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Let the data guide the theory: 
high-precision tim

e-dom
ain 

astrophysics &
 back to basics…
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im
prove our know

ledge of every juncture in a star’s
life—

from
 the m

om
ents just before it’s born to the

tim
e of its silent or fiery death.

Scratching the surface
A

s a star evolves, its lum
inosity and effective tem

-
perature change. The star’s evolution can therefore
be charted as a path on a so-called H

ertzsprung–
Russell diagram

 (H
RD

), as show
n in figure 1. N

ote
that the lum

inosity of the various types of stars
spans nine orders of m

agnitude, w
hereas the effec-

tive tem
perature spans less than tw

o. 
Typically, stellar m

odels are evaluated by com
-

paring their predicted paths through the H
RD

, in-
dicated w

ith black lines in figure 1, w
ith the posi-

tions of actual stars in various stages of evolution.
Evaluated by such basic criteria, the m

odels have
im

pressive strength. H
ow

ever, the evolutionary
paths are appreciably affected by poorly know

n
physical processes in the stellar interior, including
convection, rotation, and the settling of atom

ic
species. Early in their evolution, during their core-
hydrogen-burning phase, stars w

ith m
ass greater

than about 2 M
⊙ have a fully m

ixed, convective core
and an unm

ixed envelope in w
hich radiative heat

transfer dom
inates; for stars w

ith m
ass less than

about 1 M
⊙ , the core is radiative and the envelope is

convective. (The exact cutoff values depend on a
star’s m

etal content.) Stars of interm
ediate m

ass
have a convective core and envelope separated by a
radiative zone. (For m

ore on stellar structure, see
the article by Eugene Parker, P

H
YSIC

S
T

O
D

AY, June
2000, page 26.)

A
fter core-hydrogen burning, all stars have a

convective envelope, but its extent is poorly know
n.

M
oreover, it’s possible that convection zones m

ay
arise at positions betw

een the core and the outer en-
velope in som

e evolutionary phases. 
In theory, a star’s internal structure can be in-

ferred from
 its effective tem

perature and lum
inos-

ity. But although T
eff can be m

easured accurately
from

 a stellar spectrum
, L

is notoriously difficult to
determ

ine; estim
ating L

from
 m

easured fluxes re-
quires precise know

ledge of the distance betw
een

the star and Earth. For a lim
ited num

ber of relatively
bright stars, interferom

etric m
easurem

ents, 2w
hich

com
bine the stellar light observed by an array of 

telescopes, have sufficient resolving pow
er to 

deliver an estim
ate of R, w

hich can in turn be used
to determ

ine L. (See the article by Theo ten Brum
-

m
elaar, M

ichelle C
reech-Eakm

en, and John M
onnier,

P
H

YSIC
S

T
O

D
AY, June 2009, page 28.) But for m

ost

Figure 1. This H
ertzsprung– Russell diagram

show
s the effective 

tem
peratures and lum

inosities of the various classes of seism
ically 

oscillating stars. At birth, all of the stars burn hydrogen in their core and
lie on the red line, know

n as the m
ain-sequence curve. After the core-

hydrogen-burning phase, stars evolve off the m
ain-sequence curve as

they progress through a series of nuclear fusion cycles. (Solid black lines
denote the predicted evolution for stars of various birth m

asses, w
ith

m
asses given in term

s of the solar m
ass M

⊙ .) The Sun’s predicted path,
including its denouem

ent—
shrinking into a cool, dense w

hite dw
arf—

is indicated in green. The blue and orange shading corresponds to 
effective tem

perature. The hatching indicates the nature of the dom
inant

oscillation m
odes in each stellar class: Positive slope indicates gravity

m
odes; negative slope indicates pressure m

odes. (Figure courtesy of
Pieter D

egroote and Péter Pápics.)

H
R

D
 considers 

 global surface and w
ind  

properties  
 

Stellar interior = probed by  
stellar oscillations 

 
Variability in upper H

R
D
 

is prom
inent, diverse and 

has various causes 

B
inarity is com

m
on  

and cannot be ignored 
 

From
 C

. A
erts, Physics Today,  2015



D
etected gravity-m

ode oscillations in B stars 4
Pápics et al. (2017)



The boost thanks to space photom
etry 

D
etection of 10s of gravity-m

ode 
oscillations from

 uninterrupted 
high-precision long-duration 
(> 1 year) space photom

etry 

5
From

 C
. A

erts, Physics Today,  2015

D
m

ix = 0
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W

hat is m
ore im

portant: unknow
ns in 

m
acro-physics as of ZAM

S versus 
uncertainties in m

icro-physics such as 
nuclear reaction rates in pre-SN

? 
                                                                



G
ravity-m

ode period spacings in B stars 

7

Pápics et al. (2017), Zw
intz et al. (2017): 

diversity in core overshoot, near-core rotation & m
ixing 

 
also 44 F-type stars in Van Reeth et al. (2016) & O

uazzani et al. (2017)



  Level & shape of core overshoot dom
inate

8
vsini=62 km

/s; Pápics et al. (2015) & M
oravveji et al. (2016)



  C
ore overshoot & core m

ass tuning 

9

PhD
 Thesis, M

ay G
ade Pedersen

Sim
ple overshoot insuffi

cient; 
extra diffusive m

ixing needed 
M

oravveji et al. (2015, 2016)

K
epler, TESS, G

aia: 
 1.2 M

⊙
< M

 < 25 M
⊙ 

Z
LM

C<Z<Z
⊙  



  C
ore overshoot & core m

ass tuning 

10

Typically used 
in EB isochrone 

fitting 
(C

laret & Torres 2016)
1.2 M

⊙
< M

 < 4.4 M
⊙  

PhD
 Thesis, M

ay G
ade Pedersen

Sim
ple overshoot insuffi

cient; 
extra diffusive m

ixing needed 
M

oravveji et al. (2015, 2016)



Let the data guide the theory: 
high-precision tim

e-dom
ain 

astrophysics

11

                            
C

an w
e use a m

ore realistic m
ixing profile?  
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Figure courtesy of Tam
i Rogers 

from
 2D

 hydro sim
ulations
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C

an w
e use a m

ore realistic m
ixing profile?  
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Figure courtesy of Tam
i Rogers 

from
 2D

 hydro sim
ulations

W
hat is the  

scale on the  
y-axis?



  D
ips in ∆P give level of chem

ical m
ixing13

Sim
ple overshoot insuffi

cient; 
extra diffusive m

ixing needed
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log diffusion coefficient

r

Figure courtesy of Tam
i Rogers

Schm
id & Aerts (2016)

g-m
odes for <30%

  
critical rotation: 
log D

 betw
een  

0.5 and 2 

1.4 M
⊙

< M
 < 5 M

⊙ 
higher m

ass?  
TESS-C

VZ…
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W

hat is the core to  
envelope rotation for  
the m

ore “usual” cases  
in the m

assive star 
context? 
 (not only ultra-slow

  
rotators…

) 
Triana et al. (2015)



 Interior rotation from
 Kepler: sum

m
ary

15

B,A,F stars 
subgiants 
RG

B stars 
RC

 stars

0.8 M
⊙

< M
 < 5 M

⊙  



 Interior versus surface rotation F stars

16

1.4 M
⊙

< M
 < 2.2 M

⊙  

PhD
 Thesis of Tim

othy Van Reeth (2017):  
consistent w

ith quasi-rigid, but unknow
n sini…



Let the data guide the theory: 
how

 about tim
e-dom

ain 
astrophysics for supergiants?
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Variability all over the place…



 G
ravity w

aves in O
9Iab supergiant H

D
 188209 18

spectroscopy (1800d) 
 

Aerts et al. (2017)



 G
ravity w

aves in O
9Iab supergiant H

D
 188209 19

Aerts et al. (2017)

Rogers et al. (2013)

N
ote that RT m

acroturbulence = 65 km
/s:   

som
e 10x am

plitude <v> as expected for m
ultiple 

w
aves…

.



Line-profile variability in upper H
RD
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H
eroic efforts by  

Sím
on D

íaz et al. (2016): 
years of spectroscopic  

m
onitoring of 100s  

of O
B stars show

s 
large diversity

W
ARN

IN
G

 for m
isconception 

of m
acroturbulence: 

m
ultiple gravity w

aves are 
tim

e-dependent & tangential 
   

don’t fit w
ith constant isotropic 

or RT G
aussian!



Line profile broadening is not G
aussian… 

21

Aerts et al. (2014): w
arning about isotropic, radial, tangential, 

RT spectral-line broadening in addition to rotational 
broadening & lim

b darkening, all constant in tim
e ≠ reality



22

Fitted w
ith vsini & RT vm

acro 
instead of dipole pulsation m

ode:  
vm

acro up to 25 km
/s 

Aerts et al. (2014)

@
surface: 

Vr<1.7 km
/s 

Vt<28 km
/s

W
hen m

ultiperiodic:  
collective effect of all w

aves by single vm
acro not appropriate!

Line profiles due to w
aves are not G

aussian 



Asteroseism
ology as probe of stellar interiors 23

Stellar interior = probed by  
stellar oscillations  

 
Snapshot photom

etry 
&

 spectroscopy provides 
 global surface and w

ind  
properties  

 
Variability in upper H

R
D 

is prom
inent, diverse and 

should be exploited

B
inarity is com

m
on  

and cannot be ignored 
 

From
 C

. A
erts, Physics Today,  2015

SM
A

SH
  &

 H
ST/FG

S
Spectroscopic

regim
e

HST/FGS
W

ith SB

F_m
ult> 0.80

< N
_com

panion> ~ 2.1

For dw
arfs

F_m
ult= 1.00 @ r < 100au

< N
_com

panion> ~ 2.2

Slide courtesy of H
ugues Sana (D

ec., 2016)



Let the data guide the theory: 
high-precision tim

e-dom
ain 

astrophysics of binaries
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H

ow
 about binarity and  asteroseism

ology? 

                                                                

     

Schm
id & Aerts (2016)



   Asteroseism
ology of free m

odes in EBs

25
Schm

id & Aerts (2016)



   Tidal asteroseism
ology: only starting now

26

H
am

bleton et al. (2017):  
7 tidally excited m

odes; 
apsidal advance after  

4 years requires 3rd body
N

um
erous additional cases 

from
 Kepler m

ission,  
all interm

ediate-m
ass stars
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H

ow
 about m

assive binary asteroseism
ology? 

                                                                

     

D
egroote et al. (2010)



    C
oRoT pulsating O

8V prim
ary H

D
 46149

28

D
egroote et al. (2010): detection of solar-like oscillations 

need better spectroscopic orbital coverage



           BRITE: pulsating O
 star in iota O

ri

29

Pablo et al. (2017): 7 significant frequencies,  
som

e tidally excited quadrupole m
odes



             K2: pulsating O
+B EB H

D
165246

30

Johnston et al. (2017): 25 frequencies, 10 are m
ultiples of orbital 

frequency; follow
-up in spectroscopy to unravel cause

P
orb=4.5872d, P

rot= 1.43d 
30 d tim

e base: poor  
frequency resolution…

3.3 M
⊙

< M
2 < 4.4 M

⊙  
19 M

⊙
< M

1 < 25 M
⊙  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                       G

reat opportunities com
ing up:  

               how
 high can w

e go in m
ass for  

         high-precision binary & seism
ic m

odelling  
        of core overshoot, m

ixing, interior rotation?                                               
     



 N
ear future: TESS-C

VZ + G
aia + AS4

32

341 O
B stars  

(V = 4 - 13) in 
TESS-C

VZ, to be 
m

onitored for 
351 d, including 

LM
C

 stars 
(≈105@

V<10) 
+ G

aia + AS4 
spectroscopy 

 
Fig

u
re C

ou
rtesy of M

ay G
ad

e P
ed

ersen
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Beyond 2025: 
PLATO

 m
ain m

ission & PLATO
-C

S w
ith targets of choice 

https://fys.kuleuven.be/ster/Projects/plato-cs/ 

Credits:	DLR	(Susanne	Pieth)

Farther future potential: PLATO
 m

ission


