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Model (N-body) ← based on SWIFT
    (Levison & Duncan 1994)

+ numerical integrator (BS)
+ i. to the exact times of observations
+ 4 coordinate systems (b/1/p/J)
+ astrometric positions (photocentric c.)
+ RV (barycentric c.)
+ minima timings (TTVs; 1-centric)
+ eclipse durations
+ interferometric visibility
+ closure phase
+ synthetic spectra (normalized)
+ SED
+ optionally, lightcurves (WD code)
+ joint χ2, simplex, simulated annealing

− ‘good old’ Fortran 77
+ but can call Pyterpol
   (Nemravová etal. 2016)
   'on-the-fly' to generate
   synthetic spectra from
   Ostar, Bstar, Pollux, Ambre,
   or Phoenix grids
+ Gnuplot scripts to plot all
   observations/calculations,
   datasets, individual χ2

   contributions, χ2 outliers,
   zoom-in-zoom-out, ...

 Wilson & Devinney (2005, ...)
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Bulirsch-Stoer integrator

● decreasing time steps Δt → extrapolation by a rational f(x)
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ξ Tauri (VIS)

● NPOI, MARK-III, CHARA, VLTI/AMBER d. ↔ mirror solutions (8)



ξ Tauri (SYN)

●  c. in direct space, large # of lines; no problem w. blends



ξ Tauri (LC)

● interaction (changing Φ of the 3rd *) on orbital time scale 



N-body effects

1.  ω and Ω precession + tides, oblateness, GR
2.  i vs eclipse duration, mutual inclination J 
3.  e oscillations
4.  Kozai cycles
5.  variation && evection (4 vs 8)
6.  prograde vs retrograde
7.  mean-motion/secular/3-body resonances
8.  chaotic diffusion
9.  long-term stability?
10. close encounters? (unlikely)

 ⁝

← see also Fabrycky (2010)



Hidden problems

● discretisation (!)
● three radii (effective, limb-darkened, average) ~ the same
● multiple eclipses, 2+2 eclipsing binaries not available
● too cold/hot * outside the grid
● local minima (!)
● convergence (a.w.a. dimensionality) depends on elements
● projection effects (d < ∞), differential abberation (Kaplan 2017)

● telluric lines
● strong emission lines, CSM, ...



New developments

● MOST observations of  Tau, but the opposite evolution of ξ i1!
● orbital evolution depends on the sign of Ω1 − Ω2 ~ ±1°
● planned applications:  Tau, V907 Sco, HD 91962, ...λ

new



Model (Pyshellspec)

+ LTE level populations
+ LTE ionisation levels
+ 1D line-of-sight transfer
− optically-thin (single) scattering  ← no 3D, LI or ALI!

− non-isotropic scattering
+ prescribed ρ, T profiles
+ solar abundances
+ Voigt profile (prior to D.)
+ thermal broadening
+ microturbulence
+ natural
+ Stark
+ Van der Waals
+ Doppler shift
+ HI bound-free continuum opacity
+ HI free-free
+ H− bound-free,
+ H− free-free

− Thomson scattering on free electrons
− Rayleigh scattering on neutral hydrogen
− Mie absorption on dust
− Mie scattering
− dust thermal emission
− line opacity
+ spherical primary (gainer)
+ Roche secondary (donor)
− black-body approximation (for *)
+ synthetic spectra (for *)
− irradiation
− reflection
+ limb darkening
+ gravity darkening
− heat transport

← based on Shellspec
    (Budaj 2011)



limb darkening

shadow

BC



CHARA Optical scheme

Mersenne telescope
→ Nasmyth
→ coudé
→ rotating box
→ fixed delay
→ periscope
→ delay line
→ 2nd Mersenne telescope
→ dichroic mirrors V/IR

∑ 144 mirrors

(ten Brummelaar etal. 2005)





Model (cont.)

● Python interface (JN) ― http://sirrah.troja.mff.cuni.cz/~mira/betalyr/

● calculation of interferometric observables (DFT), χ2

● multiprocessing module (split according to λ; 4-8 cores)
● discretisation Nx = 160, Ny = 60 (~1 R⊙); variable in z (~τ)
● local & global optimisation (simplex, DE, ...)
● 1 iteration: 2392 synthetic images (3 min),
● 1 convergence:  >103 steps (several days)
● free parameters: H (or θ), Rout, ,ρ  T0 (or T1), αD, αT, i, Ω, d, hinv, 

tinv, hwind, hmul

● fixed parameters: P, JDmin, P, a sin i, M1, q = M1/M2, e, ω, fill, Rg, 
Teff,d, Teff,g, xbol,d, xbol,g, αgd,d, αgd,g, ...

.

↑ trapezoidal rule 
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β Lyrae A (LC)only optically thick!







Visibility (VIS)



Closure phase (CLO)



Triple product (T3)



β Lyrae A best-fit model



Alternative shapes



Systematic differences

LC VIS

T3CLO



Parameter space

minimum maximum

N: A non-negligible part surveyed, but some p. fixed...
C: Nobody can be sure the model is sufficient! (triviální)



Hidden problems

● missing scattering (shadowing), better m. of atmosphere
● optically thin jets, spot(s), reflection + irradiation
● limited resolution (~ 1 R⊙), discretisation errors, RTE artifacts
● line transfer, non-LTE?
● systematics between LC & VIS, CLO, T3
● optically thick vs very o. t. ← degenerate problem :(

● missing ΔV , Doppler tomography, SED measurements
● kinematics only, missing feedback on HD!
● disk stability, outer edge, precession → dynamical model?



New developments

● line transfer (in S.)
● simplified shadowing (dtto)

● differential visibility ΔV and phase Δφ for Hα

● Doppler tomography (SYN)
● spectral-energy distribution (SED)

were implemented in Pyshellspec...



 











Differential visibility (ΔV)

● no convergence yet, mismatch, but trends probably ok?
↓ for , problems w. phase slipsΔφ
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⁝ The End
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