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(with examples: QZ Car, δ Ori, β Lyr, (216))
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Strange case of...

Dr. Vokrouhlický Mr. Mayer

“any similarity to actual persons is purely coincidental”



Model (Xitau)

+ SWIFT integrator
+ Kepler
+ N-body perturbations, ...
+ stability!
+ fitting of orbits
+ simplex

1. astrometry (SKY)
2. radial velocity (RV)
3. transit-timing variations (TTV)



Model (Xitau)

+ SWIFT integrator
+ Kepler
+ N-body perturbations, ...
+ stability!
+ oblateness
+ multipoles (l = 10)
+ parametrized post-Newtonian (PPN)
+ internal tides
+ external tides
− “brute-force”
− variable geometry
+ fitting of orbits
+ fitting of radiative parameters
− fitting of shapes
+ simplex
+ subplex
− annealing

1. astrometry (SKY)
2. differential astrometry (SKY2)
3. angular velocity (SKY3)
4. radial velocity (RV)
5. transit-timing variations (TTV)
6. eclipse duration (ECL)
7. visibility (VIS)
8. closure-phase (CLO)
9. triple product (T3)
10. light curve, u. Wilson-Devinney (LC)
11. light curve, u. polygonal (LC2)
12. synthetic spectra (SYN)
13. spectral-energy distribution (SED)
14. adaptive-optics silhouettes (AO)
15. adaptive-optics imaging (AO2)
16. occultations (OCC)



N-body
Levison & Duncan (1994)



PPN
Standish & Williams (2006)



multipoles
Burša et al. (1993)



tides
Mignard (1979)



Observables from coordinates

● SKY ... photocentric x, y
● SKY2 ... 2-, or 3-centric x, y
● SKY3 ... photocentric vx, vy

● RV ... barycentric vz

● TTV ... barycentric z
● ECL ... heliocentric x, y
● VIS ... barycentric x, y
● LC ... heliocentric x, y, z
● OCC ... Earth, topocentric x, y, z
● cf. Jacobi elements a, e, i, Ω, ω, M
● cf. “times of interest”

Coordinate convention:        
                              
   y (as DE, N)               
                              
   ^    z (v_rad)             
   |                          
   |  /                       
   | /                        
   |/                         
  -|----------> x (-RA, W)    
   |                          
                              
  internal                    
                              
  (x, y) is plane-of-sky      
  x positive towards W        
  y positive towards N        
  no reflections              
  z radial, away from observer



Observables from coordinates (cont.)

● synthetic spectra: OSTAR, BSTAR, AMBRE, POLLUX, PHOENIX, POWR, ...

● sphere vs. Roche (Lahey & Lahey 2015)
● cf. http://sirrah.troja.mff.cuni.cz/~mira/xitau/



ten Brummelaar etal. (2005)



Fringes

● D = 1 m, B = 100 m, λ = 550 nm, o. of a disc, θ = 1 mas, no seeing, no Δλeff, ...
● a drop in visibility (contrast) of fringes, i.e., the goal!

B = 10 m 30 m 130 m



Fringes (cont.)

B = 10 m 30 m 130 m

● delay line, periscopes  rearrangement of pupils (→ B vs. b)  constant # of f.→



Fringes (cont.)

●  



van Cittert-Zernike theorem

● intensity I [1], angles α, α’ [rad], wave number k = 2π/λ [m−1], baseline B [m]



Interferometric observables

● complex visibility μ = F (I )
● squared visibility V 2 = μμ*
● phase arg μ
● triple product T3 = μ12 μ23 μ31 
● closure phase arg T3

● triple product amplitude |T3|
● differential visibility ΔV = μ 1λ  μ 2λ * , approx. V 1λ  ~ V contiuum (cf. Mourard et al. 2009)
● differential visibility amplitude |ΔV |
● differential phase arg ΔV
● estimator C1 = 2E fringe/E speckle, E  ∫≡  W df  (Roddier & Lena 1984, Mourard et al. 1994)
● estimator C2 = 2W fringe(f )/W speckle(f − B/λ)
● cross-spectrum W 12 = <F(I 1λ ) F(I 2λ )*>  (Berio et al. 1999, 2001)
● ...



Interferometric observables

Berio et al. (1999)



Simple i. models

● binaries, multiple *, uniform disk(s), limb-darkened d., ring, ... cf. combinations! 



Complex i. models

● synthetic image I (αx, αy)  Fourier transform →  s. complex visibility → μ (u, v), ...





Brož et al. (2022, A&A 666, A24)

● HD 93206: Aa1, Aa2, Ac1, Ac2, Ab, Ad, B, C, D
● QZ Car: (Aa1+Aa2) + (Ac1+Ac2)
● data: SKY2, RV, TTV, SYN, SED, VIS, CLO, T3

● ESO archive: 098.D-0706(B), 099.D-0777(B)
● VLTI/GRAVITY pipeline (Freudling et al. 2013)
● (u, v)  ≡ B/λ coverage, of wide orbit
● nominal vs. alternative models (~130-140 MS)
● anomalous extinction? (RV = 3.4, not 3.1)
● d = 2800 vs. 2450 pc



VLTI

● high S/N, many λ, either precise astrometry (10 μas), or fitting of V 2, arg T3



●  

best-fit models
convergence
parameters m1 vs. m2

contributions to χ2

correlations
orthogonality

best fits
good fits
poor fits

TTV

SKY2

SYN

CLO

RV

SED

VIS

T3



Oplištilová et al. (2023, A&A 672, A31)

● HD 36486: Aa1, Aa2, Ab, B, Ca, Cb
●  Ori A: (Aa1+Aa2) + Abδ
● data: SKY, RV, TTV, ECL, SYN, SED, LC

● ESO archive: 078.D-0189(B)
● VLTI/AMBER interferometry
● AMDLIB pipeline (Tatulli et al. 2007)
● none corresponding to 1.3 mas?!
● see Oplištilová et al.



VLTI

●  



●  

best-fit models
convergence
log g1 vs. log g3

contributions to χ2

correlations
orthogonality

best fits
good fits
poor fits

SKY

ETV

SYN

LC

RV

ECL

SED

total



Brož et al. (2021, A&A 653, A56)

● (216) Kleopatra + 2 satellites
● data: SKY, SKY2, SKY3, AO
● VLT/SPHERE/ZIMPOL, 3.6 mas/px
● deconvolution by MISTRAL (Fusco et al.)
● i.e., better than the diffraction limit of 8-m
● see also Marchis et al. (2021)  



Brož et al. (2021, A&A 653, A56)

● (216) Kleopatra + 2 satellites
● data: SKY, SKY2, SKY3, AO
● VLT/SPHERE/ZIMPOL, 3.6 mas/px
● deconvolution by MISTRAL (Fusco et al.)
● i.e., better than the diffraction limit of 8-m
● see also Marchis et al. (2021)  



Non-linearity of P1, P2

● cadence of observations (sparse)
● mutual perturbations of s.
● 1-d maps do not work
● local minima  check them ← all 1

● genetic algorithms do not work
● cf. stability!

1 i.e., 1 week on 100 CPUs



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, v profiles
+ prescribed 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



limb darkening

shadowing

scattering

radiative
transfer



geometrical
constraints



χ2 terms

offsets & slips

factors



Model (cont.)

● http://sirrah.troja.mff.cuni.cz/~mira/betalyr/
● Shellspec + Python = Pyshellspec (J. Budaj, J. Nemravová)
● calculation of interferometric observables (DFT), of χ2

● multiprocessing module (split along λ; 4-16 cores)
● discretisation Nx = 160, Ny = 60 (~1 R⊙); variable in z (~τ)
● local & global optimisation (simplex, differential evolution, ...)
● 1 iteration: 2392 synthetic images (3 min)
● 1 convergence:  >103 steps (1 week)
● free parameters:  i, Ω, d, Tcp, Tnb, Tinvnb, ϱnb, Rinnb, Routnb, hinvnb, hwindnb, hcnb, hshdnb, vnb, vtrbnb, 

edennb, etmpnb, evelnb, etc. other objects, ...
● fixed parameters: P, a sin i, e, , ,ω γ  JDmin, M1, q = M1/M2, fill, Rstar, Tstar, dcp, hvelnb, ...



convergence
(simplex)



Continuum images

● NUV  FIR, optically thick →



Line images

● Hα, optically thin 



Line images

● H , optically thin α



Line images

● H , optically thin α



Line images

● H , optically thin α



Line images

● H , optically thin α



Line images

● H , optically thin α



Observation-specific model(s)

● a ‘tension’ between datasets, cf. unconstrained parameters, cf. limits of p.



Squared visibility V 2squared
visibility



Differential visibility

● if visibility decreases (across H )  size must increase...  α →



Chemical composition

● if H  is in emission  CII must be in emission...  α →



Vitovský (in prep.)

● analytical accretion disk of Shakura & Sunyaev (1973), w. viscosity ν = αcsH
● modified for a general opacity prescription κ = κ0ρAT B

● constrained by the accretion rate of β Lyr A, dM/dt = 2 ∙ 10−5 MS y−1 
● radial profiles Σ(r ), T (r ), H (r ) compared to “observations” (Brož et al. 2021)

● most models excluded due to self-consistency (Pgas vs. Prad); κ is Kramers
● Σ must be much higher! 10000 kg m−2 at the inner rim, if α = 0.1
● T must be much higher! 105 K in the mid-plane
● cf. vertical scale height H is hydrostatic (low μ)
● steep vertical gradient & inversion in disk atmosphere?





Caveats

● Is (u, v) coverage sufficient? “1 visibility ~ 1 pixel”
● Is a * resolved or not? (cf. Airy)
● Is a * in the aperture?
● What is the state of instrument?
● Is a model sufficient?
● Is a model resolution-dependent?
● Adding an optically-thin object changes other objects!
● Some parameters seem to be more important than expected (e.g., vturb, Z ).
● A ‘tension’ between individual datasets (LC, VIS, CLO, T3, SED, SPE, VAMP, VPHI)?
● Not-so-successful models are useful to exclude...



Brož et al. (2023, A&A 676, A60)

● (22) Kalliope + 1 satellite
● data: SKY, AO, LC2, OCC
● occultations, transits, eclipses (20 mmag)
● TRAPPIST, SPECULOOS (3-5 mmag)
● see also Ferrais et al. (2022)
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Correlation of P and C20

● high |C20|  precession rate d→ Ω/dt  low → P 
● cf. local minima; P must be preset!
● 2 or 3 precession cycles
● a preferred solution C20 = −0.20, i.e., 

differentiated oblate interior?
● a homogeneous body excluded!



Polygonal algorithm

1st clipping:
partial shadowing
back-projection
2nd clipping:
partial visibility
back-projection
‘killed’ d. errors

Vatti (1992)
Prša et al. (2016)
Clipper2 C++ library

structures1

optimisations2

1 set of sets of polygons
2 bounding-box tests







`



`



exact light curve
scattered light
Hapke law



‘Cliptracing’ algorithm

exact synthetic image, pixel = polygon, 3rd clipping: partial flux-contributions, no artifacts!





residuals
not images
3.6 mas/pxl
rotation
non-trivial



Future work

● applications of Pyshellspec: φ Per, ω CMa
● improving resolution, AMR?
● synthetic images for multiple * in Xitau
● corr. interferometric observables
● complex orbit + shape fitting
● synthetic spectra for fast-rotating *
● synthetic spectra for pulsating *?
● interferometric module for Phoebe?
● non-LTE radiative transfer in CSM?
● ...

Pijí-li žáby kafe taky?
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