for lower618

mass-loss rates. Alternatively, a more confined CSM produce a619

higher peak luminosity, but lower luminosities post-maximum620

(bottom panel of Fig. 5, dotted line).621

4.2. Accelerated winds622

In this section we model SN explosions within a CSM but con-623

sidering the wind acceleration mechanism previously presented624

in Moriya et al. (2018). In this scenario, the mass-loss rate is set625

constant and the CSM density follows the same expression as in626

Sect. 4.1; however, the wind velocity is no longer constant. As627

in Moriya et al. (2018), the wind velocity takes the form of a β628

velocity law given below:629

vwind(r) = v0 + (v∞ − v0)
(
1 −

R0

r

)β
, (2)

where v0 is the initial wind velocity (0.1 km s−1), v∞ is the termi-630

nal velocity of the wind (115 km s−1, Smith et al. 2023), R0 is the631

radial coordinate where the CSM is attached, and β is the wind632

acceleration parameter (see also Lamers & Cassinelli 1999).633

We compared the early-time bolometric light curve and pho-634

tospheric velocity evolution of SN 2023ixf with explosion mod-635

els assuming different CSM parameters (Ṁ, RCSM, and β). Fig-636

ure 6 shows some of these models. The thick solid line in637

Fig. 6 represents the model m15_w3m3_r12000_beta5, that is,638

with Ṁ = 3× 10−3 M� yr−1, RCSM = 12000 R�, and β= 5. From639

all the models we computed, this is the one that best re-640

produces the observations, even better than those models as-641

suming steady mass loss (see Sect. 4.1). In addition, model642

m15_w3m3_r12000_beta5 predicts that the narrow emission643

features should disappear at day 6.5, which is consistent with644

the observed date (Bostroem et al. 2023).645

Figure 6 also shows models computed with varying CSM646

properties to notice the sensitivity of the early bolometric light647

curve with these parameters. Higher mass-loss rates (e.g. model 648

m15_w1m2_r12000_beta5) produce wider peaks and more lu- 649

minous post-peak light curves, while more confined CSMs (e.g. 650

model m15_w3m3_r7000_beta5) underestimate the post-peak 651

luminosity. Alternatively, a smaller wind acceleration parame- 652

ter (e.g. model m15_w3m3_r12000_beta2) results in narrower 653

and less luminous peak, while at the same time, less luminous 654

light curves after maximum. This behaviour is due to the differ- 655

ent amount of CSM mass near the progenitor surface for vary- 656

ing wind acceleration parameters. A larger β involves more mass 657

near the progenitor surface, and therefore, a larger boost to the 658

luminosity due to conversion of kinetic energy into radiation. We 659

note that the models presented cannot reach the observed maxi- 660

mum luminosity (see Sect. 5). 661

5. Discussion 662

In Sect. 4, we inferred physical properties of the CSM around 663

SN 2023ixf via modelling of its early-time bolometric light 664

curve. However, the degeneracy present in SN II light curves 665

with CSM —which means that similar light curves can be ob- 666

tained from different CSM configurations— may cause invalid 667

results. As pointed out by Dessart & Jacobson-Galán (2023), the 668

epoch when narrow line disappear must be used for constraining 669

more accurately the CSM physical properties. For this reason, 670

we also reproduced the epoch of disappearance of narrow lines. 671

As an example, if we had not taken this epoch into account in 672

the modelling, we would consider the models with the most con- 673

fined CSM structures (those between 2500 and 3000 R�) as valid. 674

However, these dense and confined CSM configurations would 675

show narrow emission lines only for a short time. Moreover, fol- 676

lowing Dessart & Jacobson-Galán (2023), more confined CSMs 677

would not show narrow emission lines at all. These CSM struc- 678

tures may produce SNe II as the unusual SN 2020jfo (Utrobin & 679

Chugai 2023), given that this SN does not show narrow, electron- 680

scattering broadened emission lines in early spectra. 681

Now we discuss the timescales of the mass loss inferred from 682

our models. The first wind mass-loss scenario explored assumes 683

a steady flow from the progenitor. With the assumed wind veloc- 684

ity (vwind = 115 km s−1; Smith et al. 2023), the size of the progen- 685

itor, and the extent of the CSM presented in Sect. 4, we looked 686

for an estimate of the time before explosion in which this en- 687

hanced mass loss must have started. For the CSM extents be- 688

tween 2500 and 3000 R� (∼1.7−2.1× 1014 cm) first analysed, we 689

found an enhanced wind that developed over the last 0.3−0.4 yr 690

before explosion8. In addition, for a CSM extension of 8000 R� 691

(∼5.5× 1014 cm), the enhanced wind should have started ∼1.3 yr 692

before explosion. Adopting a commonly used wind velocity for 693

a ‘superwind’ (50 km s−1), the enhanced mass loss would have 694

developed over the last ∼3 yr. The inferred timescales and mass- 695

loss rates are similar to some values found in the literature for 696

SN 2023ixf (e.g. Jacobson-Galán et al. 2023; Hiramatsu et al. 697

2023). 698

Mid-IR Spitzer data in the preceding ∼20 yr before the explo- 699

sion show variability similar to those pulsating RSGs, but does 700

not show any indication of eruptive mass-loss processes (Szalai 701

& Dyk 2023; Jencson et al. 2023; Kilpatrick et al. 2023; So- 702

raisam et al. 2023). Neustadt et al. (2024) found no evidence of 703

outbursts in optical data taken with the Large Binocular Tele- 704

scope between ∼1 and 15 yr before the SN. The analysis of 705

pre-explosion optical data from the Zwicky Transient Facility 706

8 We note again that these CSM parameters do not reproduce the fad-
ing time of the narrow emission lines.
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(Bellm et al. 2019; Graham et al. 2019), Asteroid Terrestrial-707

impact Last Alert System (Tonry et al. 2018; Smith et al. 2020),708

Distance Less Than 40 Mpc, and All-Sky Automated Survey for709

Supernovae (Kochanek et al. 2017) surveys during the last 8 yr710

up to 0.3 days before explosion also found no evidence of pre-711

cursor activity in the optical (Hiramatsu et al. 2023; Dong et al.712

2023; Panjkov et al. 2023). In addition, UV observations from713

the Galaxy Evolution Explorer and Swift space telescopes did not714

find pre-explosion outbursts ∼20 yr prior to explosion (Flinner715

et al. 2023; Panjkov et al. 2023). Therefore, pre-explosion obser-716

vations indicate a quiescent progenitor in the last ∼20 yr, with no717

indication of any pre-SN outbursts or large magnitude changes,718

except for the IR variability similar to pulsating RSGs (although719

see Hiramatsu et al. 2023; Neustadt et al. 2024 for a discussion of720

low-luminosity outbursts without major changes in the dust op-721

tical depth). The assumption of steady-state winds results in en-722

hanced mass loss shortly before explosion, which does not seem723

consistent with a quiescent progenitor.724

Steady winds assume that the mass-loss rate and wind veloc-725

ity are constant through the wind. However, the wind is gradu-726

ally accelerated at the stellar surface until the terminal velocity727

is reached. This produces an increment of the timescales for the728

wind development to reach a particular extension. The bolomet-729

ric light-curve modelling including CSM interaction that takes730

the wind acceleration into account infer that the enhanced mass731

loss was launched ∼80 yr prior to the SN. These timescales are732

related to the final stages of massive-star evolution, although the733

details of the connection are unknown.734

Some mechanisms propose mass loss driven by lo-735

cal radiation-driven instabilities in the outer layers (Suárez-736

Madrigal et al. 2013), hydrodynamic instabilities at pre-SN stage737

driven by turbulent convection (Smith & Arnett 2014), common738

envelope interaction with a close companion (Chevalier 2012),739

or regular mass transfer to a companion star. Wave heating is740

an alternative picture to explain pre-SN outbursts (Quataert &741

Shiode 2012). Internal gravity waves excited by vigorous con-742

vection that occurs during late-burning stages in massive stars743

deposit energy in the stellar envelope, which may be able to744

inflate the envelope and drive intense mass loss years before745

core collapse (Shiode & Quataert 2014; Fuller 2017). In this746

context, hydrodynamical simulations of RSG stars were per-747

formed to model the formation of CSM caused by energy de-748

position in the base of the hydrogen-rich envelope —mimicking749

the effects of wave heating during late nuclear burning stages—750

which allowed light-curve modelling for some SNe II without ad751

hoc prescriptions for the CSM structure (Morozova et al. 2020;752

Chugai & Utrobin 2022). However, recent studies suggest that753

wave heating may favour pre-SN outbursts only for specific ini-754

tial mass ranges (Wu & Fuller 2021, 2022).755

As stated in Sect. 4, the code we use to compute SN ob-756

servables assumes spherical symmetry; however, the aspherical757

nature of RSG envelopes is known from spectro-interferometric758

observations (e.g. Arroyo-Torres et al. 2015; Ohnaka et al.759

2011). Moreover, some of the proposed mechanisms for severe760

mass loss during the last evolutionary stages of RSGs could also761

produce an asymmetric CSM. Particularly, although wave heat-762

ing may not be the main channel to drive high mass loss (Wu763

& Fuller 2022), this mechanism may inflate the RSG envelope,764

trigger Roche-lobe overflow, and produce asymmetric mass loss765

in binary systems (Smith & Arnett 2014).766

Vasylyev et al. (2023) and Smith et al. (2023) suggest an767

asymmetric CSM around SN 2023ixf based on polarimetric768

and spectroscopic observations, where the CSM concentrates on769

the equatorial plane. In this context, the shock front that goes770

through the CSM will be decelerated, while the shock in other 771

directions will expand freely. Therefore, after some time, the SN 772

ejecta will overrun and hide the interaction signatures (see Smith 773

et al. 2023, for details). In this case, the time of disappearance of 774

the narrow emission lines is given by a different physical effect 775

than that considered in our 1D simulations, leading to misinter- 776

pretation of the observations. Therefore, the potential 3D nature 777

of the CSM of SN 2023ixf adds a caveat to our study. This is 778

a challenging scenario to study because it requires 3D radiation 779

hydrodynamics. 780

Teja et al. (2023) compared the g-band light curve of 781

SN 2023ixf with a grid of models of SN II explosions interact- 782

ing with an accelerated RSG wind (Moriya et al. 2023). The 783

CSM parameters found in our study are within the ranges of 784

values constrained by Teja et al. (2023), with the exception of 785

the wind-acceleration parameter for which we infer a larger 786

value. However, Teja et al. (2023) infer higher explosion en- 787

ergies (2−5× 1051 erg), much larger than typical SNe II (e.g. 788

Morozova et al. 2018; Martinez et al. 2020, 2022a) and the pre- 789

dictions from 1D neutrino-powered explosions (Sukhbold et al. 790

2016). These high values could be because Teja et al. (2023) 791

did not use velocity measurements in their fitting. If expansion 792

velocities are not taken into account in the fitting procedure, it 793

could lead to incorrect determination of the explosion energy 794

(Martinez et al. 2020). 795

Davies et al. (2022) carried out an analysis where they pre- 796

dict the characteristics of the RSGs at core collapse based on 797

two enhanced mass-loss scenarios: a short outburst lasting a few 798

months and a ‘superwind’ arising from a very high mass-loss 799

rate during the last decades prior to explosion. These authors 800

considered an accelerated wind for the latter scenario. Davies 801

et al. (2022) found that the outburst scenario produces redder 802

colours in a short timescale after the outburst, which would not 803

be consistent with the steady IR variability of the progenitor of 804

SN 2023ixf (e.g. Jencson et al. 2023). Alternatively, the scenario 805

that involves the acceleration of the RSG winds causes redder 806

colours decades prior the SN explosion. Jencson et al. (2023) 807

found that the IR colours of the progenitor of SN 2023ixf are 808

well reproduced by one of the ‘superwind’ models from Davies 809

et al. (2022), which assumes the same wind acceleration mecha- 810

nism than the one analysed in our work. The discussion provided 811

in this section would imply that the enhanced mass loss started 812

decades before core collapse, supporting the wind acceleration 813

scenario. 814

Regarding the modelling of the bolometric light curve peak, 815

we note that none of our models can reproduce the maximum 816

luminosity value. This could be related to the simplifications in- 817

cluded in our code, as local thermodynamic equilibrium and/or 818

spherical symmetry, among others (see Bersten et al. 2011, for 819

details). On the other hand, our maximum luminosity value 820

could be overestimated. We arrived at this after comparison to 821

the bolometric light curve presented in Zimmerman et al. (2023), 822

who used more comprehensive data set to compute the luminos- 823

ity at maximum. We note that the models presented match the 824

maximum luminosity estimated by Zimmerman et al. (2023). 825

6. Summary and conclusions 826

SN 2023ixf is among the closest SN II in the last decades, which 827

allowed intensive multi-wavelength and high-cadence observa- 828

tions. We used publicly available data to calculate the early 829

(<19 days post-explosion) bolometric light curve based on the 830

integration of the observed SED (from UV to NIR bands) and 831

black-body extrapolations for the unobserved flux at shorter and 832
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longer wavelengths. Thanks to the early monitoring and high ca-833

dence of observations, we capture the sudden rise to maximum834

and the successive fall of the bolometric light curve. This is the835

first time that this behaviour is observed in bolometric luminosi-836

ties given the lack of early-time multi-wavelength observations837

for most SNe II.838

The fact that there are a small number of SNe II with de-839

tailed calculations of their early bolometric light curve (see e.g.840

Yaron et al. 2017 and Jacobson-Galán et al. 2022 for bolomet-841

ric light curves after maximum for SN 2013fs and SN 2020tlf,842

respectively), allowed us to test the currently available calibra-843

tions of BC against colours. This analysis provides good agree-844

ments for most of these calibrations. Additionally, we included845

the observations of SN 2023ixf to the recently published cali-846

brations of BC from Martinez et al. (2022b). These calibrations847

include data of 74 SNe II, but none with observations as early as848

SN 2023ixf. Therefore, the incorporation of SN 2023ixf to the849

previously mentioned calibrations allows us to extend them to850

bluer optical colours, and therefore, to earlier epochs. It would851

be necessary to include all SNe II with early detections and good852

photometric coverage in order to analyse the bluest part of these853

calibrations in detail, and to study a possible general behaviour.854

Armed with the bolometric light curve for SN 2023ixf,855

we have studied the mass-loss history of the progenitor of856

SN 2023ixf through comparison with hydrodynamical simula-857

tions of SN II explosions with CSM interaction. We found that858

a CSM interaction model that takes the wind acceleration into859

account with Ṁ = 3× 10−3 M� yr−1, RCSM = 12000 R�, and β= 5860

reproduces the width of the luminosity peak, the post-peak lumi-861

nosity, and the epoch of disappearance of the interaction lines in862

the spectra. Our findings indicate an enhanced wind that devel-863

oped continuously over the last ∼80 yr of the progenitor evolu-864

tion. This may be consistent with the quiescence of SN 2023ixf865

in the last 20 yr prior to explosion, favouring the accelerated866

wind scenario —in connection with the results of Jencson et al.867

(2023). In Bersten et al. (in press), we analyse the complete868

bolometric light curve and photospheric velocity evolution of869

SN 2023ixf and derive the physical properties of the progeni-870

tor and explosion, which allow us to have a full description of871

the nature of SN 2023ixf.872
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Fig. 4. Bolometric corrections relative to the g band as a function of
(g− r) colour (top panel) and (g− i) colour (middle panel), and relative
to the V band as a function of (B−V) colour (bottom panel). SN 2023ixf
is presented as blue dots, while pink dots represent the cooling phase of
the SNe II in the CSP-I sample (see Martinez et al. 2022b). The dashed
lines shows the fit to the data. The errors in the CSP-I SN II data are not
plotted for better visualisation.
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Fig. 5. Comparison between the bolometric light curve of SN 2023ixf
(dots) with models varying the CSM properties (lines), assuming
steady-state mass loss. The upper panel involves models with higher
mass-loss rates and more confined CSMs than the models shown in the
bottom panel. The inset plot compares the photospheric velocities of
SN 2023ixf to the same models previously mentioned. For the model
nomenclature, see Sect. 4.
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Fig. 6. Comparison between the bolometric light curve of SN 2023ixf
(dots) with models varying CSM properties (lines) assuming wind
acceleration. The inset plot compares the photospheric velocities of
SN 2023ixf to the same models previously mentioned. For the model
nomenclature, see Sect. 4.
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