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and dynamics of cool 
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3450 < Teff < 4100 K 
Ṁ =10-7-10-4 M☉/yr 
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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.

Gaussian (see Sect. 3.3) normalized with a unit amplitude. The
solid body rotation of the shell is introduced through a position-
dependent Doppler shift � f (�) of the molecular line profile

� f (�) = f
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�

Rshell

!
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where f is the frequency, 3eq the equatorial rotation velocity, i

the inclination of the polar axis on the line of sight, and � the
distance of the considered point to the polar axis. More com-
plex, non-solid body rotation can be introduced by changing the
� f law, for instance using latitude-dependent rotation velocity
(Domiciano de Souza et al. 2004).

3.3. Static shell model parameters

In this section, we analyze the 28SiO(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 emis-
sion 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 28SiO(3=2, J=8-7) line is also probably ex-
cited through a maser process, which facilitates its observation.
The channel width of our data cubes is ⇡ 0.85 km s�1 so we can-
not 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
rule out saturated masers, but higher spectral and spatial resolu-
tion is needed to identify whether high brightness temperature
maser components are present or if the emission is mostly ther-
mal. However, the 3 = 2 (respectively 3 = 1) lines are of similar
intensity to the 3 = 0 line, which suggests that the brightness
of the excited states is enhanced by the maser process; other-
wise, they would be only about 1/6 (respectively 1/2) as bright,
although the spectral resolution is not fine enough to allow us to
confirm this. This supports the conclusion that masing is present,
but it is not definitive. The analyses of the other detected emis-
sion lines are presented in Appendices A to C.

Fig. 4. Image of Betelgeuse in the continuum for the spectral win-
dow spw2 associated with the 28SiO(3=2, J=8-7) and 29SiO(3=0, J=8-
7) emission lines. The white circle represents the equivalent uniform
disk size of the star (Rstar = 29.5 mas), and the red cross marks the cen-
troid 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.

3.3.1. Stellar radius Rstar and surface brightness Istar

We determine the Rstar and Istar parameters of the model from
the image of Betelgeuse in the continuum computed around the
considered molecular line. The continuum image for spw2 is pre-
sented in Fig. 4. The surface brightness Istar is measured at the
center of the stellar disk. We define Rstar as the equivalent uni-
form disk angular radius of the star in the ALMA continuum,
that is, at a wavelength of � ⇡ 0.9 mm. As the stellar disk is
resolved by ALMA, we estimate Rstar from the integrated con-
tinuum flux I(r, ✓) and the surface brightness measured at the
center of the disk Istar through

Rstar =

s
1
⇡

R
star I(r, ✓) r dr d✓

Istar
(7)

For spw2, we measure Istar = 74.81 ± 0.14 mJy beam�1 and we
obtain Rstar = 29.50 ± 0.14 mas. The model parameters for the
four studied emission lines are summarized in Table 3.

3.3.2. Line profile P( f )

We determine the line profile P( f ) from the continuum sub-
tracted data cubes using two observables: the absorption at the
center of the stellar disk and the emission in the circumstellar
shell ring (Fig. 5). For a homogeneous non-expanding molecular
envelope, the two profiles are identical. In the case of a global net
spherical outflow (or inflow) of molecular material, the absorp-
tion profile will be blueshifted (respectively redshifted) com-
pared to that of the emission ring. The reason is that the absorp-
tion component is essentially on the line of sight between us and
the photosphere, hence with a minimal radial velocity projection
e↵ect. On the other hand, the emission ring is located, on aver-
age, in the plane of the sky (perpendicular to the line of sight)
for which the projection e↵ect results, for a homogeneous shell,
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P. Kervella et al.: The visible photosphere and close-in dust envelope of Betelgeuse
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Fig. 2. Top row: Intensity images, with a square root grey scale from minimum to maximum intensity (in W m�2 µm�1 sr). The dashed red circle
represents the size of the photosphere in the near-infrared K band (✓LD = 42.3 ± 0.4 mas, Montargès et al. 2014). The beam size of ZIMPOL is
shown as a white disk in the lower left corner of each image. Bottom row: Maps of the degree of linear polarization pL, with a linear color scale
from 0 to 12% (identical for all maps). The yellow dashed circle has a radius of 3 times the K band radius. The field of view of 302⇥ 302 mas, and
all frames have been deconvolved using IRAF’s lucy algorithm (80 steps).

image has a negative intensity as the line is in absorption in front
of the stellar disk. It is also interesting to remark that the line is
seen in absorption in front of the continuum plume extending to
the South-West of Betelgeuse, also resulting in a negative inten-
sity in the subtracted frame. Emission in the H↵ line is detected
around the star up to a radius of 5 times the infrared photosphere
radius (hereafter R?). The H↵ envelope appears inhomogeneous,
and is essentially contained within 3 R?. A large H↵ plume ex-
tends to the South.

3.3. Dust shell properties from polarimetry

The maps of the degree of linear polarization pL (Fig. 2, bot-
tom row) show a curved high-polarization region in the North-
East quadrant of Betelgeuse, at a radius of ⇡ 3 R⇤, as well as a
shell-like structure to the West of the star at a similar radius. We
interpret these high polarization regions as created by 90 degree
scattering of the star light on an incomplete and inhomogeneous
dust shell. Within this framework, the properties of the dust can
be estimated from the dependance of the pL value as a function
of wavelength. The average radial profile of the degree of lin-
ear polarization is presented in Fig. 5 for the four filters. The
overall shape of the profile is very similar for all filters, with a
maximum value at a radius of ⇡ 3 R⇤. The highest degree of lin-
ear polarization is observed in the CntH↵ filter and decreases for
shorter and longer wavelengths. The slightly lower pL value in
the NH↵ filter is likely caused by the presence of the unpolarized
H↵ emission.

Ha - CntHa

50 mas

N

E

Fig. 4. Map of the H↵ circumstellar emission of Betelgeuse. The color
scale is a function of the square root if the intensity in W m�2 µm�1 sr�1.
The contours delimit the areas from 1 to 100 000 W m�2 µm�1 sr�1 with
a factor ten spacing. The dashed red circle represents the photosphere
in the near-infrared K band, and the dashed yellow circle 3⇥ its radius.
The white disk in the bottom left of the image represents the ZIMPOL
beam size.
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M. Wittkowski et al.: VLTI-PIONIER imaging of V766 Cen and its close companion
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Fig. 1. Aperture synthesis images of V766 Cen at 1.58/ 1.59 µm (left), 1.68 µm (middle), and 1.77 µm (right). The three rows represent the three
epochs. Contours are drawn at levels of 90%, 70%, 50%, 30%, 10%, 3% of the peak intensity. The peak intensity is normalized to unity for each
image separately. The dotted circles indicate our estimated Rosseland angular diameter. The dashed circles in the lower left corners indicate the
sizes of the array angular resolution �/2Bmax.

di↵erent magnitudes or airmass between science and calibrator
measurements. Values of �2 for the squared visibility amplitudes
range between 0.4 and 5.3, and for the closure phases between
0.22 and 2.5 for the di↵erent epochs and spectral channels. The
achieved dynamic range varies between about 10 and 20.

The reconstructed images at epoch I show the stellar disk
with elongated surface features approximately oriented along the
East-West direction. The images at epoch II and epoch III are
qualitatively di↵erent to those at epoch I. They show a dominat-
ing narrower single bright feature. The feature is located on top
of the stellar disk toward its south-western limb at epoch II and
oriented slightly farther toward the southern limb at epoch III.
The extended molecular layer or MOLsphere as present in our
model fits from Sect. 3 is not well visible in the reconstructed
images because it lies just below our achieved dynamic range.

We estimated the contrast �Irms/ < I > (e.g., Tremblay et al.
2013) of our reconstructed images after dividing them by the
best-fit model image to correct for the limb-darkening e↵ect,
and obtained values – averaged over the spectral channels and
regularization functions– of 10%±4% for epoch I, 21%±6% for

Table 2. Estimated o↵sets of the companion relative to the primary

Epoch JD Frac. � RA � Dec
d Porb

00 00

C (2012.18) 2455994 0 1.23 0.74
EI (2014.17) 2456719 +0.56 / /
EII (2016.38) 2457528 +1.18 -0.66 -0.43
EIII (2017.23) 2457839 +1.41 -0.89 -1.38

epoch II, and 31%±6% for epoch III. The contrasts at epochs II
and III are significantly higher than those at epoch I.

We estimated the angular diameter of the feature at epochs
II and III to 1.7±0.3ṁas, averaged over the epochs and spectral
channels. This gives a ratio of 0.42+0.35

�0.10 compared to the Rosse-
land photospheric radius of the primary component.

5. Discussion and conclusions

The images at epoch I are consistent with predictions by three-
dimensional (3D) radiative hydrodynamic (RHD) simulations of
RSGs, such as those shown by Chiavassa et al. (2010, Fig. 7).
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M. Montargès et al.: The convective photosphere of the red supergiant CE Tau

Fig. 3. Hertzsprung–Russell diagram with the position of
CE Tau marked by the red cross. The continuous (resp.
dashed) lines correspond to the non-rotational (resp. rota-
tional) evolutionary tracks of Ekström et al. (2012) for solar
metallicity abundances (Z=0.014).

Because of the limited (u, v) coverage of our observa-
tions, we decided to use all the spectral channels at once and
to start our reconstruction process by determining the best
regularizers and regularization strengths for our data. We
did this by using the 3D radiative hydrodynamics (RHD)
model described in Sect. 4.3 as the source image for a sim-
ulated observation, as this allowed us to compare recon-
struction results to a known source (center and bottom im-
ages of Fig. 5). We produce the simulated observation using
OIFITS-SIM2, copying the (u, v) coverage and noise statis-
tics of our December observations. The reconstructions use
masks and initial images based on uniform disks of sizes 10–
12 mas, depending on the pixel scale. In order to correct
for artifacts in the image reconstruction process, we ran five
MCMC chains, each consisting of 500 iterations, in the end
producing an average and error image after coalligning the
mean result of each chain using the subpixel registration
algorithm of Guizar-Sicairos et al. (2008). In order to test
for possible super-resolution in the reconstruction process,
we used this method for resolutions of 2.0 mas, 1.0 mas,
0.8 mas, and 0.5 mas. We compared the resulting recon-
structions to the source image, convolved to a resolution
corresponding to the reconstruction: we coalligned the re-
construction to match the position of the convolved source
image and used the l1-norm as our metric for comparison,
which Gomes et al. (2017) found to be the best metric for
assessing the quality of a reconstructed image.

Our comparison found that the best reconstructed im-
ages came from the reconstructions at 0.5 mas resolution,
which is a significantly higher resolution than expected
from the maximum projected baseline of the observations.
Thus, we opted to use the regularizers and strengths of that
reconstruction, but also to reconstruct using the parame-
ters of the next best reconstruction at a lower resolution,
in this case at 1.0 mas. For the 0.5 mas resolution, we ran
SQUEEZE using the same parameters as the best reconstruc-
tion of the simulated data: a 32x32 pixel grid, using both
total variation and Laplacian regularizers, a mask of a 11
mas diameter uniform disk, an initial image of a 10.5 mas

2 https://github.com/fabienbaron/oifits-sim

Fig. 4. Mean SQUEEZE image reconstruction of CE Tau for
a pixel size of 0.5 mas. The top (bottom, resp.) image corre-
sponds to the November (December, resp.) dataset. North
is up and east is left. The white ellipse in the bottom left
corner represents the main lobe of the synthesized beam.

diameter uniform disk, 2000 elements, and 500 iterations.
However, in this case we use 25 chains in order to better ac-
count for artifacts due to the reconstruction process. Once
more we produce a single average and standard deviation
image from the result of each chain. Reduced ‰

2 = 1.53
for the November dataset and ‰

2 = 2.08 for the December
image are obtained. We follow the same procedure for the
1.0 mas reconstruction, the di�erences being that our im-
age was 16x16 pixels and that we used total variation and
the l1-norm of the à trous wavelet transform (Holschneider
et al. 1989). We find the reduced ‰

2 = 1.78 for November
and ‰

2 = 2.21 for December.
In order to assess the reliability of the reconstruc-

tion process, we also used the Multi-aperture Image
Reconstruction Algorithm (MIRA) to reconstruct images
(Thiébaut 2008). In contrast to SQUEEZE, which uses
MCMC minimization, MIRA uses gradient descent. To re-
construct our images, we used a 16x16 grid with a pixel
scale of 1.0 mas/pixel and a 32x32 grid with a pixel scale
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10 Chapter 1. Introduction

point of the RHD codes for stellar atmospheres lies in the coupling between hydro-
dynamic equations and radiative transfer with realistic opacities and adapted equa-
tions of state. A detailed and precise solution of the radiative transfer is essential
for a realistic treatment of convection because it is the radiative losses in the surface
layers of the star that drain the convective movements and thus influence the whole
simulation domain.

Figure 1.3: Setup of box-in-a-star (left) and star-in-a-box (right) configurations for 3D RHD simula-
tions.

The RHD codes I use are:

• The CO5BOLD code (Freytag et al. 2012) for the RHD simulations in the star-
in-a-box configuration (i.e., global simulations).

• The STAGGER code (Nordlund et Galsgaard 19951, Nordlund et al. 2009;
Collet et al. 2011) for the RHD simulations in the box-in-a-star configuration
(i.e., local simulations).

CO5BOLD code The CO5BOLD code solves the coupled non-linear equations of compressible hy-
drodynamics (with an approximate Roe solver, ) and non-local radiative energy trans-
fer (for global simulations with a short-characteristics scheme) in the presence of a
fixed external gravitational field and in a 3D cartesian grid. The equation of state uses
pre-tabulated values as functions of density and internal energy (⇢, ei ! P,�1,T, s).
It accounts for HI, HII, H2, HeI, HeII, HeIII and a representative metal for any pre-
scribed chemical composition. The equation of state does not account for the ioniza-
tion states of metals, but it uses only one neutral element to achieve the appropriate

1http://www.astro.ku.dk/⇠kg/Papers/MHD code.ps.gz
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62 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 character-
ized 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
material.

1st velocity

2nd velocity

3rd velocity
Synthetic Ti I line (6261.098 Å) with bisector

Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres

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.
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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 simula-
tion 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 resolved surfaces: probing stellar parameters and surface de-
tails

Interferometry importance for evolved stars is two-folds: (i) it allows the determina-
tion of their stellar parameters, and (ii) a↵ords the direct detection and characteriza-
tion of the convective pattern related to the surface dynamics.

• Point (i). The direct measurement of stellar angular diameters has been the
principal goal of most attempts with astronomical interferometers since the pi-
oneering work (Michelson & Pease 1921). Nowadays with the advent of Gaia,

S e v e r a l v e l o c i t y 
components affect line 
formation. 
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RV. 
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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 character-
ized 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
material.
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Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres

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.
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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 simula-
tion 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 resolved surfaces: probing stellar parameters and surface de-
tails

Interferometry importance for evolved stars is two-folds: (i) it allows the determina-
tion of their stellar parameters, and (ii) a↵ords the direct detection and characteriza-
tion of the convective pattern related to the surface dynamics.

• Point (i). The direct measurement of stellar angular diameters has been the
principal goal of most attempts with astronomical interferometers since the pi-
oneering work (Michelson & Pease 1921). Nowadays with the advent of Gaia,
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Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres
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Fig. 2. An excerpt of the CCF sequence corresponding to the time range between JD 2456432 and JD 2456607 (compare with the light curve of
µ Cep on the bottom panel of Fig. 3). The last three JD digits are listed on the top of each subpanel. Colors correspond to di↵erent masks, mask C1
probing the innermost atmospheric layer while mask C5 probes the outermost layer. Vertical lines at 21.4 km/s indicate the mean radial velocity,
computed from all masks and epochs (see text).

between the line-depth ratio (V i 6251.83 Å / Fe i 6252.57 Å) and
the mean core velocity of V i, Fe i and Ti i (6261.11 Å) spectral
lines. The line-depth ratio was considered to be a good temper-
ature indicator and was varying mostly in phase with the light
curve. According to Gray (2008), the hysteresis loop illustrates
the convective turn-over of the material in the stellar atmosphere:
first, the rising hot matter reaches upper atmospheric layers, then
temperature drops as the matter moves horizontally and finally
matter falls and cools down. However, the above explanation
cannot account for observable time-dependent e↵ects if it relates
to purely stationary convection. Therefore, in Sects. 4.2 – 4.4 be-
low, we will present a more detailed discussion of the possible
origin of the hysteresis loop, searching for mechanisms introduc-
ing non-stationary e↵ects in convection.

Fig. 4 displays the M1 velocity as a function of the TiO-band
temperature for the three pseudo light cycles of µ Cep defined
above and depicted as shaded areas in Fig. 3. The hysteresis
loops of µ Cep in Fig. 4 turn counter-clockwise as do those of
Betelgeuse (Gray 2008). Moreover, thanks to the tomographic
method, the hysteresis loops in µ Cep are now spatially resolved,
in the sense that their properties are now probed as a function of
depths in the atmosphere.

The detailed inspection of Fig. 4 and Table 4 reveals that:

– the hysteresis loops of µ Cep are characterized by di↵erent
timescales, as do the corresponding light cycles;

– there is a tendency for the RV range of the hysteresis loops of
the first and third pseudo-cycles to decrease outwards, going
from mask C2 to mask C5 (mask C1 is rather noisy and does
not follow this trend).

The characteristic timescale of the third pseudo light cycle
(Table 4) closely matches the short photometric period of µ Cep
(860 days; Kiss et al. 2006). The timescales of the hysteresis
loops for the first and second cycles are shorter by factors of 1.5

and 2.7, respectively. A similar match between the timescales of
the hysteresis loops and the light variations was reported by Gray
(2008) for Betelgeuse. The light curve of Betelgeuse is rather
regular with a period of about 400 days (Kiss et al. 2006). The
radial-velocity and temperature ranges of the hysteresis loops of
Betelgeuse and µ Cep are compared in Table 4 and appear to be
similar. This similarity suggests that the same physical process
is at work in these objects to trigger the velocity and photomet-
ric variations. In order to identify this process, we compare in
the next section the results obtained for µ Cep with those pro-
vided by the 3D RHD CO5BOLD simulation of a RSG star at-
mosphere.

4. 3D radiative-hydrodynamics simulations and
detailed radiative transfer

Following Kravchenko et al. (2018), we used the same 3D RHD
simulation of a RSG star computed with the CO5BOLD code
(Freytag et al. 2012), where the combined compressible hydro-
dynamics and non-local radiative-transfer equations are solved
on a Cartesian grid. The code takes into account molecular opac-
ities; however, the radiation transport is treated in a "gray" ap-
proximation and ignores radiation pressure and dust opacities.
The model geometry is of the kind "star-in-a-box". It is assumed
that solar abundances are appropriate for RSG stars. The 3D
simulations are time-dependent, characterized by realistic input
physics and reproduce the e↵ects of convection and non-radial
waves (Chiavassa et al. 2011).

The basic parameters of the 3D simulation are listed in Ta-
ble 5. Due to the limited number of currently available 3D sim-
ulations of RSG stars, the parameters of the selected 3D sim-
ulation di↵er from those of µ Cep, especially in terms of stel-
lar mass. The computation of a 3D simulation for a 25 M� star
would require many more grid points than a simulation of a 5 M�
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μ Cep displays several photometric period. Among with the one at 840 days (similar to 
the 860 days of Betelgeuse, Kiss et al. 2006)
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Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres

Fig. 3. Top panel: the RVs derived from the fit of µ Cep CCFs with
Gaussian functions. RVs from the main CCF component are connected.
Only CCF components with depths  2�, where � is the standard de-
viation in the flat part of the CCFs (measuring the "correlation noise"),
are kept. Colors correspond to di↵erent masks. Middle panel: the M1
velocity of CCFs in all masks. The color coding is the same as in the
top panel. Bottom panel: the AAVSO visual light curve (grey crosses).
Black squares correspond to TiO-band temperatures. Vertical lines in all
panels indicate times of maximum light and reveal the phase shift be-
tween the light (or temperature) and RV variations, the light maximum
occurring after the maximum velocity. Horizontal lines in top and mid-
dle panels indicate the mean RV. Grey areas define three pseudo light
cycles which correspond to the hysteresis loops in Fig. 4.

Fig. 5 displays the evolution of the bolometric magnitude
over a time span of 11 years covered by the simulations. This
synthetic light curve resembles those typical of RSG stars (for
example, see Kiss et al. 2006, and Fig. 3) in terms of periodic-
ity (of the order of a few hundreds days) and irregular pattern.
Because the observed light curve is given in the V filter (Fig. 3)
whereas the 3D RHD simulations generally provide bolometric
light curves (Fig. 5), Fig. 6 compares the visual and bolometric
light curves for a restricted time range of the 3D RHD simulation
(grey-shaded area in Fig. 5), thus allowing to estimate the bolo-
metric correction. The absolute visual magnitudes were com-
puted by integrating 3D snapshot spectra in the V band using the
transmission curve from Bessell (1990). The resulting bolomet-
ric corrections are comparable to those of Levesque et al. (2005)
determined from the MARCS model atmospheres of RSG stars.
Furthermore, the visual light curve in Fig. 6 resembles those typ-
ical of RSG stars in terms of amplitude (⇠ 1 mag).

Fig. 7 shows the pressure scale height HP (spatially averaged
over spherical shells as explained in Chiavassa et al. 2009) as a
function of geometrical depth. It reveals significantly di↵erent
values for HP above and below the stellar radius (corresponding
to ⌧Ross = 1). This will be discussed in Sect. 4.3.

The location of each tomographic mask with respect to the
stellar radius is shown in Fig. 7 as colored lines. The position
of each mask is defined by the average radial distance (from the
stellar center) for grid points belonging to the considered mask.
The averaging process is performed first over a given snapshot
and then over time. The vertical bands in Fig. 7 are one standard
deviation fluctuations with respect to the time average. Fig. 7
shows that, as expected, the tomographic masks probe distinct
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Fig. 4. From left to right: Hysteresis loops between TiO-band tempera-
ture and M1 velocity for three pseudo light cycles of µ Cep (identified
as shaded areas in Fig. 3). From top to bottom: M1 velocity measured
in di↵erent masks, from C1 probing the innermost atmospheric layer,
to C5 probing the outermost. Horizontal lines in all panels indicate the
mean RV from all masks. The arrow indicates the direction of evolution
along the hysteresis loops.

Fig. 5. Bolometric magnitude as a function of time for the 3D RHD
simulation. The shaded area corresponds to the subset of snapshots an-
alyzed in Sect. 4.1.

atmospheric layers. It must be noted that mask C5 is located at
just over 900 R� from the stellar center, whereas the 3D simula-
tion cube has a half-size of only 800 R�. Mask C5 is therefore
partially out of the simulation box, and is enclosed within only
in its corners, which lie 1150 R� away from the stellar center
(see Fig. 8).

We used the pure-LTE code Optim3D (Chiavassa et al. 2009)
to compute synthetic spectra for the time span of the 3D simu-
lation corresponding to the gray-shaded area in Fig. 5. The code
computes the radiative transfer in detail using pre-tabulated ex-
tinction coe�cients as a function of temperature, density, and
wavelength for the solar composition (Asplund et al. 2009).
They were constructed with no micro-turbulence broadening,
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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).

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:

– unlike in µ Cep, the hysteresis RV range in the 3D RHD sim-
ulation 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 corre-
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 ac-
counted for with the help of Figs. 12 and 13. On the up-
per branch of the hysteresis curve, rising and falling material
cover similar areas at the surface, giving rise to a zero radial
velocity. On the lower branch of the hysteresis curve, the ris-
ing material is still present, but it occupies a smaller surface
than the falling material.

For the 3D RHD simulation like for µ Cep, the RV and tem-
perature ranges as well as the characteristic timescale of the hys-
teresis loop were estimated. They are compared to those of µCep
and Betelgeuse in Table 4 and all share the same order of mag-
nitude3. Thus, understanding the origin of the hysteresis loops
from the 3D RHD simulation is crucial for correctly interpreting
those observed in actual RSG stars. This is the subject of the next
section.

4.2. Understanding hysteresis loops from the 3D RHD
simulation

The 3D simulations provide an opportunity to follow the evolu-
tion of temperature and velocity along the hysteresis loop, and
hence to understand its physical origin. Fig. 12 displays velocity
and temperature maps for di↵erent snapshots along the hystere-
sis loop of mask C4 (Fig. 11). The maps are weighted by the
contribution function of a line contributing to the mask C4 (see
Kravchenko et al. 2018, for details). The contribution function
reveals at which depth (and hence velocity and temperature) in
the atmosphere that spectral line forms.

The velocity maps in Fig. 12 reveal upward and downward
motions of matter extending over large portions of the stellar sur-
face. The relative fraction of upward and downward motions is
3 Note that in the case of using Te↵ instead of TiO-band temperature,
the temperature range of the hysteresis loop would be ⇠ 100 K. Never-
theless, it would still be of the same order of magnitude as for µ Cep
and Betelgeuse.
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Fig. 11. The hysteresis loop between the TiO-band temperature and the
M1 velocity for snapshots from the 3D simulation. Colors correspond to
di↵erent masks, with mask C1 probing the innermost atmospheric layer,
and mask C5 the outermost. Horizontal lines in all panels indicate the
CoM velocity of the 3D simulation, i.e. 0 km/s. The arrow indicates the
direction of the evolution along the hysteresis loop.

what distinguishes the upper from the lower part of the hystere-
sis 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 material.

On the other hand, the weighted temperature maps in Fig. 12
can be considered as a proxy to the surface intensity. The maps
clearly demonstrate the brightening of those regions of the stel-
lar surface where matter is about to rise. These maps make a
clear distinction between the left and right parts of the hysteresis
loop, the right part being characterized by the presence of high
temperatures at several locations on the stellar surface.

The general trend observed in Fig. 12, as described above,
confirms that hysteresis loops reflect the turn-over of material in
the stellar atmosphere: the appearance of bright and warm re-
gions at the stellar surface is followed by the rising of material
(as seen on the weighted velocity maps) at those same locations,
thus accounting for the phase shift observed in Fig. 10.

The appearance and disappearance of warm regions on the
weighted temperature maps in Fig. 12 are thus responsible for
the surface brightness variations. One needs, however, to stress
a crucial property of convection in both AGB and RGB stars,
as revealed by the 3D simulations (e.g., Freytag et al. 2017, for
AGB stars), namely the fact that the continuum forms above the
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Kravchenko et al.: Tomography of cool giant and supergiant star atmospheres

x

y

Fig. 11. Top panel: the line-of-sight 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. The horizontal ticks on the top velocity map show the location of the equatorial plane of 3D snapshots displayed in Fig. 13.
The observer is located in front of the figure.
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Mu Cep - prototypical RSG. 
Convection turn-over of the 
m a t e r i a l i n s t e l l a r 
atmosphere. 
Velocity maps reveal upward 
and downward motions of 
matter extending over large 
port ions of the ste l la r 
surface. 
Extraction of the convective 
timescales (from 300 to 850 
days).
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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 
s u r f a c e , s e p a r a t e d b y t h e 
downdrafts appearing as fingers  

Radial Velocity in simulations
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