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MATISSE group

Real time astrophysical models

Kinematic Be disk

Model of the geometry (size and shape) and kinematics (rotation and expansion) of circumstellar,
flat, rotating disks, relevant to Be stars. It is suited to interpret spectro-interferometric data
obtained on emission lines formed in the disk.

Disk and stellar continuum — DISCO

Model of the continuum emission from a star surrounded by a gaseous circumstellar disk (free-
free and bound-free), with partially ionized and geometrically thin disk with a physical structure
given by the viscous Keplerian d . .

Precalculated grids of astrophysical models

Supergiant B[e] with HDUST
Evolved stars (RSG, AGB)

Grid of medels for B[e] supergiant stars computed with the 3d Monte Carlo radiative transfer code
Stellar surface maps of evolved :
simulation with CO5BOLD-OPTI!
famous RSG Betelgeuse.

HDUST. The non-spherical circumstellar envelope (CSE), composed of gas (hydrogen) and dust
(silicate), is modelled considering a bimodal outflow description (two-component wind).

Limb-darkening with SAtlas

Binary spiral model . L . . . . i
Grid of models providing intensity maps for spherically symmetric stars, showing the limb

Phenomenological model mimic darkening effect. The models were computed with the SAtlas model stellar atmospheres for

massive stars (e.g. WR and OB st several spectral bands. Data is provided for FGK dwarfs and red giants.

Analytical Limb-darkening Elliptical or Spherical — ALDES

ALDES provides intensity maps (images) or 1d intensity profiles for spherical or elliptical stars
showing the limb darkening (LD) effect. Different LD laws are offered: uniform disk, linear, power
law, quadratic, square root, logarithmic and four-parameter.

JMMC/AMHRA



Context of the project

Continuum  Bry line (AA=3.9nm) Narrow-band Maps through the Bry line (AA=0.15nm)
A=2161.2nm A 166 A=21651um A =2.1656 um 1661 A=21666um A =2.1672um A =2.1677 um
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Oimodel.py (2021)

A modular & Fourier-based chromatic modelling tool Cubetools.py (2017)

i & Eme e LIS s Computing interferometric measurements
from chromatic image-cubes



Discussion in MATISSE modelling group
By the end of 2021 Analfticalmodel

Python3
Modularity and flexibility Semi-physical
® Analytical models in Fourier-plan (LITPro Like)
® Analytical & numerical models in Image-plan -
® Use outputs from radiative transfer and explore grids of models
® Build more complex geometries by mixing components RT-models

+ 3
Chromaticity and time dependence DLCO Or grid

® Of the components parameters (interpolated, temperature based...) “W: <

® Chromatic components (such as temperature gradient, binary orbit) “'-!I

® Kinematics through line models
Ability to use interferometric data from all instruments (OIFITS2 format) «w HDUST
Produce high-quality publishable outputs L TW»V—TTT

® Robust estimation of parameters with uncertainties and correlations o

- : , -

o E)I(;irctuzitr%r:llz:?eb;edzlczt:nd images to standard format (oifits and fits images) " ++—W+++ Betoy
Expandability @fr‘ ‘j Hlk

® Easily create new components for models (inheritance, wrapping functions) | 4 -

® But also other features: type of data, filters, fitters, plots

FWHM (mas)

Well documented (and with a test suite, examples, tutorials)

ol f\\
Open source & easily available (Github) % SN 50 5 o =

0 (rad) cosi FWHM (mas)



oimodeler coding started in 2022

* oimData: Wrapper for oifits data is astropy.io.fits format
» Contains both the oifits data and “optimized” vectors of data and coordinates (u,v,wl,t)
* Import flux data (from ascii) : oimFluxData < conversion to Ol _FLUX table
* Possibility of filtering/modifying data (cut, smooth, bin, reflag...): oimDataFilter

oimComponent

* oimModel: “lego” Model class oimData ol
* oimComponents: components or “bricks” of the model
* Fourier-based analytical formulas
e 2D-image-based: computed using FFT
* 1D-image-based: using Hankel transform (experimental)
* oimParam: components parameters
* Can be chromatic and/or time-dependent using parameter interpolators

* Can be linked together by mathematical formula ©

oimComponent

- Main modules
* oimSimulator: simulate data from model and x* computation ) Optional modules
e Cansimulate any kind of oifits2 data for all instruments: Inputs
VIS2DATA, VISAMP (absolute, differential, correlated flux) @ Outputs

VISPHI (absolute and differential), T3AMP & T3PHI, FLUXDATA
* Two modes: fast (only x? for model-fitting), slow (simulated data for plotting and saving)

* oimFitter: Model fitting class(es)

e Currently: only an emcee-based implemented: oimFitterEmcee (MCMC)
* Use the oimSimulator for x? computation
* Minimized x2and give best (or median) parameters and uncertainties (emcee “style”)

» oimUtils & oimPlots : Helper classes



“wrmes~  Example Fourier and image components

[/ : : :
\ oimComponentFitsimage (2D-image-plan)
Components defined in Fourier plan with AMHRA Kinematic Be disk image

Class Description Parameters
oimPt T - wl=2.1631um wl=2.1646um wl=2.1661um wl=2.1676um wl=2.1691um
oimBackground Background x vy, f
—
oimUD Unifarm Disk Xy fd %
oimEllipse Uniform Ellipse x v, f, d, pa, elong E
2
oimGauss Gaussian Disk %, v, f, fwhm
oimEGauss Elliptical Gaussian Disk x, v, f, fwhm, pa, elong
oimlRing Infinitesimal Ring x v fd
oimEIRing Elliptical Infinitesimal Ring x v, f,d, pa, elong 5 O _5 5 O _5
oimESKIRing Skewed Infinitesimal Elliptical Ring %, v, f, d, skw, skwPa, pa, elong a{m aS] a{m aS] a{m aS:I a{m aS:I
T Point Source D -U‘mflc.)rm Dlislk ‘ ' Gl.auslian.

oimKinematicDisk (2D-image-plan)

wl=2.1640um wl=2.1648um wl=2.1656um wi=2.1664um wi=2.1672um

20 o -20 20 0 —20 20 0 ’@
almas) almas) almas) a(mas) £
oimPowerLDD Power Law Limb Darkened Disk x, v fda <Y
oimSqrtLDD Squared Root Limb Darkened Disk x, v, f, d, al, a2
oimLorentz Pseudo-Lorenztian X, v, fwhm
oimELorentz Elliptical Pseudo-Lorenztian %, v, f, fwhm, pa, elong
oimConvolutor Convolution between 2 components Parameters from the 2 components almas) almas)

oimComponentFitsimage (2D-image-plan) : : : : : r i
with AMHRA DISCO image oimRadialProfile (1D-image-plan) oimFastRotator (2D-image-plan)
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Visibility

wl=1.0000um

Composite models
with components defined in Image & Fourier plan
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Class name

oiminterp macro

oimParaminterpolatorWi

oimParaminterpolatorTime

oimParamGaussianWl “Gausswl"

oimParamGaussianTime “GaussTime"

oimParamMultipleGaussianWI “mGaussWwl”

oimParamMultipleGaussianTime “mGaussTime”

oimParamCosineTime “cosTime"

oimParamPolynomialwWl

oimParamPolynomialTime “polyTime"

Description

Interp between key

wi

Interp between key

time

Gaussian in wl

Gaussian in time

Multiple Gauss. in
wi

Multiple Gauss. in
time

Asym. Cosine in

Time

Polynomial in wi

Polynomial in time

Parameters

wil, values

mijd, values

valDd, value, x0,
fwhm

val(d, value, x0,
fwhm

valD and value, x0,
fwhm

valD and value, x0,
fwhm

TO, P, values
{optional x0)

coeffs

coeffs

Gaussian interpolator in A on a uniform disk diameter
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oimodeler on the web

¥ cimodeler —cimodeler docur X | €) oimedeler/cimodeler: Tools o X+ ¥ gimodeler — cimodeler docurn X | ) oimodelerfoimodeler: Toolsto 1 X +

<« SRR ORIl 1>5://cithub.com/oimodeler/oimodeler 8 % g <« G @ & O B hips/loimodeler.readthedocs.io/en

rch or jump to... Pull requests Issues Codespaces Marketplace Explore

# / oimodeler © Edit on GitHub

B oimodeler / oimodeler Public

<> Code @ Issues 2 i1 Pun requests @ Actions ﬂﬂ Projects M wiki 0] Security I~ Insights @ Settings

¥ main ~ ¥ 2 branches 3 tags Go to file Add file ~ <> Code ~

Your main branch isn't protected
Protect this branch from force pushing, deletion, or require status checks before merging. Learn more

Overview

Protect this branch X Installation

Getting Started

Examples
@) AnthonyMeilland Merge pull request #3 from cimodeler/anthony-dev .. 8F18e45 13 days ago  {5) 287 commits Ak
docs update doc and example for create interpolator 13 days ago - .
£ Digitalocean oimodeler
examples update doc and example for create interpolator 13 days ago » .
images update doc and example for create interpolator 13 days ago ) The oimodeler project aims at developping a modular and easily expandable python-based
| Ocean: Create your world- modelling software for optical interferometry. The project started end of 2021, and the software is
coe o changing apps on the cloud
oimodeler change in oimUtils and oimPlots to take into account oifits files wit... 13 days ago - - currently at an early stage of development.
developers love Try now with a $100
Update giti 21 dav [
[ .gitignore Update .gitignore <1 days ago It allows to manipulate data in the oifits format, build complex models from various components,
_ simulate data from the model at the spatial frequencies of your observations, computed chi2,
[} LICENSE Initial commit 12 months ago R R .
perform model fitting (using mcmc or other fitters), and plot results easily. Components can be
[ READMEmd Update README.md 20 days ago defined in the image or Fourier plan using analytical formulas or precomputed images. Components
or model parameters can be chromatic and/or time dependent. As the software is modular and
[ setup.py added tqdm lib to setup.py 21 days ago object oriented, it is easy to expand it creating new components from abstract classes.
:=  READMEmd y)

The software is in early development:

License [GNU

,

» Models : in Fourier and Image plans with chromaticity and time dependence

» Data : interferometric data only. No photometric or spectroscopic data.

« Data Filters : Filtering wavelength range, and data type (VIS2DATA, VISAMP...)
« Fitters : Implementation of a basic emcee-based fitter with plots for results

oimodeler

» Plots : Basics plots of oifits data and uv-plan plot

= Utils : miscs utilities for oifits data (creating and modifying array, getting info..)
A modular modelling tool for optical interferometry

& Read the Docs

Nn mnaduln ic ramnlata and hos haan fulbunrifad an ta naol

Code available on github
+ automatic installation through pip
https://github.com/oimodeler
TIME CONSUMMING ! VERY VERY TIME CONSUMMING !

Documentation + examples available on readthedocs
https://oimodeler.readthedocs.io



https://github.com/oimodeler
https://oimodeler.readthedocs.io/

CHARA - MIRCX [1.5019 gm - 1.7243 pm] - S1-S2-E2-W1-W2
Day: 2023-10-14 - Source: bet Ari

import oimodeler as oim

HEY model definition

dl = ocim.oimUD()
oim.oimPt()
= oim.oimModel(pt,udl)

VIS2DATA

.params[ 'x"'].set(free=True,min=-188,max=188)

.params[ "y '].set(free=True,min=-188,max=188)
dl.params["f" ]=oim.ocimParamMNorm(pt.params["f"])
dl.params["d"].max = 2

HEY fitting the dota

iles = ["filel.fits","files2.fits"]

itl = oim.oimFitterEmcee(files,ml,nwalkers=32,dataTypes=["VIS2DATA"," "T3PHI"])
itl.prepare()

itl.run(nsteps=28088,progress=True)

T3PHI (deg)

Y plotting results

igWalkersl, axeWalkersl = fitl.walkersPlot(chi2limfact=5}

igCornerl, axeCornerl = fitl.cornerPlot(discard=15288,chi2limfact=18)

print (fitl.getResults(mode="best" ,discard=15888)})

print("Chi2r = {}".format({fitl.simulator.chiar})

igsiml, axSiml = fitl.simulator.plot(["VIS2DATA","T3PHI"],xunit="cycle/mas")

Mk by QIFy MC
70 an a0 100 110 120 130 140 150 160 170 180 140
SPATIAL_FREQ (MA - 10~6/rad)

B0 1581 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172
EFF_WAVE (um)




Example fitting real Data (MIRCX)

cl Pt x (mas) = 41.86:34%
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Walker plot from MCMC run

Showing the convergence of most of the walker to a “global” minimum

Corner plot from 5000 last step
(removing non-converged walkers)

Discussion: Global minimum search Discussion: uncertainties on parameters
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Implement missing basic features:
e Create components from fits files and grid
e Saving (model, fit)
* Flux normalization (from 1 or ad-hoc to Jy)
* Photometric and spectroscopic data

Add a few advanced features
* models (rot. disk, DISCO+, AMHRA, grids?)
* “intelligent” sampling for image-based models
« fitters (options, A-by-A, Imfit, chain, external constraints...)
» filters (wl shift, smoothing, binning...)

Extensive test of the code
* Unitary tests for all models and features
» Tests Simulated data (chromatic + time-dependent)
* Real data from all known instruments

Start working on optimization
* Parallelization (model & fitter)
* FFT & Hankel algorithms
* Data optimization

Documentation & project management (GIT...)

TODO in 2023 ...

Slide from JMMC annual meeting
in January 2023



and grid

( , DISCO+, ) )
“intelligent” sampling for image-based models
fitters (options, A-by-A, Imfit, chain, external constraints...)

o Extensive test of the code

Unitary tests for all models and features
Tests Simulated data (chromatic + time-dependent)
Real data from all known instruments

o Start working on optimization

Parallelization (model & fitter)
FFT & Hankel algorithms
Data optimization

TODO in 2023 ...

Conclusion from 2023 development

| mainly focused on:

* Developing new features (it’s fun)

* Correcting bugs

* Writing documentation: very time consumming

But a general purposed code needs more than that:
» Extensive tests (unitary + full tests or real data)
* Optimization

Community is building up around oimodeler
(mainly in MATISSE and SPICA groups)
but more users than developpers

* Alexis Matter & Martin Scheuk (MPIA)
* temperature interpolator
* temperature gradient disk
* SPICA group : various LDD implementation and test




Conclusions

On oimodeler development

* Code is working although not all advanced features are fully tested

* Development is slower than what | expected

* Need software-and-web-engineering support (test, documentation, deployment, optimization)
* Could/should it become the matrix of a community tool? Support from JMMC?

General Comments on model-fitting (to start our discussion)

e Fitting algorithm
® Which to use? LM, MCMC, nested-sampling, 1A-based ...
® How to optimize global minimum search?
® What is uncertainties estimations?
® What about Grid of precomputed models?

e Image-plan models
® FFTvs DFT (2D)
® Hankel transform on intensity profiles (1D)
® Sampling problem <> accuracy vs speed

e Datain OIFITS2 format

® Uncertainties & Correlation: No instrument uses the Ol _CORR table
® Differential phase: not really well defined in the format?

e Need of common dataset to test modelling software

® simulated with reference software (ASPRO?)
® published data from all instruments and various cases
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