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Importance of massive stars in astrophysics

e Radiative, chemical, kinematic feedback

e Progenitors of gravitational wave sources

e Laboratories for testing physics: N Prorcscn
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e
Unconstrained physics of massive stars: mixing

Jncertainties in rotation and mixing propagate
through evolution and strongly impact predictions of:
4.6 - |
* compact remnant mass and spin “blue loop” |
e supernova feedback to host galaxy " '
Rotation? /> Mixing? 4.4 - \\\
. ;@ . \\\\\\ \\\\
~J M\ I
g \
42 7] \\\\ ,1"
Unknown mixing means:
O(mcc) > 50%
O
o(age) > 25% | a0l [12m e
already at the TAMS - c-= fy=0.03 |
_'. Bowman (2020) : 44 42 40 38 36
Fdelmann et al. (20‘]9) e ——————— —————— s earnsetanassat® log(TexK1)
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Talk Outline

1. Asteroseismology: types of pulsations and pulsators
2. Insight from stellar pulsations: mixing and rotation

3. Magneto-asteroseismology: interior magnetic fields

4. Stochastic low-frequency variability: gravity waves and turbulence




e Uversity
Asteroseismology unlocks stellar interiors

Frequency (d™1)
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Gravity (g) modes: Pressure (p) modes:
* N<O * nN>0
* low frequency  high frequency
* probe near-core * probe near-surface
* non-radial + radial and non-radial
» equally-spaced in period - equally spaced in frequency
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- ety
Asteroseismology: pressure modes

Non-radial pressure modes probe the envelope physics:
e rotation rate from near-core to near-surface
e first-order caveat: applicable to slow rotators (<15% critical breakup)

0.8
| (1=Ca)Qenv | o e ——
- _ first-order Ledoux splitting:
g | L o = one +m (1 — Cp) Q|
:;l _
0.2 : Pressure (p) modes:
| WW | . n>0
O.OM&W . , ‘“M MM * high frequency

18.96 18:98 19?00 19?02 19?04 . prObe ﬂear—surface
Frequency (d~1) | .

 radi nd non-radial

e.g. Kurtz et al. (2014) for AF stars adial and non-radia

e.g. Aerts et al. (2003) for early-B stars * equally spaced in frequency
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e Uversity
Asteroseismology: gravity modes

Prograde dipole gravity modes most common geometry in observations:
e rotation and chemical mixing in near-core region

e [raditional approximation for rotation (TAR) up to ~90% critical breakup

'‘Period spacing pattern”

[T h | . . .
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' d
- probe near-core , , , % . . . |
- 3.90 3.85 3.80 00 05 1.0 15 2.0
* non-radial 10g Tort [K] Period [days]
* equally-spaced In period Van Reeth et al. (2015)
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e Uversity
Asteroseismology: gravity modes

- ' Increased mixing decreases "dips" in g-mode period spacing pattern.
f;"' ‘ —— 0.0Q¢it —— 0.1Q¢it —— 0.2Q¢it
’ : - | | | | | | | |
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* non-radial Period (d) Period (d)
- equally-spaced in period Bowman (2020)
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Space photometry revolution

Long-term, continuous, high-precision light curves are needed to resolve individual pulsation modes.
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Types of pulsating massive stars

Spectral type
B A F G K M

° /// —1— ——  SLF: Stochastic low-frequency variability
| /////{//4/,//////// @ )  Broad period range between minutes and several days
SLF
e Seemingly near-ubiquitous in massive stars

S

’ Ce&)p INPR S
kMo AN \\\5 N 12.3 Gyr . =
. §&§\§\ > B Cephei stars:
aM, ///‘\\\\‘ \\{:iss@ f\ '
\~/3 &/'@@% _ e Periods of order several hours

sdBV

e L ow radial order coherent p and g modes

7z
%

/éi\\\
O,
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log [luminosity (L )] (dex)

B 5 Sct + roAR 4\\ RG _
: \\\ e Masses above ~8 Mg
oL :\\\ Solar-like )
Slowly Pulsating B stars:
-1+ — ]
* Periods of order days
2l Image credit - e High radial order g modes
P. I. Papics DAV%
S TR e Masses between 3 and 9 Me
5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4

log [effective temperature (K)] (dex)

Image credit: P. Degroote
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Talk Outline

1. Asteroseismology: types of pulsations and pulsators
2. Insight from stellar pulsations: mixing and rotation

3. Magneto-asteroseismology: interior magnetic fields

4. Stochastic low-frequency variability: gravity waves and turbulence




- Uversity
Asteroseismic results for interior mixing

From a large grid of stellar evolution models and
their pulsation mode frequencies determine:

”; f Ov
o Stellar parameters: Z, My, Xc,fMcc| »

7.8
P
6.8
6.3
5.8
2
4.7
4.2
Ol
3.l

e Convective core boundary mixing:

e Envelope Mixing: Dmix (r)

Very important for post- |
. main sequence evolution! ¢

log ¢

| What is the shape of the overshooting |
¢ and the temperature gradient in the | " 414 4.12 4.10 4.08 4.06 4.04 4.02 4.00
boundary mixing region? log Teg [K]

Bowman & Michielsen (2021)

___ Michielsen, Aerts & Bowman (2021) Moravej et 2l (2019
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Asteroseismic results for interior mixing: SPB stars

Kepler space telescope had good

coverage of SPB stars:

40-

3.5 "
o I
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o0 ﬁ
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| Hd Binary KIC 9020774
- Single star 03.@/\ Bl
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Tetr [K]
See also:

Papics et al. (2017)
Pedersen et al. (2020, 2021)
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Michielsen, Aerts, Bowman (2021)
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Asteroseismic results for interior mixing: SPB stars

Conveclive penetration

&

Exponential overshool

Newcastle
University
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e
HD192575: a new 3 Cep star with TESS
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mesA

Grid of 1D MESA models:
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(e.g. Mazumdar et al. 20006)
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HD192575: avoided crossing of multiplets MESA (GYRE)

30 2 Afw~010d41F Avoided crossing among rotational multiplets:
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e Uversity
HD192575: tforward asteroseismic modelling

Mahalanobis Distance superior to 2 as merit function: MD. (thheo - Yobs>T (V+3)! <thheo - Yobs)

-> Includes theoretical uncertainties

-> penalises parameter correlations and degeneracies

20 confidence intervals:

Zini [dex] 00121_8883 | o | ) | - ._ n
| 15 S ——— 0.03- o seen -
My [Mg] 12,0113

log L/Le [dex]

0.02-

fcem

| From only 1-year | -
) 17¢+0-035 e . 0.01 | comsene
Xe 0-176 0’010 | TESS light curve: |
JoBM (').()301“0’09? g 0.016 {sowmsesesmsensne| {s o o000 s [—
Age [Myr] 17.01% 7 ¢ o _ N
| , L 1o (mass) < 10% | 0.012 [semessstyscssee| o 0 0 o oy
M I\IJ] 29f8§ § ——— . | . . —0.4
wiel ooy (DT TRR ) F RS REEE
Ry seism [Re| 917928 S LR e B e B P
© N QIS A X L8 N AD
RN AN N QQ.;\ Q.Q'\ Q.Q'\ SR
Burssens, Bowman et al. (2023) X. fcam Lini Min,
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Interior rotation and mixing profiles s —
o~ | — 09 .
517 G
Mahalanobis Distance superior to x2 as merit function: e
-> Iincludes theoretical uncertainties |
. . . | = N
> penalises parameter correlations and degeneracies I
7 | = =2
........................ =10
| ———- Best model e et A e iy
= ncertainties based on | 0
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r . . ] — P2t =
ull error propagation | S g0l — o=
§ .E2.5
& xXQ
0.0
| é i Shear layer: d)
" 10° \ : —— CBM
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o : : —— Envelope _
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10 = . }_1 —_ -0
10 10
Burssens, Bowman et al. (2023) "R,

Dominic Bowman Nordita Workshop 2024



- SUnersiy
Efficiency of angular momentum transport

14 ‘
Near-rigid rotation profile: | a) cBM
. M-gradient
12f Envelope
- Shellular
10 ) ﬁ HD 192575 (This work)
. (O V836 Cen
C \/ VEr
Very efficient angular - A 12Lac >
momentum transport W@ 6 Oph A 42
compared to rotating |« 4! X Binary R
—\ f————
models |
. 7
4_
| . y 3 !
| v
. 2 -
i gradient zone most | m ’
ikely shear layer 440 438 436 434
09T s [K]

Non-magnetic rotating GENEC models from:

. (201
Burssens, Bowman et al. (2023) Georgy etal. (2013)
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e S Unnversity
2D stellar evolution models

Rotation results from forward asteroseismic modelling using o age = 1 Myr e
1D MESA models consistent with rotating 2D ESTER models: 0.1548
C : : 0.5 0.1512
e non-rigid rotation profile . 0.1476
. . g 0.1440 c\i’
e shear layer is the p-gradient zone < 00 0.1404 &
0.1368
—0.5 0.1332
0.1296
Interior mixing profile: Interior rotation profile: —+0 01260
J P | o | P | -1.0 -0.5 0.0 0.5 1.0
| 0.40 R pole
; o8 0'35 age = 15 Myr
T 10 4 o 0.3475
o 0.6 _ 7 0.30 0.3225
5 < 2
> 8- N E 0.25 0.2975
Q 0.4 S 0.2725
3 0.20 0.2475 &
° 0.2 0.15 0.2225 C
010 0.1975
47 | e | | 0.0 0.1725
0.0 0.2 0.4 0.6 0.8 1.0 0.1475
rIRpole 0.1225
| | -1.0 -0.5 0.0 05 1.0
Mombarg, Rieutord, Espinosa Lara (2023) IR oore
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e
Asteroseismic results for interior rotation

0.7<M<80Ms and 0<Q/Qq:it <96%

0.7<M<8.0M: and 16 <Q/Qq it <80%
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Asteroseismic logg (cgs)

| Quasi-rigid interior rotation measurements across ste
- mandate strong angular momentum transport mechanism(s)
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107" - 3
Bowman (2023)
10~2 4+— — — — :
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Li et al. (2019)
Bowman (2020)
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Talk Outline

1. Asteroseismology: types of pulsations and pulsators
2. Insight from stellar pulsations: mixing and rotation

3. Magneto-asteroseismology: interior magnetic fields

4. Stochastic low-frequency variability: gravity waves and turbulence
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What about magnetic fields”

~ase study of magnetic SPB star HD 43317 ,; Magnetic field damps standing gravity wave It: j
* perturbation of pulsation frequency | ;

_ i Br NA where: A = /4 + 1)

o F

¢ dampmg Of IOU|Sa’[iOﬂ Staﬂdiﬂg WAV @ s
* suppression of pulsation excitation mechanism

102 ASsSUMINg:
Lamb frequency

o dipolar magnetic field geometry («1/r3)

Brunt-Vaisala frequency _ ,
* range of self-excited gravity modes

Lowest frequency

——————————— . Upper limit for near-core magnetic field:

. B, ~4.7x10°G at r = 0.18R,

0.2 0.4 0.6 0.8 1.0 Buysschaert et al. (2018)
r/R Lecoanet, Bowman, Van Reeth (2022)
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MHD simulations of magnetic SPB star HD43317

Azimuthal velocity l/t¢

0.5

Hpg =
|G
X
< 0.0
NG
—0.5
—0.5

Magnetic field needed to damp gravity modes:

=> rotating MHD simulations with the DEDALUS code

eigenvalue problem solved using WKBJ approximation

18

9
te

n radial order g modes (i.e. [n| >>1) strongly

ract with the magnetic field:
not possible to set up a standing wave
upper limit for magnetic field strength

Upper limit for near-core magnetic field:

. B, ~4.7x10°G at r = 0.18R, |

Lecoanet, Bowman, Van Reeth (2022)

Dominic Bowman
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Interior magnetic fields of massive stars

3D spherical Rayleigh MHD simulations:

toroidal field dominates over poloidal
field in the core and near core regions

shear layer is the u-gradient zone

103 1013
—— r=4410d —— r=103.15d
r=8500d —— r=124.84d
101 - 10
- 109 <
o 1107 =
O
2 L 107 3
l_ W
1073 1 | .
!~ - 105
\ N, S
10_5 _ \&-‘\f v v \ .‘,../\af‘\-‘,
KRG e T - 10°
107 1+ : ; ' ' 10°
0.0 0.2 0.4 0.6 0.8

radius/Reciar

Ratnasingam et al. (2024, under review)
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Talk Outline

1. Asteroseismology: types of pulsations and pulsators
2. Insight from stellar pulsations: mixing and rotation

3. Magneto-asteroseismology: interior magnetic fields

4. Stochastic low-frequency variability: gravity waves and turbulence
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Stochastic Low-Frequency (SLF) variability

Gravity waves from core, surface (both?), and/or winds Obser"ed25M@Star
. e e A A A k0 § 20 _ i
(Rogers et al. 2013, 2015 “._s | Sub-surface convection } £
=deimann et al. 20119, ~ | is metallicity dependent: { o :
Horst et al. 2020; Ratnasingam et al. 2020; ; o SyI\/ICp - i g 20 d
Vanon et al. 2023; Thompson et al. 2024; exist in stars: e ST UM ST
Lecoanet et al. 2019, 2021; Anders et al. 2023; | (Jermyn et al. 2022, : Sy
Krticka & Feldmeier 2021) { Bowman etal. 2024)  § L0 e
Original —=== \White noise @ === Model
S o1 —— Residual -=== Red noise
o 1
3D hydro simulation of core convection in 25 Mo star =
g 10° AVAYTY A M M !
E 107 1 AT TH
7 Mllll

- .
10° 101
Frequency (d—1)

i

L ™

“hlt I I '| |

BET RE— T 3 ; Bowman et al. (2019a,
| 2019b, 2020)

Frequency (d™1)

Herwig et al. (2023)
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EEE————————————— Uittty
SLF variability across the HR diagram

SLF variability morphology probes
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mass and age of a massive star: 3 -20 - , ¥ PR
= YT E S VRN AT Y T LT
ARG E 0= $4 "!c: :ﬁ;“ t r; ) Eit w y ,ii;f?i b h,:"nf"ff'w L&t‘# N
! TMand tage =1 aand | vchar o i SERRAA ML L U B
............... I,
4.4 ‘ — — 2840 2860 2880
‘ BJD — 2454833
l 102 N a2 aaal ) el —
4‘2i Original === White noise Model F
S — Residual -=== Red noise
c 10% 3
0. =
,.é | b 0 | ‘ ‘J [\ L '
L; .§ 10 ’ ) - =y =N L)
> 3.8 £ , } T
- -1 R
g | glomqg 1 " IJL.
3.6 ‘ ,
. 10—2 ' ' ——r . ' IH lll i
1071/ 10° 10
344 Frequency (d™1)
3.2 . e T T
4.8 4.6 4.4 4.2

log10(Terr)

Bowman et al. (2020)
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- S Unersity
SLF variability across the HR diagram

SLF variability morphology probes SLF variability transitions from
mass and age of a massive star: stochastic to quasi-periodic:
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Bowman et al. (2020) Bowman & Dorn-Wallenstein (2022)
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SLF variability and macroturbulence

SLF variability morphology correlates with spectroscopic macroturbulence Cantiello et al. (2009)

Acoustic and gravity waves
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SLF variability and macroturbulence

SLF variability morphology correlates with spectroscopic macroturbulence Cantiello et al. (2009)

Acoustic and gravity waves

* macroturbulence = large-scale and anisotropic (vn/ vi >> 1) Ervelope convective zone
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Conclusions and future prospects

e Asteroseismology of massive stars yields:
» quasi-rigid rotation profiles: 0 = 90% critical
» boundary mixing: 0.005 < fcem < 0.040
» envelope mixing: 0 < log(Denv(r)) < 6
» near-core magnetic field: < 500 kG

e Asteroseismology of massive stars requires
Mahalanobis Distance for precision and accuracy

log(L/Lg)

e SLF variability probes mass and age, but origin

remains unclear: core and/or envelope? - Y. 5 Hertzsprung-gap.. -
e Bright future for (magneto)asteroseismology - 2:TAMS (0,70.1) a7 RSG phase?

thanks to several international projects: - O Empincal TAVS -

| log(Terr) [K] |

CUBESPEC

MOBST

MNegretic UHAI Stars with TES:
probing thedr Evolutionsry
ard Nctations. properties

Figure courtesy of A. de Burgos & S. Simon-Diaz
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