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Open questions in massive stars

How do massive stars form? Implications for

_ _ * Determination of Stellar Parameters
Disk accretion

* Angular Momentum Distributions
Binary Mergers

* Large-scale Magnetic Fields

Langer (2024) * Binary Fraction

. *  Chemical Mixin
How do massive stars evolve and 8

end their lives? e Stellar wind Structure

* Time-dependent events

Meynet (2004), Smith (2014)



Some Open Questions in B Supergiants

» Stellar Wind Structure and Variability | |
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Some Open Questions in B Supergiants

e Stellar Wind Structure and Variability

* Model non-uniqueness. The same observational
constraints can be reproduced by different wind
prescriptions Venero et al (2024)

* The interplay between pulsations and stellar winds

(Simon-Diaz et al. 2010, Kraus et al. 2015, Cidale et al.

2023)

* High Velocity absorption features - NAC, DAC, HVA
(Prinja et al. 2002, Olga Maryeva next talk)

» Stellar Mass Discrepancy and Evolutionary Stages

log gevol > 108 g5p Herrero et al. (1992), Crowther et al. (2006)
Searle et al. (2008), Markova et al. (2018)
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Mass continuity equation

Stellar wind structure

Momentum Equation !
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Radiation Driven Winds
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Fast regime for 6 < 0.2; Q< 0.7
m-CAK theory;
Q-slow solution, © > 0.7 Curé (2004) 7



HD 41117

HD 52382
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Radiation Driven Winds
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u= —Rx«/r
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Fast regime for § < 0.2; Q2<0.7 Fast regime for 6 < 0.2; Q2 <0.7
m-CAK theory: &-Slow regime 0.24 < 6

Q-slow solution, Q > 0.7 Curé (2004) Curé et al. (2011); Venero et al. (2016) ¢



Line-profile fittings with different wind regimes

Comparable quality of the fits

Fast regime
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Line-profile fittings with different wind regimes

Comparable quality of the fits

VENERD ET AL
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Line-profile fittings with different wind regimes

Fast regime

VENERD ET AL
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Comparision of stellar wind regimes
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Figure 12. Comparison between the values of M (in units of 107% Mg, yr~1)
versus T (in kK) for the fast, 8-slow, and § models (by Hal8). The
(comparatively large) value of the mass-loss rate for the star HD 80077
(calculated in this work only for the slow regime) is not included in the
figure, for scaling reasons.
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IR line-profile fittings with the B velocity law
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Time-dependent line-driven winds

Fernandez, M. C., et al.: A&A, 709, A203 (2026)

— the mass-continuity equation, 7001 700
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Fig. 2. Hydrodynamic solutions for the T19 model (T = 19 000 K), adopting values from 0 < & < 0.4 and Aé = 0.01, using different rotation:
rates, obtained with the ZEUS-3D code. The dashed lines represents the solutions in the gap region.



Terminal velocities and Mass-loss rates
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Fig. 3. Terminal velocity (left panel) and mass-loss rate (right panel) as functions of the § parameter for the hydrodynamic solutions obtained with
ZEUS-3D for the T19 model, for several rotation rates. The filled symbols correspond to the fast and é-slow solutions, while the open circles denote 16

the solutions found within the transition region.
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Fig. 4. Synthetic line profiles computed for the three hydrodynamic wind regimes using the T19 model: the fast solution (¢ = 0, top row), transition
solution (¢ = 0.26, middle row), and é-slow solution (¢ = 0.35, bottom row). The first column indicates the hydrodynamic solution obtained with
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Questions for discussion

Why can different wind models provide similarly good fits to the same observational data, even when a
larger sample of spectral lines is included?

What are the implications of this model degeneracy for the derived wind parameters?

How can we address or reduce the non-uniqueness of wind models?

Are there any other invariants?

What are the implications of model degeneracy when studying wind variability?

19



Normalized Flux

55 Cyg — Wind Variability
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.4. He line profiles taken in 2009 and 2010 at Ondfejov Observatory together with their corresponding model fits (for details see Table 2).
es with highly complex profiles or roughly zero EW have not been fitted.
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2. Variability of blue supergiants - learning potentials

Aerts et al. 2018

Slowly Pulsating Bi(SPB)star KIC 3459297
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An ongoing TESS - CASLEO synergy (2026/27)
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A proposed synergy with PLATO/F-CAM

A similar synergy with PLATO/F-CAM offers
clear advantages over TESS in

Photometry with PLATO/F-CAM helps

blnary modeling by
constraining wavelength-dependent
effects such as limb and gravity

* separating wind-related _variabilit_y from darkening,
> common-mode photospheric pulsations,
Ly , o ) , * distinguishing orbital/geometric
émm o . resol.vmg pegk-to-peqk variability with hlgh_er modulation, such as, ellipsoidal
S ouses S S/N in the wind-sensitive blue passband (fig. variability, from temperature-dependent
'Emm 2 below), effects such as, irradiation/reflection,
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BRAHMS & collaborative potential - Discussion

During the BRAHMS meeting, and beyond, we would be happy to discuss suggestions for our synergistic BSG study
and welcome collaborations in areas such as:

* the extraction, processing, and systematics correction of the latest TESS data (sectors 99-102),
* binary modeling of the obtained spectroscopy,

* modeling of the TESS light curves using methods beyond the traditional Lomb-Scargle and Wavelet-Z transform
analyses,

* modeling of the physical mechanisms shaping the light curves (e.g., rotational modulation),

* co-planning of the 2027A observing run, including suggestions of BSGs and binaries, for synchronous monitoring
with TESS (Sectors 113-116; Feb to early May 2027),

* co-planning observations of these objects with facilities beyond JS/CASLEO,

e preparation for the next PLATO Guest Observer call expected in 2028 (for observations of the northern, LOPN1,
field starting from 1/1/2029). 24



3. The mass discrepancy problem

O-type stars

6.5F TCeneva tracks, Vpa=0.4+V g " ' 3.0F
60f 3.2;
.
No evidence of mass discrepancy S & 3.6f
o 5.0F g 38f
(e.g. Weidner & Vink 2010; Massey et al. 2013). = 4.0f
woF i 42F
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* Confirmation of mass discrepancy in late-(

StarS (Markova & PUlS 2018) 5-'3: Bonn tracks, Vi,=300km,/s, ' j ' J-O:
cof (2 32F
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Fig. 12. Classical HR (left) and KDs (right) for sample stars, plotted against current Geneva and Bonn tracks with rotation. Symbol co
indicated in the left plots; fast rotators and magnetic stars are additionally highlighted by large circles and squares, respectively. Objects shc
trend towards a positive (M., > M) of a negative (M., < M) mass discordance are denoted in green and purple, respectively: those inc
My M. around unity without any systematic trend in magenta. Dotted lines represent corresponding isochrones at 1-5 Myr. Numbers fr
A denote the outliers ac dicensced in Sect 6 1 and Anpendix B For more information see Fie 11 and Seet 672 72



B stars in open clusters

. . . 45 : ‘ : ‘
* log g values, ranging from 4.5 to 2.7 dex, reveal discrepancies compare Models without rotation A
with log ..o (Aidelman et al., 2012). JE ; %
40} :
stars with M <12M, and R< 12R, = 108 gevo > log g (A4, D), % :
- //
. 35| /
stars with M > 20M,and R> 40R, — 10g gevo < lOg g (A1, D). E
0 [: //
04 : g IM<i2Mm,
(a) _ BCD paramelers 30 R < 12 Ry ) ,/
0.3 . (AD, @y, Dy,) - ’ yd
‘ The log g (A4, D) calibration was established using 25l S Vs 20 M
E“-ﬁ log g values from stellar atmosphere models, // R > 40 R;
) mainly Balmer lines (Zorec et al 2009). / O NGC3766
201 yd O NGC 4755
2.0 : ‘ : ‘
2.0 2.5 T 3.0 3.5 40 45
0.0 log g(A;,D)
Fig.13. Estimated log g.,,, parameters with models of stellar evolu-
0.1 tion against logg(d,, D) obtained with the BCD calibrations. As in
| e

Fig. 12, circles denote stars in NGC 3766, while squares denote stars
in NGC 4755. We also indicate the marked stellar masses and radii for

A similar systematic desviation was found in A-type stars which 10g gy > log (A, D) and those where 10g gy < log g(4,;, D).
. The evolutionary models used to infer stellar masses are those by
Gerbaldi & Zorec (1993) Ekstrom et al. (2012) without rotation,



B stars in transition phases
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3. Stellar masses and evolutionary stages

Stellar pulsations can provide valuable information about masses and evolutionary

stages.

We analyzed TESS light curves of six blue supergiants with high luminosity-to-mass

ratios (log L/M > 4), candidates to present radial unstable strange modes.

OBJECTIVES

Derive asteroseimologic stellar masses
Compare them with those obtained from spectroscopic and evolutionary models

Assess the evolutionary stage of the stars. o8



Sample of B supergiants

Table 1: Stellar parameters and spectral types taken from|Haucke et al.|42018p. The luminosity, L, and stellar mass, M, are in solar

units.

Name HD Number Sp. type® Tes R, log

(K] [Rol [d
V820 Cas 52382 Blla 21500 +£ 1000 21 +25 4.94:
LN Vel 74371 B6 lab/b 13700 £ 500 73 +10 5.23:
GX Vel 79186 B51Ia 15800 + 500 61+7  533:
PV Vel 80077 B1/2Ta+e 17700+ 1000 195+47 6.53:
V808 Cen 99953 B1/2Iab/b 19000 + 1000 25+2  4.87:
ALS 3038 115842 BO.5Iab/b 25500+ 1000 35+4  5.67:

log (L/Ls)

& HD 52382 @ HD 79186 ' HD 99953
@ HD 74371 W HD 80077 '® HD 115842
250 M,
6.5 185M,"
N
120 M
.01 Xy =77
=
t;-_it:; e
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UM,/ <&~ vV —
5.0 1 1/ — =
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Period search - Time frequency methods

*  Generalized Lomb-Scargle (GLS) periodogram is based on least-

squares fitting of sinusoidal functions, related to the Discrete Fourier =3 ~*f lf\h v\/\ i
Transform. = _E_ 2:; 3 M W‘U\ﬂ
An iterative pre-whitening process was applied to achieve precision 2370 T'iif;]mm“_”g‘]l % oé:n“o}?[] 4010
in identifying significant frequencies. A threshold of S/N > 4 was ol - m
adopted. ‘% g‘ e
£ o ki i
.0 0.5 1.0 1.5 2.0 2.5 3.0
I-'r:-!-[||d'lj 0.7
*  The Weighted Wavelet Z-transform (WWZ) uses a weighted 3000 :

0.5

projection of the Morlet wavelet to detect periodic or quasi-periodic 000 flE - ;
signals without detrending. % 0.3
100
0.1

The scalogram is a time-frequency map obtained by sliding a

H . L] H H 209700 2980 29490 3000 3010 0 10
Gaussian window across the data, fitting !ocal sinusoids at each e L ARl
frequency, and recording the corresponding WWZ power.

Fredq [d™*]

30



Table A.1: Independent frequencies found for the sample of stars. The first column lists the name of the star and frequency ID
(fiq), ordered from lowest to highest. The listed values are obtained with the Lomb-Scargle periodogram for each TESS sector;
uncertainties are given in parentheses for the last significant digits. The dispersion o is indicated for the average frequencies and

periods. The S/N ratio corresponding to each sector is given in the last column.

Star TESS sector Avg. freq. +o Avg. period +o S/N
fia [d] [d]
HD 52382 7 33 87
fi 0.1212(16) 0.1093(19) @ANS2SEE0:00841NNSI673EE01630 (92.7.1]
b 0.3026(24)  0.2936(23)  0.2821(22) 0.29277 £ 0.01025  3.418 +0.121 [6.0,5.7,6.2]
f 0.3469(16)  0.3405(28)  0.3418(32) 0.34307 £ 0.00342 2915 +0.029 [9.1,4.7,4.2]
fi 0.4325(23)  0.4345(18)  0.4292(32) 0.43207 £0.00267 2.314+0.014  [6.34,7.52,4.27]
5 0.9149(33)  0.9120(26)  0.9098(29) 0.91223 £0.00255  1.096 + 0.003 [4.5,4.6,5.1]
HD 74371 8+9 35+36 61+62
fi 0.1135(22) - 0.1127(16) @AS10E0:00057 8 843:E0:045 [4.6.7.4]
bl 0.1374(12)  0.1333(11)  0.1380(17) 0.13623 +0.00255  7.340 +0.138 [18.3,12.3,6.9]
h 0.1812(18)  0.1890(19)  0.1838(18) 0.18467 £ 0.00404  5.415+0.118 [8.6,5.2,6.3]
fa 0.2409(17)  0.2487(12)  0.2471(15) 0.24557 £ 0.00415  4.072 + 0.069 [8.9,14.3,8.4]
15 0.3205(20)  0.3262(19)  0.3262(17) 0.32430 £ 0.00329  3.083 +0.031 [5.6,5.7,7.3]
fe 0.3923(16)  0.3953(16)  0.3981(18) 0.39523 +0.00290  2.530 +0.018 [7.4,5.3,6.8]
HD 79186 8+9 35+36 62+63
bil 0.1121(15)  0.1193(23)  0.1147(16) OIIS36EEN000364MNSIGE9=E01273) [10.6,6.4,4.3]
b 0.1633(12)  0.1638(13) e 0.16353 £ 0.00034  6.115 +0.013 [13.6,12.6]
f 0.2026(14)  0.2023(12)  0.2002(13) 0.20170 £ 0.00133  4.958 +0.033 [9.7,13.3,8.9]
fa 0.2538(15)  0.2568(15)  0.2568(17) 0.25579 £ 0.00174  3.910 +0.027 [9.5,8.8,6.5]
5 0.3107(14)  0.3093(15)  0.3090(14) 0.30967 + 0.00088  3.229 +0.009 [6.4,9.4,9.8]
HD 80077 8+9 35+36 62+63
N 0.1219(10)  0.1102(4) 0.1155(5) ONIS84 0005888649 =048 [11.8,16.23,13.3]
bi) 0.1829(3) 0.1863(9)  0.1859(15) 0.18503 £0.00187  5.405 £ 0.055 [20.4,7.7,4.4]
f 0.2459(10)  0.2504(8)  0.2486(11) 0.24830 £ 0.00225  4.028 +0.036 [6.8,8.8,6.2]
fa 0.2853(8)  0.2824(13) 0.2956(11) 0.28777 +0.00698  3.475 +0.084 [8.8,5.3,5.9]
HD 99953 10 37+38 64
fi 0.1117(34)  0.1107(12)  0.1176(30) ONIS3IE000377 N 8I832=E01293) [7.8,11.8,8.7]
bi) 0.2513(34)  0.2500(16)  0.2500(35) 0.25040 £ 0.00076  3.994 +0.012 [8.7,7.3,5.6]
f 0.3185(37)  0.3246(14)  0.3246(33) 0.32254 +0.00356  3.101 +0.034 [7.5,7.8,7.6]
fa 0.4077(34)  0.3999(17)  0.3853(31) 0.39763 +0.01144  2.515+0.072 [8.5.6.4,8.7]
HD 115842 11 38 64
fi 0.1184(14) 0.09398(39) 0.1154(13) 0.10926 +0.01332  9.152+ 1.116 [5.5.5.0,6.7]
bi) 0.1587(13) 0.16917(34)  0.1750(13) 0.16762 £ 0.00820  5.966 +0.292 [8.6,6.7,6.6]
fa 0.2319(14) 0.25187(28) 0.2718(13) 0.25186 £0.01995  3.970 +0.315 [5.6,8.7,7.3]
fa 0.4678(14) 0.4697(14)  0.4782(13) 0.47190 +0.00457  2.119 +0.021 [8.3,7.9,7.8]
I 0.7119(10)  0.7153(36)  0.7088(15) 0.71200 £ 0.00325  1.405 +0.006 [6.5,6.3,6.2] 31




The linear non-adiabatic pulsation model

Hydrostatic Model Linear non-adiabatic stability analysis

Mass conservation, Radial perturbations

Hydrostatic equilibrium Perturbation equations
Energy transport

: Boundary conditions
OPAL opacity sources

Initial Value Problem Eigenfrequencies - Strange modes

Conditions at the photosphere, Damping (positive imaginary part),
Prescribed parameters: Growing and Instability (negative
Fixed luminosity and Teff imaginary part)
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Fig. 4: Period—mass modal diagram derived from the non-adiabatic pulsation models for the sample of BSGs. The thick blue
lines indicate the excited pulsation modes, while thin red lines indicate damped modes. Horizontal black lines mark the observed

photometric periods, and the grey band indicates the dispersion between TESS sectors (Table. Vertical bands indicate the mass
ranges where an unstable mode intersects an observed period. We adopt a mass uncertainty of 0.5 M. Magenta circles mark the

exact crossing points.
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Comparing stellar masses

j HD 52382 HD 74371 HD 79186 HD 80077 HD 99953 HD 115842
NHINL ] ] Mic NI Mzo NI Mzo  NpT  Mic  NeT  Mic NpfT Mt NT
B [M] [M] [M,] [Me] [Mo] (M)
A B S B = 390+038 | 3/5 [730£052] 4/6 | 9374030 3/5[ 122584025 1/4 [380£037| 3/4 1849£025 1/5
4754025 | 2/5 8704042  2/6 | 1006027 3/5| 128454025 1/4 [ 4434025 2/4 [2008+030 3/
R2 My | 608029 [ 3/5 1035037 2/6 | 1067029 3/5[ 132664035 3/4 554£025 1/4 (22494025 2/
M. = g“L_ 720£025 1/5 12004060 3/5 138374025 1/4 659+025 2/4 2486025 1/5
e G 838025 1/5 1385025 1/5 148374025 1/4 767£025 1/4 2733025 1/5
34904025 1/5
o W e wowen e wousme My, 4864098 12,56+ 2.54 14.22 +2.86 219.92+44.23 488+098 2572+5.17
5| mon———4 y 16.62 +0.96 21.12+ 1.64 22.77+163 87.26 +27.22 15.66+0.97 29.17 + 1.4
R ol 9.52 +2.08 11234178 1573+ 1.87
@5 45 44 42 40 38 36 34

log (Terr) [K]



Some Insights

The results highlight the potential of asteroseismology as a complementary tool for
constraining the evolutionary stages of BSGs.

The mass discrepancies found for some objects indicate that additional observational
and theoretical efforts are required.

Stars with similar frequency patterns can have different masses.

How can we combine spectroscopy, photometry, asteroseismology, and
hydrodynamical/evolutionary models to obtain a more consistent picture of massive
stars?

We invite the community to join a coordinated follow-up campaign of BSGs, combining
ground-based spectroscopy with TESS and the future PLATO observations.
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