A “medical" scan of the velocities in
the atmosphere of evolved stars.
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Context

Context
The surface structures
and dynamics of cool
stars
are
characterised by the
presence
of
convective motions
and turbulent flows
which shape the
emergent spectrum.

Earth

Courtesy of M. Carlsson

The size of granules
depends on the stellar
parameters of the star
and,
as
a
consequence, on the
extension of their
atmosphere.

Context

Red Supergiants

The Sun

M > 8 M☉
L > 1000 L☉
R > 800 R☉
3450 < Teff < 4100 K
Ṁ =10-7-10-4 M☉/yr

Chapter 1. Introduction

Context

ar atmospheres lies in the coupling between hydrotransfer with realistic opacities and adapted equarecise solution of the radiative transfer is essential
ction because it is the radiative losses in the surface
onvective movements and thus influence the whole
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Fig. 3. Adopted model of Betelgeuse. The molecular shell is shown
approximately to scale with respect to the continuum. The right part of
the shell is omitted to show the continuum without line absorption. The
cool molecular layer located around the star and shell is not represented.
The position angle of the polar axis is represented according to the best
fit model. The (x, y) coordinates are the sky angular coordinates of the
reference frame; the z-axis is pointing toward the observer.

0The
Gaussian (see Sect. 3.3) normalized with a unit amplitude.
30
RHD
simulasolid body rotation of the shell is introduced through a position-

Fig. 4. Image of Betelgeuse in the continuum for the spectral window spw2 associated with the 28 SiO(3=2, J=8-7) and 29 SiO(3=0, J=87) emission lines. The white circle represents the equivalent uniform
disk size of the star (Rstar = 29.5 mas), and the red cross marks the centroid of the intensity distribution taken as the center of the stellar disk.
The gray disk at the bottom left of the plot is the ALMA beam size, and
the contour levels are labeled in mJy beam 1 .

1 mas

0
30

N
V766 Cen 1.58 µm
V766 Cen 1.68 µm
VLTI-PIONIER
VLTI-PIONIER
!
!
Fig. 3. Hertzsprung–Russell
diagram withE the position
of
3 sin i
f( ) = f
,
(6) 3.3.1. Stellar radius R and surface brightness I
II red cross. The continuousEpoch
c
R
CE Tau markedEpoch
by the
(resp.II
We determine the R and I parameters of the model from
the continuum
computed around the (resp. rotawhere f is the frequency, 3 thedashed)
equatorial rotation
velocity,correspond
i the image of Betelgeuse
lines
to inthe
non-rotational
the inclination of the polar axis on the line of sight, and the considered molecular line. The continuum image for spw2 is pre20
Fig. 4. The surface
brightness I is et
measured
the 20 for solar
evolutionary
of Ekström
al. at(2012)
distance of the considered point tional)
to the polar axis.
More com- sented intracks
plex, non-solid body rotation can be introduced by changing the center of the stellar disk. We define R as the equivalent unimetallicity
abundances
(Z=0.014).
form disk angular
radius of the star in the ALMA continuum,
f law, for instance using latitude-dependent
rotation velocity
dependent Doppler shift

f ( ) of the molecular line profile

eq

star

shell

star

1 mas

0
30

N
E

star

V766 Cen 1.77 µ
VLTI-PIONIER
Epoch II

star

eq

star

tag et al. 2012) for the RHD simulations in the star, global simulations).

(Domiciano de Souza et al. 2004).

3.3. Static shell model parameters
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In this section, we analyze the 28 SiO(3=2, J=8-7) emission line.
We chose this line as its intensity profile is the best match to our
thin shell model (see Sect. 3.3.3) out of the four intense emission lines visible in Fig. 1. A possible reason for the behavior
is that this line has the highest upper state energy and therefore
traces the regions closest to the star. The lower excitation lines
are excited farther away, and this is the reason why the thin shell
model is less applicable.
In addition, the 28 SiO(3=2, J=8-7) line is also probably excited through a maser process, which facilitates its observation.
The channel width of our data cubes is ⇡ 0.85 km s 1 so we cannot look for maser spikes in the spectrum and the total line width
is greater than 10 km s 1 . The broad line width by itself does not
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star

star

star

star

1

star

Paladini+,

V766 Cen 1.77 µ
VLTI-PIONIER
Epoch III

Outline

• Context
• Velocity fields in evolved stars
• Tomographic method
• Observing

the Red Supergiant μ Cep

• Conclusions
Soutenance HDR - Andrea Chiavassa

#8

Nice - Valrose 19/12/2018

Flux

Velocity fields in evolved stars

Wavelength [Å]

Flux

Velocity fields in evolved stars

Wavelength [Å]

loop occurs, as expected, when the stellar su
material.

Velocity fields in evolved stars
Synthetic Ti I line (6261.098 Å) with bisector

3rd velocity
1st velocity
Several velocity
components affect line
formation.
Need of high resolution
observations to spot
RV.
Tomographic method!

2nd velocity

Outline

• Context
• Velocity fields in evolved stars
• Tomographic method
• Observing

the Red Supergiant μ Cep

• Conclusions

Tomographic method

E.g.: Cross-sections through the body
Used in medicine, climatology, and astronomy
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Figure 1.3: Setup of box-in-a-star (left) and star-in-a-box (right) configurations for 3D
tions.
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Tomography in Red Supergiant stars
Stellar
center

Retrieve the vertical component
of the velocity field as a function
of depth in the stellar
atmosphere, sorting spectral
lines according to their formation
depth.
Mask are produced.
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Chapter 2. A journey cross Hertzsprung-Russel diagram

relative fraction of upward and downward motions is what distinguishes the upper
from the lower part of the hysteresis loop, its top part (zero velocity) being characterized by equal surfaces of rising and falling material. The bottom part of the hysteresis
loop occurs, as expected, when the stellar surface is covered mostly by downfalling
Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres
material.
Synthetic Ti I line (6261.098 Å) with bisector

3rd velocity
1st velocity

2nd velocity

Figure 2.8: Left panel: Synthetic spectrum of the Ti I line at 6261.11 A for one snapshot of a 3D

RHD simulation of an RSG star (Chiavassa & Freytag 2015). The vertical dashed
line shows the spanned velocities of the line bisector. The di↵erent arrow and colors
displays the positions of di↵erent velocity components which contribute to the shape
of the line. Right panel: Velocity maps for di↵erent snapshots of a RSG simulation during a convection cycle (central part of the panel). The velocity is weighted
with the contribution function and red/blue colors correspond to falling/approaching
material, respectively (Kravchenko, Chiavassa, Van Eck et al., to be submitted).
2.2.4 Spatially
Observing snapshots
[night]resolved surfaces: probing stellar parameters and surface details

Fig. 11. Top panel: velocity maps weighted by the CF for snapshots along the hysteresis loop of mask C4. Red color corresponds to falling
material, blue color - rising material. Bottom panel: Same as top panel for temperature. The arrow indicates the direction of the evolution of the
hysteresis loop.

Interferometry importance for evolved stars is two-folds: (i) it allows the determination of their stellar parameters, and (ii) a↵ords the direct detection and characterizaArticle number, page 11 of 16
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Observing the Red Supergiant μ Cep
‣HERMES spectrograph (MERCATOR telescope, La Palma, Spain)
‣Spectral resolution: 85000
‣95 high-resolution spectra with S/N ~ 100
‣Time span of 2500 days (~ 7 years)

Observing the Red Supergiant μ Cep
Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres
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Observing the Red Supergiant μ Cep

Observing snapshots [night]

μ Cep displays several photometric period. Among with the one at 840 days (similar to
the 860 days of Betelgeuse, Kiss et al. 2006)
Kravchenko et al. 2019, submitted to A&A
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– the M1 velocity varies with the same periodicity as the light
(or temperature), but with a phase shift of a few tens of days.
Similarly to µ Cep, the maxima of the light curve occur at
later epochs than the maxima on the M1 curves. The derived
phase shift between the M1 curve and the light curve (for the
time span corresponding to the pseudo light cycle in Fig. 10)
is 0.31 for mask C3 and 0.19 for mask C5. Thus, as in µ Cep,
the phase lag decreases from mask C3 to mask C5 (due to
the irregular behavior of M1 in masks C1 and C2, it was not
possible to derive the corresponding phase shifts). hotter
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– unlike in µ Cep, the hysteresis RV range in the 3D RHD simulation decreases towards the interior (see as well Table 4).
This is a direct consequence of the larger M1 amplitude in
the outermost masks (middle panel of Fig. 10);
– since the CoM velocity of the 3D RHD simulation is known
(0 km/s), the distinction between rising and falling material
is possible. It appears that the upper part of the loop correTemperature
sponds to stationary matter in all masks, whereas the lower
part of the loop is increasingly redshifted (falling matter) as
one considers layers further up. This behaviour is easily accounted for with the help of Figs. 12 and 13. On the uphysteresis curve, rising and falling material
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According to the above results, we conclude that there is a
strong similarity between µ Cep and the 3D RHD simulation,
especially the existence of a phase shift between the light (or
temperature) and the velocity variations, which translates into a
hysteresis loop (Fig. 11). The hysteresis-like behaviour observed
for the 3D RHD simulation resembles that of µ Cep (Fig. 4) and
Betelgeuse (Gray 2008). Fig. 11 reveals that:
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Apparently large portions of the surface are seen rising and
falling, and this material dominates the star’s spectrum.
The size of the symbols in Figure 8 indicates the relative
half width of the λ6261 line, which I take to be a proxy for the
strength of the macroturbulence. Although there is no consistent
change in half width during any one cycle, more vigorous
excursions, such as the one in the 2005–2006 season, are hotter,
rise faster, and have stronger macroturbulence. The excursion
in the 2003–2004 season illustrates the opposite case, where the
material reaches less hot temperatures, rises more slowly, has
smaller macroturbulence, and eventually peters out.
The difference between the largest fall velocity (2003–2004
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Velocity maps reveal upward
and downward motions of
matter extending over large
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surface.
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Conclusions

• The tomographic method allows to
recover the distribution of the
component of the velocity field
projected on the line of sight at
different optical depths in the stellar
atmosphere.
• Convective motions develop all the
way from the center of the star to the
surface, separated by the
downdrafts appearing as fingers

Radial Velocity in simulations
Kravchenko et al. 2019, submitted to A&A

