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• Context and goals of the present study

• Method: tomography

• Application to high-resolution spectra of a red supergiant star 
μ Cep

• Application to 3D radiative-hydrodynamics simulations

• Conclusions and future plans
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• Mass: 9-25 M⊙

• Teff: 3450-4100 K

• log g: between -1 and 1

• Radius: up to 1500 R⊙

• Luminosity: 20000-300000 L⊙
(Levesque 2005)

Red supergiant stars

• Extended atmospheres 

• Few large convective cells

• Complex velocity fields which affect spectral lines

• Irregular photometric variations
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Betelgeuse H band

Haubois et al. (2009)

Antares K band

Ohnaka et al. (2017)



Kiss et al. (2006) ⇒ two photometric periods:

• short (few hundred days) ⇒ convection? pulsations?
• long (few thousand days) ⇒ binarity? magnetic field?
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Kiss et al. (2006) ⇒ two photometric periods:

• short (few hundred days) ⇒ convection? pulsations?
• long (few thousand days) ⇒ binarity? magnetic field?



• Short photometric period = 860 d

• Long photometric period = 4400 d

Kiss et al. (2006)
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• represents effects of 
convection

• Teff = 3414 ± 17 K

• log g = -0.39 ± 0.01

• Mass = 5 M⊙

• Radius = 582 ± 5 R⊙

• high-resolution

• the most appropriate 
simulation

3D RHD CO5BOLD (Freytag et al. 
2012) simulation

"st35gm04n38"• Teff = 3700 K (Levesque 2005)
             3750 K (Josselin & Plez 2007)

• log g = -0.5 (Levesque 2005)
              -0.36 (Josselin & Plez 2007)

• Massinit  = 25 M⊙ (Josselin & Plez 2007)

• Radius = 1420 R⊙ (Levesque 2005)
                 1258 R⊙ (Josselin & Plez 2007)

• Diameter = 14.11 ± 0.6 mas 
(K band, Perrin et al. 2005) 

μ Cep

Tomography



Tomography
• construction of 1D synthetic spectrum

-> 1D MARCS (Gustafsson et al. 2008) model atmosphere 
-> radiative transfer code TURBOSPECTRUM (Plez 2012)
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Tomography
• construction of 1D synthetic spectrum

-> 1D MARCS (Gustafsson et al. 2008) model atmosphere (static!)
-> radiative transfer code TURBOSPECTRUM (Plez 2012)

• computation of the depth of formation of spectral lines

-> contribution function to the line depression (CFLD) (Albrow & Cottrell, 1996 )
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Tomography7

Kravchenko et al. (2018, A&A, 610, A29)

Contribution function



Tomography

• construction of 
numerical masks 

 - minima of the depth 
function

       - keep only atomic
      lines
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Contribution function

Kravchenko et al. (2018, A&A, 610, A29)



Tomography

• construction of 
numerical masks 

 - minima of the depth 
function

       - keep only atomic 
      lines

• cross - correlation of  
masks with:

- observed spectra
- synthetic spectra
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Contribution function

Kravchenko et al. (2018, A&A, 610, A29)



μ Cep: observations
• HERMES spectrograph (MERCATOR telescope, La Palma, Spain)

• Resolution: 85 000

• 85 high-resolution spectra with S/N ~ 100

• time span of 2200 days
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9 μ Cep: radial velocities
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Cross-correlation functions (CCFs)
May 19 2013 Jun 6 2013 Jun 16 2013Apr 6 2013 Apr 8 2013



10 μ Cep: effective temperatures
Computation of the band strength index (Van Eck et al. 2017):

Teff model [K]

B
⇒ Teff for μ Cep
(consistent with 3700 K from 
Levesque 2005 and 3750 K 
from Josselin & Plez 2007) 

1D MARCS
log g = -0.5
M = 15 M⊙



 Phase shift between: 

• RV and V magnitude

• RV and Teff

11 μ Cep

t1 t2

V [m
ag

]



12

Gray (2008): hysteresis loop between T and RV for Betelgeuse
⇒ convection cells

line depth ratio (T indicator)
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Betelgeuse

Short photometrical period ~ 400 d   (Kiss et al. 2006) 
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t1: 736 days t2: 784 days860 days!



13 μ Cep

1. Following Gray (2008), hysteresis loop may 
reveal convection



13 μ Cep

2. Convection may be responsible for the 
short-period photometric variations

1. Following Gray (2008), hysteresis loop may 
reveal convection



14 3D RHD simulation
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14 3D RHD simulation: velocity
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15 3D RHD simulation: temperature
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16 Observations vs 3D simulation
Observations: μ Cep 3D simulation

RV extent                 6 km/s                      7 km/s                     5 km/s

T extent                    70 K                         200 K                       200 K

Timescale                 736 d                       784 d                       400 d 

RV
 [k

m
/s

]

Teff [K] Teff [K] Teff [K]



16 Observations vs 3D simulation
Observations: μ Cep 3D simulation

6 km/s                        6 km/s                      7 km/s                     5 km/s

>100 K                       70 K                         200 K                       200 K

~ 400 d                      736 d                       784 d                       400 d 

RV
 [k

m
/s

]

Teff [K] Teff [K] Teff [K]

• similar qualitative behavior
• pointing at convection which may be responsible for the 
photometric variations

Betelgeuse 
Gray(2008)



Conclusions

The tomographic method was applied to: 

1. a large sample of the high-resolution spectra of μ Cep

2. snapshots from the 3D RHD simulation 

⇒ behavior in the temperature-velocity plane is very similar
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Short-period photometric variations can probably be 
accounted for by convection.

NEXT STEPS: Application of the tomographic method to time-series 
of high-resolution spectra of a sample of RSG stars

work in progress......



Thank you!



Scaling relations: test17

log(xTremblay) = 1.75 log[Teff - 300 log(g)] - log(g) +0.05[Fe/H] - 1.87

log(xTrampedach) = (1.321 ± 0.004) log(Teff)- (1.0970 ± 0.0003) log(g) + (0.031 ± 0.036)

log(xFreytag) = log(Teff) - log(g) - log(μ) + 0.92 ; μ = 1.3 g mol-1

tdecay,Tremblay = 2.08 g-1 (Teff - 300 log(g))1.75 100.05[Fe/H]       ⇒    t = 2π tdecay,Tremblay

Sun

μ Cep

π1 Gru 

π1 Gru: Paladini et al. (2018), Nature  

log g = -0.4

log g = 4.4

Sun

μ Cep
π1 Gru 

log g = -0.4

log g = 4.4

Tremblay et al. (2013), Trampedach et al. (2013), Freytag et al. (1997)





3D RHD simulation: velocity

C1
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C3

C4

C5

Kravchenko et al. (in prep)



Tomography

Kravchenko et al. (in prep)



Can tomography correctly recover the velocity 
field?

- cross-correlation functions (CCFs) computed from 
the synthetic snapshot spectrum

- velocity distribution from the same snapshot 
(green histograms)

➪ Good agreement
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Kravchenko et al. (2018, A&A, 610, A29)



3D RHD simulation

• st35gm04n38

• 4013 grid points

• Teff = 3414 ± 17 K
 
•log g = -0.39 ± 0.01

• Mass = 5 M⊙

• Radius = 582 ± 5 R⊙



μ Cep

CC
F

       Josselin & Plez (2007) → no line doubling



μ Cep

Kravchenko et al. (in prep)



μ Cep

log Teff [K]
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Evolutionary tracks from Eckström et al. (2012)

Mbol = -8.88 from Josselin & Plez (2007)

Kravchenko et al. (in prep)



Tomography

Kravchenko et al. (2018, A&A, 610, A29)



Tomography

Kravchenko et al. (2018, A&A, 610, A29)



Tomography

Kravchenko et al. (2018, A&A, 610, A29)



Schwarzschild scenario

Jorissen et al. (2015)


