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1. Is a model sufficient?

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

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

N-body



Brož et al. (2022, A&A 666, A24)

+ 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)



Vitovský & Brož (A&A, submit.)

● a continuation of Brož et al. (2021) on β Lyr A
● analytical accretion disk of Shakura & Sunyaev (1973)
● modified for a general opacity prescription κ = κ0ρAT B

● constrained by the accretion rate dM/dt = 2 ∙ 10−5 MS y−1 
● radial profiles Σ(r ), T (r ), H (r ) compared to “observations”
● 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)

hydrodynamic



by K. Vitovský







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



2. How to derive observables?

● 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), ...



Phoebe interferometric module

● 3 new datasets: VIS, CLO, T3
● complex i. visibility == Fourier transform
● partial eclipses of triangles!
● limb darkening, gravity brightening, rotation, Roche distortion, eclipses, reflection
● cf. simple models (for comparison)
● observations (O), calculations (C), O-C, fitting, plotting, etc.
● tutorials...

● https://github.com/miroslavbroz/phoebe2/tree/interferometry

https://github.com/miroslavbroz/phoebe2/tree/interferometry








































Phoebe spectroscopic module

● 2 new datasets: SPE, SED
● relative/absolute spectrum == integration over surface(s)
● a 'miniaturised' version of Pyterpolmini (Nemravová et al. 2016)
● per-triangle synthetic spectra (T, log g, v sin i, Z )
● a.k.a. Doppler tomography
● alternatively, see Abdul-Masih et al. (2020)
● tutorials...

● https://github.com/miroslavbroz/phoebe2/tree/spectroscopy

https://github.com/miroslavbroz/phoebe2/tree/spectroscopy




























Future work



3. How to combine measurements?

● Oplištilová et al. (2023, A&A 672, A31)
● a joint χ2 metric: SKY, RV, ETV, ECL, SYN, SED, LC
● keep track of individual contributions to χ2!
● a detection of systematics
● the choice of weights?
● cf. MCMC analysis
● “Back to measurements.”



●  

δ Ori A
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



Oplištilová et al. (A&A, in prep.)

● Orion belt == the closest of the most massive *
● , , ,  Oriδ ε ζ σ
● successful ESO proposal (ID 112.25JX, PI A. Oplištilová, 12 + 1 h)
● VLTI/GRAVITY (Abuter et al. 2016)
● VLTI/PIONIER (LeBouquin et al. 2012)
● angular positions and diameters, up to 10-microarcsec precision
● known distances of faint components from Gaia!
● a combination w. other types measurements...





from news.cnrs.fr



(u, v ) coverage



by A. Oplištilová

calibration
problems
w. HIP 26108



Model (Xitau) Oriε



Model (Phoebe) Oriε



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)



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)



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
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