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Z.00 of massive stars

- Wolf-Rayet (WR)

- Luminous Blue Variable (LBV)
- Blue Supergiant (BSG)

- Yellow Supergiant (YSG)

- Red Supergiant (RSG)
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Supernova progenitors
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o “RSG pI’Oblem" fOf Min > 18 Msun

- Hotter post-RSG phase
- Implosion to black hole
- Problem not real
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* Evidence of episodic mass-loss:
role?
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a) Motivation

2.-[W60] B90 <
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Dusty: IR-excess
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Properties:

- log(L/Lsun)= 5.32 * 0.01 (Antoniadis et al. 2024)

= R ~ 1200 Rsun
- Av >3 mag

-M =4.4 - 10°Msuwlyr (Antoniadis et al. 2024)
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b) Bow shock
2.- [W60] B0 <




Wilkin 1996
e Supersonic movement respect to the ISM

m V m,: mass-loss rate !!
o _ _ Rn — ww V. wind speed
* Wind interacting with ISM 47p, V% pa: density of the medium

V.. star’s velocity

Credit: ESA

Motion of Betelgeuse
with respect to the
interstellar medium wo. Betelgeuse

Bow shock




Looking for the bow shock
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Looking for the bow shock

* Check [W60] B90 local proper motion
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Looking for the bow shock

* Check [W60] B90 local proper motion J
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Looking for the bow shock

e Spectroscopy MagE, 6.5-m Baade
(Las Campanas, Chile)

< 0.4 : photoionization

* [S IIJ/Ha
> 0.4 : shocked

- [S1]:6716A & 6731A



Looking for the bow shock

* Check [W60] B90 local proper motio

* Spectroscopy MagE, 6.5-m Baade
(Las Campanas, Chile)

¢ [S IJHa = 0.4

- Consistent with the proper motion

%020001

- Where the bow shock is expected
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Looking for the bow shock

Check [W60] B90 local proper motio

-69°38'45"| .

Spectroscopy MagE, 6.5-m Baade
(Las Campanas, Chile)

0.3910.03

U.44+0.05
0.35£0.06

[S I]/Ha > 0.4

No bow-shape structure

Dec (J2000)

- Block stellar flux: coronagraph

- Limited by spatial resolution
55"
- near-IR & mid-IR '

| 5n24m21s
RA (J2000)
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Photometric variability
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Photometric variability
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Dimming events

* Common properties
- Recurrence ~11.8 years
- Rising time ~400 days

-AV ~ 1 mag
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Dimming events

« Common properties

e Spectroscopy in the similar properties as
The Great Dimming of Betelgeuse
- Correlation Teff -V
- Complex spectral features close to the minimum

- Extra extinction after the minimum!!!

—500 0 500
Rel. time (days)



Dimming events

* Common properties

* Spectroscopy in the last event: similar properties
as The Great Dimming of Betelgeuse

* Let’s compare them!!

-500 0 500
Rel. time (days)



Dimming events

March 12, 1999

February 8, 2011

AAVSO photometry

October 4, 2022

(Dupree et al. 2022)
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[W60] B9O: ~11.8 years, ~400days, AV ~1mag
Betelgeuse: no recurrence, ~200 days, AV ~ 1.25 mag



Dimming events AAVSO photometry

March 12, 1999 February 8, 2011 October 4, 2022
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[W60] B9O: ~11.8 years, | ~400 days, | AV ~ 1 mag

no recurrence, ~200 days, | AV ~ 1.25 mag

Betelgeuse:
(Dupree et al. 20p2)




AAVSO photometry

Dimming events

March 12, 1999 February 8, 2011 October 4, 2022
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[W60] B9O: ~11.8 years, ~400days, AV ~1mag
Betelgeuse: no recurrence, ~200 days, AV ~ 1.25 mag

(Dupree et al. 2022)



Dimming events AAVSO photometry
March 12, 1999 February 8, 2011

MACHO Vic I OGLE V

October 4, 2022
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Rel. time (days)

[W60] 890 "‘1200 Rsun

Betelgeuse: 700-1000 Rsun

(Joyce et al. 2020, Kravchenko et al. 2021)



Dimming events AAVSO photometry

March 12, 1999 February 8, 2011 October 4, 2022
~1.504 MACHO Vi N OGLE V N ATLAS o

025500 0 500 ~500 0 500 ~500 0 500
Rel. time (days)
[W60] B9O: ~1200 Reun H Cep: 1259 Reun

(Josselin & Plez 2007)

Betelgeuse: 700-1000 Rsun RW Cep: 900-1760 Rsun

(Joyce et al. 2020, Kravchenko et al. 2021) (Anugu et al. 2023) 8



Dimming events AAVSO photometry

March 12, 1999 February 8, 2011 October 4, 2022
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(Joyce et al. 2020, Kravchenko et al. 2021) (Anugu et al. 2023)



[W60] B90 & Betelgeuse

Credit: NASA, ESA, and E.Wheatley (STScl)




[W60] B90 & Betelgeuse

Luminous

Dimming events

Episodic mass-loss

* Bar

Interacting with ISM

v

Credit: NASA, ESA, and E.Wheatley (STScl)




[W60] B90 & Betelgeuse

Luminous

Dimming events

Episodic mass-loss

* Bar

Interacting with ISM

[W60] Bgo Min: 25 Msun

Betelgeuse M, < 20 Msun
(Joyce et al. 2020)

Credit: NASA, ESA, and E.Wheatley (STScl)




[W60] B90 & Betelgeuse

Luminous

Dimming events

Episodic mass-loss

* Bar

Interacting with ISM

[W60] Bgo Min: 25 Msun

Betelgeuse M, < 20 Msun
(Joyce et al. 2020)

Credit: NASA, ESA, and E.Wheatley (STScl)

Massive analog in the LMC




Munoz-Sanchez et al. submitted

Episodic mass loss in the very luminous red supergiant
[W60] B90 in the Large Magellanic Cloud

G. Munoz-Sanchez!-2, S. de Wit!:2, A.Z. Bonanos!, K. Antoniadis!-2, K. Bo_utsia'“,
P. Boumis', E. Christodoulou'-?, M. Kalitsounaki''2, and A. Udalski®
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a) Motivation
b) Bow shock
c) Variability

d) Future work



Future work

* Resolve the CSM around [W60] B0 (e.g. JWST, ALMA, VLTI)
- Bow shock: mass-loss rate
- Past ejections

- Relation with dimming’s recurrence

Credit: NASA, ESA, CSA, STScl, NASA-JPL, Caltech
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Future work

* Resolve the CSM around [W60] B0 (e.g. JWST, ALMA, VLTI)
- Bow shock: mass-loss rate
- Past ejections

- Relation with dimming’s recurrence

* Extend analysis to other luminous RSGs
- Variability
- Interaction with the ISM

- Dimming events

Credit: NASA, ESA, CSA, STScl, NASA-JPL, Caltech
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3.- WOH G64 <




Historic background .

odl Fa i) |
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* M5, log(L/Lsun)= 5.65, one of the largest RSGs ever known. (Levesque et al 2009)
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Historic background S AR
im‘“
S
* M7.5e log(L/Lsun)= 5.75 (Elias et al. 1986) <10
10—15: . 3
: (Onhaka et al."2008)]
+ M5-7.5e, log(L/Lsn)=5.70 (van Loon et al. 1995) ok Ll O 4

1 10 100

M5 log(L/Lsun)= 5.65, one of the largest RSGs ever known. (Levesque et al 2009)

log(L/Lsun)= 5.45, dusty thick torus close to pole on i = 20° (Onhaka et al. 2008)
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Historic background

* M7.5e log(L/Lsun)=5.75 (Elias et al. 1986)

* M5-7.5e, log(L/Lsun)= 5.70 (van Loon et al. 1995) WOH GB4 Credi: £SO
* M5 log(L/Lsun)= 5.65, one of the largest RSGs ever known. (Levesque et al 2009)

* log(L/Lsun)= 5.45, dusty thick torus close to pole on i = 20° (Onhaka et al. 2008)

* Only dust enshrouded (Av > 8 mag) RSG in the LMC (Beasor et al. 2022)

* RSG with highest mass-loss rate in the LMC, M= 1.25 - 10* Mau/yr (Antoniadis et al. 2024)
12
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2.- [W60] B90

a) Motivation

3.- WOH G64 < b) Variability




RSG... Work
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RSG... not anymore!!!

—— x-Shooter spectrum (2016)
—— MagE spectrum (2021)

| ! | \ | | \ | !
5000 5500 6000 6500 7000 7500 8000 8500 9000

R=4000, MagE, 6.5-m Baade (Las Campanas, Chile) Wavelength (A)
R=6500, X-Shooter, VLT (Cerro Paranal, Chile) 14
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Normalised Flux
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Light curve

Year
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* Amplitude AV ~ 2 mag
* Periodicity 800-900 d (Groenewegen et al. 2009, 2018)
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Light curve

Year
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* Amplitude AV ~ 2 mag

* Periodicity 800-900 d (Groenewegen et al. 2009, 2018)

* Amplitude AV < 2 mag
* No periodicity
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Year
2005 2010 2015 2020 2025
3.01 §M6§M5 " "
* ¥ . V-I= 3.46 ma
3.5 : [&u J
. '+ ¥
i f \ ’
— 4.0 ¢ f e * *
o A : |
= v b
T 45 \ . \ VA
o P %
S L A &y
5.01 ' N B L%
= A ! i N
V'l= 5.27 mag | i ." ESQB[E] ESQB[E] ;
>3 . | . Vo
o fF * BP—RP
6.0 _ | L —
52000 54000 56000 58000 60000
MJD

16



1.- Introduction
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3.- WOH Go4 < b) Extreme change

c) Future work
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Future work

* Analyze ALMA data (Evgenia Koumpia) Ax @

* Analyze deeply the radial velocity structures

WOH G64 Credit: ESO

17



Future work

* Analyze ALMA data (Evgenia Koumpia)
* Analyze deeply the radial velocity structures

* Propose physical scenarios
- Loss of stellar atmosphere due to episodic mass loss

- Loss of atmosphere due to LBV-like mass loss near the
Humphreys-Davidson limit

- Common envelope evolution due to unstable mass transfer
onto a companion, which is obscured due to dust

- Thorne—-Zytkow object (TZO)

* More ideas are welcome

g

WOH G64 Credit: ESO
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1.- Introduction

2.- [W60] B90
3.- WOH Go4

4.- Summary



Episodic mass loss:

@® [W60] B90 (G. Munoz-Sanchez et al. submitted A&A)

- 15t extragalactic RSGc w/ bow shock
- Surrounded by shocked material

- Dimming events ejecting material

- Recurrence of ~12 yr

- Their duration related with Rsa?

- Undergoing episodic mass-loss

- Massive analog of Betelgeuse
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Episodic mass loss:

100 &0 40 20 10 5

LMC 4  Daviesetal 2018, "
Meugent et al. 2012 4

& al. 2012 ]

150 Mg Meugent et al. 2012 |

6.5 N Q*/_'_'_f_____..,% 100 M, %  Humphreys et al. Enlf_-

7.0

@® [W60] B90 (G. Munoz-Sanchez et al. submitted A&A)

Urhaneja et al. 2007

- 15t extragalactic RSGc w/ bow shock

- Surrounded by shocked material 60 | —

- Dimming events ejecting material i Solop o Bogs "sm;mv;

- Recurrence of ~12 yr “r 500 OB et wy 2%

- Their duration related with Rswr? 20 b g g

- Undergoing episodic mass-loss i; L

- Massive analog of Betelgeuse =T ’
@® WOH G64 (G. Munoz-Sanchez et al. in prep) YT NS

- Not RSG anymore i [ e " & _

- Probably part of the envelope is lost et e a1 2014 (VR singie VA S i

- Evolution towards the blue 30 :‘E %h;']lm[ﬁéw B Gilkis et al 2021

- SgB[e] — 5?2 I 5?0 . 4?8 I 4.I6 I -1!4 I -1-?2 I 4?[} . 3?8' - 3.|6 I 3.-;

log ( T,/K)

- Pre-SN phase?
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VII. Red Supergiants

11:00-11:20 Evaggelia Christodoulou
J-band spectroscopy of dusty, mass losing red supergiants in low metallicity galaxies

11:20-11:40 Gonzalo Munoz-Sanchez
Episodic mass loss discovered in two extreme RSG in the LMC

VIII. Yellow Hypergiants and Luminous Blue Variables

11:40-12:25 Alex Lobel (invited)
Yellow Hypergiants and Luminous Blue Variables

12:25-14:00 Lunch
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?

OBO0OO01

LBVc

Optical spectroscopy of BSG, YSG & LBVs In the LMC and SMC
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Episodic MAss LoSS in Evolved MaSsive Stars
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Catalog of 185 dusty evolved massive stars in 10 southern galaxies (Bonanos et al. 2024)

Discovery of 7 sgB[e] + 4 cLBVs at low Z (Maravelias et al. 2023)

Analysis of 127 RSGs found in the survey (de Wit et al. 2024)

Mass-loss rate relation based on ~2000 RSGs in the LMC (Antoniadis et al. 2024)
Catalog of X dusty evolved massive stars in 5 northern galaxies

Dependance of metallicity on RSGs mass loss

Consequences of RSG winds at SMC metallicity



Supplementary material



Bonanos et al. 2024

Investigating episodic mass loss in evolved massive stars:

I. Spectroscopy of dusty massive stars in ten southern galaxies*™

A.Z.Bonanos', F. Tramper> !, S. de Wit!-3, E. Christodoulou'-, G. Muiioz Sanchez'-3,
K. Antoniadis]'3, S. Athanasiou"3, G. Maravcliasl"', M. YangS’ ], and E. Zapartas4' :

185 evolved massive stars: RSGs, BSGs, YSGs, LBVc, sgB[e]

Z = 0.06-1.6 Zsun

Galaxy RA Dec d z° R
(J2000) (J2000) (Mpc) (Z5) ()
WLM 00:01:58.16 —15:27:39.3  0.96+0.05 0.14! 9

NGC 55 00:14:53.60 =39:11:47.9 1.99+0.06 027> 21
NGC 247 00:47:08.55 -20:45:37.4 3.52+0.06 040° 14
NGC 253 00:47:33.12  -25:17:17.6  3.56+0.08 0.72* 21
NGC 300 00:54:53.48 -37:41:03.8 1.98+0.06 041° 15
NGC 1313  03:18:16.05 —66:29:53.7 4.25+0.08 0.35% 8
NGC 3109 10:03:06.88 —26:09:34.5 1.37+0.06 0217 13
Sextans A 10:11:00.80 —04:41:34.0 1.37+0.06 0.06° 4
MS83 13:37:00.95 —29:51:55.5 4.66+0.07 1.58° 10
NGC 7793 23:57:49.83 -32:35:27.7 3.58+0.07 0420 8




Maravelias et al. 2023

Discovering new Ble] supergiants and candidate Luminous Blue
Variables in nearby galaxies

1

Grigoris Maravelias2t(, Stephan de Wit3 (), Alceste Z. Bonanos'(), Frank Tramper4 , Gonzalo

Munoz-Sanchez!?), Evangelia Christodoulou?

7 sgB[e] + 4 cLBVs

Investigating episodic mass loss in evolved massive stars:

Il. Physical properties of red supergiants at subsolar metallicity™*

S. de Wit"?®, A.Z. Bonanos'©, K. Antoniadis"?®, E. Zapartas™' ©, A. Ruiz'®,
N. Britavskiy*>®, E. Christodoulou’?®, K. De®®, G. Maravelias'3®,
G. Munoz-Sanchez!-2®, and A. Tsopela’

Spectral fitting of 127 RSGs

de Wit et al. 2024, in press




log MLR (M 5 yr~1)

Yang et al. 2023
~2100 RSGs in SMC

== This work

Reimers 1975

de |Jager et al. 1988
Nieuwenhuijzen & de Jager 1990
Feast 1992

Vanbeveren et al. 1998

(=]

Salasnich et al. 1999 4

van Loon et al. 2005 o
Goldman et al. 2017 oo
Beasar et al. 2020
Wang et al. 2021
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Antoniadis et al. 2024, in press
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Antoniadis et al. in prep
Studying the effects of Z
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w0 o

e

Zapartas et al. in prep.

Consequence of mass-loss

Different evolution and SNe progenitor

5.21
5.01
= 4.8
-)
5
4.61
== Yang+2023 winds
4.4 = = de Jager+1988 winds
= =+ Beasor+2020 winds
15.01M: § === Kee+2021 winds
4.6 4.4 4.2 4.0 3.8 3.6

logo(Terr/K)
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Atomic lines in J-band

Spectroscopy R=5000, FIRE, 6.5-m Baade (Las Campanas, Chile)

1.00}, Ao PA P A N AA AR A B FA A A A .~ p p }
é 0 75 ' : TiI \'1 Sil
= Til gjSil Sil Mg |
—_ Fe | Mg \ _ _
£ 0.50 Fe | Fe |
0.25. MARCS: Te= 3970 K, log(g)= —0.20 dex, Z= —0.25 dex x°= 63.1
' MARCS NLTE: Ter= 3900 K, log(g)= +0.50 dex, Z= +0.00 dex y2= 32.4
1.180 1.185 1.190 1.195 1.200 1.205 1.210 1.215
Wavelength (um)
1D LTE MARCS models (Gustafsson et al. 2008)
1D NLTE MARCS models (Bergemann et al. 2012, 2013, 2015)
Teft 3-bana= 39007130 (MARCS NLTE) Testtio ~ 3550 + 150 K (marcs LTE)
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Teff,TiO VS Teff,J—band

log(L/Lg)

5.4

5.2

wmc3 Nlert, rio

o L+06
% D+13

om, ¥ This work

364 362 360 358 356 354 3.52
log(Tesr) [K]

de Wit et al. 2023

5.501

5.251

Observational limit

« Yang+21
¥ J-band Tes

3.65

3.60 3.55
log(Tesf) (K)

Munoz-Sanchez et al. 2024
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Teff,TiO VS Teff,]—band

10 A, =070
F| T, =3520K

Flux (10" erg s™ cm? Ang™)

Teff,Tio = 3520 K

LMC_064048 []

XSH ——
MARCS (TiO fit)y ———

450 500 550 600
Wavelength (nm)

Davies et al. 2013

650

700

750

10

Teff,J-band = 386

0K

A, =0.62
T, = 3860 K

LMC_064048

MARCS (TiO fit) ——
MARCS (SED fit)
MARCS (TiO fit, A, tuned) ——

XSH ——

500

1000
Wavelength (nm)

1500

2000
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Effect of M

Deeper TiO bands: | T TM

0.0

-0.5

-1.0

Iog(Fﬂ.fFolgum)

g
o
(T T

R
[y

log(M/M, yi ) = -4.5
|0g{M.I'Mmyr") =-50
log(M/M, yr ) = -5.5
log(M/M, yr') = -6.0
M =0

0.4 0.6

Davies & Plez 2021

0.8
Wavelength (pm)

= lIIIIIIIIIIIIIIIIIIIIIIIII.
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Tefio t00 cool

5.501 M- .
5254 ~—
. 5.007 18M..
3 Tl
= ~ 4.75
2
= 12M.,
4.50 -
4.251 A NGC 247
- ] 8M.. O NGC 300
-4 - SMC Spectral Fitting - 400 & NGC 7793
42 - l4f1I - All - I3!9I - I3!8I - IST?I - I3f6l - lB?SI - 34 3*.65 3.60 3*55
log (Texr/K)

Levesque et al. 2007 de Wit et al. 2024



TetrTio t00 cool

[W60] B90 example of extreme RSG with inconsistent T

de Wit et al. 2024 - scaling relation to translate Tes 1o INtO More secure Tex

\
e 1D assumption: convection
* LTE assumptions: low density atmosphere > New generation of models
* Implementing M y

Gonzalez-Tora et al. 2024 - 1%t state-of-art models with M in the near-IR
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The Supernova Zoo

Hgdmgen‘? \

Ty pe [ ( Typelll
{ Type llb i
Silicon? Narrow Hydrogen?

by AN
VA > X
Typela  Helium? Type [In/ Type [IP/L

y % Type [ISLSN

Type [b Typele

S

Broad linee?  Really bright?

I {

Typele - BL Type [ SLSN
L

CRB?
{

GRB-SN



Shocked material

1}

1.0 —— Highest [S ll]/Ha= 0.58+0.04
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Shocked material

ﬁl'ﬁ —— North [S ll}/Ha= 0.44%0.03
7 1.4 —— South [S I]/Ha= 0.34+0.06
L —— West [S ll]/Ha= 0.32+0.07
T 1.2 — East [S ll}/Ha= 0.35+0.06

-69°38'45"{ .

55"

6720 6740

6560 6580 |
Wavelength (A)
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0.q1:0.03
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0.35+0.06

5N24m215

RA (J2000)

18°



Proper motion

DSS2 - F+R

a) Gaia query:




Proper motion

a) Gaia query

b) Remove foreground contamination

Jimenez-Arranz et al. 2023

Kinematic analysis of the Large Magellanic Cloud
using Gaia DR3*

O. Jiménez-Arranz'-2:3, M. Romero-Gémez'-2-3, X, Luri!- 23, P. J. McMillan*, T. Antoja'-2-3, L. Chemin®,
S. ROCH-FﬁbTEgHG‘7, E. Masana®: 2‘3, and A. Muros!+2

7 lef': T

0.00 0.02 0.04 0.06 0.08 0.10 : -==- P=0.52

6 6x10° : --- P=0.01
4x106 :
5 2x10¢ :
I
24 Y/ i
o f I
3 / |
03 / i
/ [
I
2 / [
/ i
1 |/ i

J | —JV

I
0 i 1

0.0 0.2 0.4 0.6 0.8 1.0
Probability

Fig. 4: Probability distribution of the Gaia base sample for the
Neural Network classifier. A Probability value close to 1 (0)
means a high probability of being a LMC (MW) star.



Proper motion

a) Gaia query -69°38'45" |
b) Remove foreground contamination S

S
c) Obtain “local LMC” proper motion o . )

;8 50"l
d) Subtract from [W60] B9OO
e) Check [W60] B90 local proper motion

55" - E
5h24™20.5% 20.0° 19.5° 19.0° 185  18.0°
RA (J2000)
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mid-IR variability

Year
2005 2007.5 2010 20]:2.5 2015 20]:7.5 20120 2022.5 2025
¢ W1
6.0 ® W2
¢ [3.6]
m  [4.5] l | I
6.2 Y |
149
e b
> nets
E 1] i i
6.4' ‘.-
{9
6.61
6.8

54000 55000 56000 57000 58000 59000 60000
M)D



Dimming events AAVSO photometry

March 12, 1999
MACHO Vi | OGLE V

February 8, 2011 October 4, 2022

WAy

%
'

] '!l ¢
] M
o

! !
!

i

F,f

025250 0 500 —500 0 500 ~500 0 500
Rel. time (days)
[W60] B90: ~1200 Rsun

Betelgeuse: 700-1000 Rsun

(Joyce et al. 2020, Kravchenko et al. 2021)
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Dimming events AAVSO photometry

March 12, 1999 February 8, 2011 October 4, 2022
1504 MACHO Vi N OGLE V N ATLAS o
~1.25] ¢ }
i
w3
Yl
© \ iy by
£ —0.75] 1 ‘s; " ! )
T ! A
o —0.504 1 M? i \
~0.25] | W b
0.00+
0.25 . . . . . . .
-500 0 500 ~500 500 -500 0 500
Rel. tlme (days)
[WGO] B90: ~1200 Rsun M CEP: 1259 Rsun

(Josselin & Plez 2007)

Betelgeuse: 700-1000 Rsun

(Joyce et al. 2020, Kravchenko et al. 2021) 23



Teff

Atomic lines 1n the J-band”

Name Model Z Toiry log(g) Xl
(dex) (K) (dex)
Epoch] MARCS LTE -0.251843 3970+ —0.20%9-30 63.1

MARCS NLTE  +0.00:2%0 39007130 405009  36.4

TiO bands from the optical
Spectral type  ATLAS o T.stio E(B-V) Ayt X’
(mag) (K) (mag) (mag)
Epochl* M3 1 - 3550+40 1.00£0.15 341051  13.0
Epoch2 M4 1 12.6+0.1  3460'3)  1.10+0.10 3.75+0.34 1937
Epoch3 M3 1 12.3£0.1 3550740 1357010 460703 479
Epoch4 M31 11.8+0.1  3610"%  1.25°010  4.267); 26.9

Notes. ‘ Assuming Z = —0.25 dex and log g = —0.2 dex from the J-band fit."”” Converted from E(B — V) assuming Ry = 3.41. ) T;z=3570"% K
and E(B - V) = 1.00 + 0.14 mag from de Wit et al. (2023).



Spectral variability



Spectral variability

Rel. flux

Spectroscopy R=4000, MagE, 6.5-m Baade (Las Campanas, Chile)
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Epoch2 W P s kit oen el v
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W iy W g TiO —05{ | | 'tw
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g | iR
oyl 05 o
10 ki 59000 59500 BO0O00
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10°
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Egochz
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6600 6800 7000 7200 7400
Wavelength (A)
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Spectral variability

Spectroscopy R=4000, MagE, 6.5-m Baade

(Las Campanas, Chile)

10° Epochl i 2
EDGCh% . 4 .-'"_i"" ..--,_hMHr_-m--. Al e
OC A9 sub o
EBOCPM i .-w'H"‘" ;i ﬁﬁ",ju' J
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Physical parameters

Flux (erg cm~2 s~1 A-1)
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1D LTE MARCS models (Gustafsson et al. 2008)

2 years before minimum
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Epochl: Tey= 3550 K, E(B— V)= 1.00 mag, x?= 13.0

2 months after minimum

Epoch2: T.y= 3460 K, E(B—V)= 1.10 mag, y’= 193.7

Epoch3: Tei= 3550 K, E(B—V)= 1.35mag, x’= 47.9

Epoch4: Ter= 3610 K, E(B — V)= 1.25 mag, yx’= 26.9

1 year after minimum
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Physical parameters

Not reproduced by MARCS models
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Epoch2: T.s= 3460 K, E(B—V)= 1.10 mag, y°= 193.7
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Physical parameters

Flux (erg cm=2 s~ A-1)

1D LTE MARCS models (Gustafsson et al. 2008)
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Physical parameters

1D LTE MARCS models (Gustafsson et al. 2008)
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b) Extra extinction after the minimum
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Dimming event

Single MARCS model ®
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Dimming event

Single MARCS model ®
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Dimming event

Single MARCS model ®
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Spectral variability

a) Correlation Ter — V
b) Extra extinction after the minimum

c) Complex atmospheric properties close to the minimum: cool+hot components
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Spectral variability

a) Correlation Ter — V
b) Extra extinction after the minimum

c) Complex atmospheric properties close to the minimum: cool+hot components

Betelgeuse
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The Great Dimming of Betelgeuse

Years 2000 2005 2010 2015 2020
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Figure 7: Century long record of the visual and V band brightness of Betelgeuse compliled by the American Association
of Variable Star Observers supplemented by data from the Solar Magnetic Ejection Tmager (SMET). The final large
dip is the Great Dimming of 2020 (§4). From Joyce et al. (2020) by permission of Meridith Joyce, Laszlé Molunar, and

January 2020 Mareryelet the Astrophysical Journal.
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Craig Wheeler J. & Chatzopoulos 2023

Montarges et al. 2021

“An anomalously hot convective plume can rise and break free from the
surface, powering an upwelling that becomes the surface mass ejection”

MacLeod et al. 2023

3-120% of the annual mass loss of Betelgeuse !!!




Betelgeuse dimming (Montargues et al. 2021)
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Betelgeuse dimming (Montargues et al. 2021)
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Mass-loss rate

=~ 1079,

ergcm=—2s
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X2 =0.209
Tere = 3300 K
Tin=1200 K
Ty = 1.760
logM = —5.36
logL =5.32
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