
Protoplanetary and circumstellar disks
Turbulent accretion disks

Cold and hot disks
Optically thick disks

Disks: dynamics & observations
Radiation transfer in whatever disks

Disks  ← why?

Miroslav Brož, in collaboration w. Ondřej Chrenko, David Nesvorný, Jana Nemravová, 
Denis Mourard, Petr Harmanec, ...



1 slide



Q: How to compute a(t)?

● mutual gravity (N-body)
● tides, spin-orbit coupling, relativistic precession, ...
● disk gravity, spiral arms, Lindblad torque (HD)  ←
● corotation region, c. torque  →
● cold finger (RHD)  →→
● hot trail (in e)  ←
⁝

of planets



RHD
FMT
BC
IC?







Stellar-solar context

● T Tauri (hydrostatic) phase
● receding convective zone 

(tachocline) && fast rotation 
(~2 d) → magnetic dynamo

● corotation cavity in the disk
● d. turbulence: VSI, SBI, MRI → ν



Viscosity context

● vertical shearing instability VSI (a.k.a. Kelvin–Helmholtz in z direction; 
Nelson et al. 2013)

● subcritical baroclinic instability SBI (essentially, Rayleigh–Taylor with 
heat diffusion; Klahr & Bodenheimer 2003)

● magneto–rotational instability MRI (Balbus & Hawley 1973, Turner et 
al. 2014)

● spiral wave instability SWI (resonant coupling between spiral arms 
induced by an embedded planet and inertial-gravity waves; Bae et al. 2016)

● strong stellar wind (Günther 2013, Turner et al. 2014)

● X-wind at the disk edge (Shu et al. 1994)

● magneto-centrifugal wind and loading of ions (Anderson et al. 
2005, Stute et al. 2014, Bai et al. 2016)

ν = const. or νν = cαc sH

 = 0ν = 0



Model ingredients (Fargo-Thorin)

● based on Fargo (Masset 2000) ← extended by OC
● N-body interactions u. Rebound (Rein & Spiegel 2015)
● inclination damping (Tanaka & Ward 2004) 
● integral LTE opacities (Bell & Lin 1994)
● pebble accretion: Bondi regime, Hill r.
● Type-I migration → Type-II (gas accretion, gap opening)
● FVM discretisation Nr = 1024, Nφ = 1563; implicit SOR (RTE), CFL
● MPI, OpenMP
● free parameters: Σ(r), Mem, #em, MF, ν (or αc), but not h = H/r
● fixed parametes: M⊙, T⊙, R⊙, αcp, νγ, µ, cκ, A, Sc, ρb, facc

.



Case III nominal

Starting with 4 embryos, 3 
ME, initial spacing 10 RHill, 
pebble flux 2x10-4 ME per yr, 
approx. MMSN, with 0.5 
Sigma(r) slope, kinematic 
viscosity nu = 1e-5 [c.u.], 
proto-Sun, resolution 
1024x1536, damping BC's, 
artificial inclination damping 
(Tanaka & Ward 2004), no Hill 
cut. Results: hot-trail effect, 
high eccentricities (cf. talk by 
O. Chrenko), 0-torque at 
approx. 9 au, no low-order 
mean-motion resonances 
(MMR), because embryos 
were too close, capture 
difficult anyway (because e > 
0), two successful mergers 
13.8 ME and 4.3 ME, but co-
orbitals, their long-term 
evolution? 3-body 
interactions are needed for 
sucessful mergers! a 
scattering event occurs prior 
to every merger (2 out of 2); 
see details below...

As presented in Chrenko et al. (2017).

Porb @ 5.2 au!



Case III nominal: Merger



Case III nominal: Coorbital



Sigma 3MMSN

private notes: initial surface 
density 3x larger; 0-torque 
radius further out at 11 au, e 
often smaller, slower evolution 
(even though timespan 2x 
longer), embryos do NOT 
interact so strongly, rather stay 
next to each other, because 
damping is too large? 
sometimes inward migration of 
inner embryos @ larger e, 
possible interference of 
(massive) co-orbital regions? 
10+ attempts of the outer 4th 
embryo to enter the co-orbital 
region of the 3rd one, only 
temporary coorbitals; the last 
part affected by interactions 
with the disk edge and 
damping zone, which kills the 
outer spiral arm. 



Embryos 0.1ME 120

120 low-mass 0.1 ME embryos, 
spacing 2 mutual R Hill, disk up 
to 16 au, resolution still low (3 
pixels per Hill sphere); 
overlapping weak spiral arms, 
slow evolution dominated by 
encounters, e up to 0.06, 10+ 
quick mergers 0.2 ME, pebble 
accretion up to 1.4 ME, but 
strong filtering for inner 
embryos, 0.2 ME mergers are 
either inside (short periods) or 
outside, the "winner" is 
outside (no filtering) - see the 
plot wrt. mass, or enhanced 
massive bodies, several 
mergers or pebble-accreted 
bodies up to 3 ME, we are 
apparently at the beginning of 
CaseIII_nominal, but the 
bodies concentrate in the outer 
disk :-|, e excitation by hot trail 
alone is 0.02 only, but this is 
NOT final value, nevertheless, 
it serves as an initial 'kick'! 





Embryos 1.5ME 8

8 embryos with 1.5 M E, 
clear convergence to 0-
torque, slower evolution, a 
number of encounters, 
more opportunities to 
merge, especially when an 
additional embryo arrives 
and starts to interact, 
several mergers, the final 
mass of the escaping 
embryo is 25 ME, the 
heating may be actually 
lower (pebble isolation), 
and there is NO gas 
accretion in this model; 
btw. it's strange that 5-6 
ME embryos (cf. below) 
migrate out of the disk 
without problems, similar 
final position of the 
remaining embryo, more 
outer embryos should be 
added and an extended 
disk (20 au) should be 
used? is the long duration 
of the high pebble flux ok?



Pebbleflux 2e-5

10× lower pebble flux 2×10-5 
ME, i.e. 0.25 ME per 4000 
Porb (more realistic?), lower 
eccentricity excitation (!), 
consequently smooth 
evolution, all embryos 
initially drift outwards, 0-
torque at about 11 au? 1 
yellow merger with 6 ME 
quickly drifts outwards (!), 
only temporarily 
decelerated by the 3rd 
embryo, runaway migration 
mode as in Pierens & 
Raymond (2016)? planet 
IX? :) Is it a rule for low 
pebble fluxes? Possible 
clearing of the outer disk? 
Why the 2 remaing embryos 
migrate outward? (initially 
the convergence zone is at 
10 au) More outer embryos 
should be probably added...



Totmass 20ME

initial masses 5 M E; all 
embryos quickly drift 
outwards (!), even though 
wo. heating the 0-torque 
should be at 7 au; lower e, 
practically NO interactions, 
because real 0-torque is 
further out, unwanted 
interactions with the disk 
edge; larger disk & more 
embryos shoud be used...



Viscosity 1e-6

low-viscosity disk; same e, 
BUT faster migration da/dt, 
i.e. like  in the denominator ν = 0
(?!), surroundings more 
easily affected by the 
embryo, many encounters, 
only temporary co-orbitals, 
2 mergers 8 ME as of yet, an 
onset of gap opening even 
without gas-accretion term? 
many attempts to form a co-
orbital pair, finally a 
coorbital is formed and 
further stabilised, a change 
of regime around t = 4500 
P_orb is due to developed 
pebble isolation (see below)



Viscosity 1e-6: Exchange



The Bet :: Sigma 1over3

Q: Will the hot trail effect be smaller or larger for  = ⅓Σ = ⅓Σ Σ = ⅓ΣMMSN?

 → 0: no gas, no perturbation, Σ = ⅓Σ e = 0
 Σ = ⅓Σ → ∞: large thermal capacity, no T, no expansion, ΔT, no expansion, e = 0 



Sigma 1over3

A: The hot-trail effect is larger (and seems more stable)!
Conclusion: Evolution does depend on parameters! (surprisingly)

↑ migration map difficult



Hidden problems

● 2D → 3D
● hot trail in I, pebble isolation (Eklund & Masset 2017, Bitsch etal. 2018)

● LTE, no * 
← falling snowflakes

● mean-field, no outliers
● inner edge setup (stability)
● unresolved turbulence ←  ν = 0 isn‘t free
● resolution for small masses! ← discretisation errors, N4 scaling
● opacity in FUV, V? ← sideways irradiation, windows
● inflow vs outflow, advective atmospheres (Lambrechts & Lega 2017)

● GPUs (Benítez-Llambay & Masset 2016)



Q: How to resolve disks (IC)?

● photometry (unresolved)
● interferometry, spectro-interferometry, w. supersythesis
● absolute SED, calibrated flux Fλ [erg s cm-2 cm-1]
● differential interferometry (in line profiles)
● spectroscopy, a.k.a. Doppler tomography

● IFT difficult, if not impossible ← audio vs video, distorted image

● synthetic image && DFT



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 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)





Young experiment

● monochromatic vs polychromatic vs extended
● experiment: waves and shadows

Glindeman (2008)
AFY



Young experiment (cont.)



Visibility

●  

Brož & Wolf (2017)



Visibility (cont.)

●  



Van Cittert & Zernike theorem

●  



Closure phase

●  

← asymmetry of the source!



Fringes (for VLTI)

● D = 8 m, B = 100 m, observations of a disk θ = 1 or 5 mas,
but without seeing, bandwidth ΔT, no expansion, λeff, and other incoherence



CHARA

● Mt. Wilson observatory, 6 telescopes, Y configuration, 
10 baselines up to 331 m, B/λ = 331 m/550 nm = 6  10⋅ 10 8 c. per b.

● Mersenne afocal system, primary diameter 1 m 
(ten Brummelaar et al. 2005)



Optical scheme

Mersennův dalekohled
→ Nasmyth
→ coudé
→ otáčecí krabice
→ fixní zpoždění
→ periskop
→ zpožďovací dráha
→ 2. Mersennův dalekohled
→ dichroická zrcadla V/IR

∑ 144 zrcadel





Model (cont.)

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

● computation of interferometric observables (DFT), joint χ2

● multiprocessing module (split on wavelengths; 4-8 cores)
● discretisation Nx = 160, Ny = 60 (~1 R⊙); variable in z (~τ)
● local & global optimisation (DE, simplex, ...)
● 1 iteration: 2392 synthetic images per iteration (3 min), 

1 convergence:  >103 steps (several days)
● free parameters: H (or θ), Rout, ,ρ  T0 (or T1), αcD, αcT, i, Ω, d, hinv, 
tinv, hwind, hmul

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

.

↑ trapezoidal rule 



Joint χ2 metric

DE

simplex

χ2

iteration



Lightcurves (LC)







Visibility (VIS)



Closure phase (CLO)



Triple product (T3)



β Lyr A best-fit model



Alternative shapes



Systematic differences

LC VIS

T3CLO



Parameter space

minimum maximum

Note: A non-negligible part was explored, but some p. were fixed...
Conclusion: One can be never sure the model is sufficient! (trivial)



Hidden problems

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

● missing ΔT, no expansion, V ν2, Doppler, SED measurements
● kinematics, missing feedback on HD! → dynamical model?
● disk stability, outer edge, precession?
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The End
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