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Context of the project

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
abtained 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 vierniie Kanlarian darratinn dicl madal NISCO ic wall snitad tn madsl Ra ctare

Precalculated grids of astrophysica

models

Evolved sta Supergiant B[e] with HDUST

Stellar surface Grid of models for B[e] supergiant stars computed with the 3d Monte Carlo radiative transfer
simulation wit

HDUST. The non-spherical circumstellar envelope (CSE), composed of gas (hydrogen) and dusi
famous RSG B

(silicate), is modelled considering a bimodal outflow description (two-component wind).

Bi irs 4 z =
ALy Spir Limb-darkening with SAtlas

Phenomenclo

massive Stars | Grid of models providing intensity maps for spherically symmetric stars, showing the limb

darkening effect. The models were computed with the SAtlas model stellar atmospheres for
several spectral bands. Data is provided for FGK dwarfs and red giants.

Analytical Limb-darkening tiliptical 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
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Oimodel.py (2021)

with a emcee (MCMC) fitter

Context of the project
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Cubetools.py (2017)

Computing interferometric measurements
from chromatic image-cubes



Python3

Modularity and flexibility

Analytical models in Fourier-plan

Analytical & numerical models in Image-plan

Use outputs from radiative transfer and explore grids of models
Build more complex geometries by mixing components

Chromaticity and time dependence

e Of the components parameters
e Chromatic components (such as temperature gradient, binary)

e Kinematics through line models

Ability to use interferometric data from all instruments (oifits)

Produce high-quality publishable outputs

® Robust estimation of parameters with uncertainties and correlations

® Nice customizable plots
® Export simulated data and images to standard format (oifits and fits images)

Expandability

® Easily create new components for models (inheritance, wrapping functions)
e But also other features: type of data, filters, fitters, plots

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

Open source & easily available (Github)

Discussion in MATISSE modelling group
By the end of 2021
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Coding started in 2022

* January:
. Model skeleton : oimParam, oimComponents, oimModel
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- Main modules
- Optional modules
oimFitter O Inputs

- Outputs

Best model + Fitting process
uncertainties and results plots



Coding started in 2022

* January:
. Model skeleton : oimParam, oimComponents, oimModel

* March-May :
* Implementation of Fourier-based components
* with chromatic parameters (using linear interpolation)
* Link between parameters
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Coding started in 2022

10°
.y unfiltered
— filtered

* January: _y
. Model skeleton : oimParam, oimComponents, oimModel \ .

*  March-May : i \ = o
* Implementation of Fourier-based components 104 o
* with chromatic parameters (using linear interpolation)
* Link between parameters W'

W2

* June-August: 107 1 : : : :

d: 2 3 4

* oimSimulator class (optimized data, data simulation, chi2) S (cyclestrad) <
* oimFitter class and first emcee Fitter

. -‘.“'\ /"--
* September: = 2§ $ \ ;'/
+  data filtering & plots W, sl IR R e IR T N
e documentation (on readthedoc) v T SR . |
i):nm\es 160 e u{omj _%U _1‘00 - 0.65 O.iO O.iS O.I20
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oimodeler
150 4

The oimodeler project aims at developping a2 modular and easily expandable python-based
modelling software for optical interferometry. The project started end of 2021, and the software is

currently at an early stage of development.

Reach specific developers on the
open source, privacy-first ad network:
EthicalAds

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

perform model fitting (using mcmc or other fitters), and plot results easily. Components can be

defined in the image or Fourier plan using analytical formulas or precomputed images. Components o
or model parameters can be chromatic and/or time dependent. As the software is modular and

CP (%)

object oriented, it is easy to expand it creating new components from abstract classes.

The software is in early development:

—100 -
= 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

—150 1

0.05 0.10 0.15 0.20
B/A (cycles/mas)

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

- Utils : miscs utilities for offits data (creating and modifying array, getting info.)

No module is complete and have been fully verified up to now!




January :
. Model skeleton : oimParam, oimComponents, oimModel

March-May :
* Implementation of Fourier-based components
* with chromatic parameters (using linear interpolation)
* Link between parameters

June-August:
* oimSimulator class (optimized data, data simulation, chi2)
* oimFitter class and first emcee Fitter

September:
* data filtering & plots
* documentation (on readthedoc)

October :
* image-plan components (FFT, sampling...)
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Coding started in 2022
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January
. Model skeleton : oimParam, oimComponents, oimModel

March-May
* Implementation of Fourier-based components
* with chromatic parameters (using linear interpolation)
* Link between parameters

June-August:

* oimSimulator class (optimized data, data simulation, chi2)
* oimFitter class and first emcee Fitter

September:
* datafiltering & plots
* documentation (on readthedoc)

October :
* image-plan components (FFT, sampling...)
* parameter interpolators (time and chromaticity)
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Coding started in
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January
. Model skeleton : oimParam, oimComponents, oimModel

March-May
* Implementation of Fourier-based components
* with chromatic parameters (using linear interpolation)
* Link between parameters

June-August:
* oimSimulator class (optimized data, data simulation, chi2)
* oimFitter class and first emcee Fitter

September:
* datafiltering & plots
* documentation (on readthedoc)

October :
* image-plan components (FFT, sampling...)
* parameter interpolators (time and chromaticity)

November :
* radial profile components (Hankel Transform)

Coding started in 2022
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January
. Model skeleton : oimParam, oimComponents, oimModel

March-May
* Implementation of Fourier-based components
* with chromatic parameters (using linear interpolation)
* Link between parameters

June-August:

Coding started in 2022
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(mas)

* oimSimulator class (optimized data, data simulation, chi2)

* oimFitter class and first emcee Fitter

September:
* datafiltering & plots
* documentation (on readthedoc)

October :

(deg)

(mas)

* image-plan components (FFT, sampling...)
* parameter interpolators (time and chromaticity)

November :

* radial profile components (Hankel Transform)

December :
* Code cleaning + examples
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Oimodeler on the web

- _ )
aimodeler — cimodeler docurr X €) simodeler/cimodeler Toolsto % 4 % gimodeler — oimodeler docurr X ) oimodeler/oimodeler: Toolsto X+
<« (G2 B RO R Wt/ thub.com/oimadeler/oimodele; B * 1 <« C @ 8 O B nhttpsy//oimodeler.readthedocs.io/en/la B

o Search or jump to... Pull requests Issues Codespaces Marketplace Explore

# / oimodeler © Edit on GitHub

H oimodeler / oimodeler ' Pubiic

<> Code (@ Issues 2 Y Pullrequests (O Actions [ Projects [0 Wiki @ Security & Insights &8 Settings

P man »+ ¥ 2branches © 3 tags Go to file Add file ~ <> Code~

Overview
Your main branch isn't protected Protect this branch % Installation
Protect this branch from force pushing, deletion, or require status checks before merging. Learn more )
Getting Started
Examples
&) AnthonyMeilland Merge pull request #3 from cimodeler/anthony-dev ... 8F18245 13 daysago ¥T) 287 commits el
docs update doc and example for create interpolator 13 days ago e =
£ bigitaiocesn oimodeler
examples update doc and example for create interpolator 13 days ago » .
images update doc and example for create interpolator 13 days ago o ) The oimodeler project aims at developping a modular and easily expandable python-based
N IO_:e:n. Create i;"’“'l Wzﬂd’ modelling software for optical interferometry. The project started end of 2021, and the software is
anging apps on t
oimadeler change in oimUtils and oimPlots to take into account offits files wit... 13 days ago . "”?‘”9 Rebie sl currently at an early stage of development.
developers love Try now with a $100
U iti 5 ; Credit
[ .gitignore Update .gitignore 21 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 E o g
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:

» 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

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

oimodeler

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

& Read the Docs

Fi b b b e P b e e B B et B Ll e

Code available on github
https://github.com/oimodeler

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

90 %

w


https://github.com/oimodeler
https://oimodeler.readthedocs.io/
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A Few examples

Model-fitting (on simulated data)
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import oimodeler as oim

ud = oim.oimUD(d=3,f=0.5,x=5,y=-5)
pt = oim.oimPt(f=1)
model = oim.oimModel(ud,pt)

ud.params|'d'].set(min=0.01,max=20)
ud.params['x'].set(min=-50,max=50,free=True)
ud.params['y'].set(min=-50,max=50,free=True)
ud.params['f'].set(min=0.,max=10.)

pt.params['f'|=oim.oimParamNorm(ud.params['f’])

fit = oim.oimFitterEmcee(files,model,nwalkers=20)
fit.prepare(init="random")
fit.run(nsteps=2000, progress=True)

median,err_|,err_u,err=fit.getResults(discard=1000)

fit.walkersPlot()

fit.cornerPlot()
fit.simulator.plot(["VIS2DATA","T3PHI"])
model.showModel(512,0.1)

Example of simple model-fitting

Import oimodeler

Create a binary model

Set the parameters space

Normalizing flux to 1 (remove one free parameter)

Create, prepare and run the MCMC fitter

Get the results and plots

Make nice plots



import oimodeler as oim

ud = oim.oimUD(d=3,f=0.5,x=5,y=-5)
pt = oim.oimPt(f=1)
model = oim.oimModel(ud,pt)

cl UD x {mas)

ud.params|'d'].set(min=0.01,max=20)
ud.params['x'].set(min=-50,max=50,free=True)
ud.params['y'].set(min=-50,max=50,free=True)
ud.params['f'].set(min=0.,max=10.)
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¢l UD

pt.params|['f']=oim.oimParamNorm(ud.params['f’])

fit = oim.oimFitterEmcee(files,model,nwalkers=20)
fit.prepare(init="random")
fit.run(nsteps=2000, progress=True)

€1_UD f

median,err_l,err_u,err=fit.getResults(discard=1000)

cl UD d{mas)

T i R A e e

fit.walkersPlot() : . . :

. 1000 1250 1500 1750
ﬁt.CornerPIOt() step number
fit.simulator.plot(["VIS2DATA","T3PHI"])
model.showModel(512,0.1)




import oimodeler as oim

cl_UD_x (mas) = —0.002353

ud = oim.oimUD(d=3,f=0.5,x=5,y=-5)
pt = oim.oimPt(f=1)
model = oim.oimModel(ud,pt)

cl_UD_y (mas) = 10.0075:3%

ud.params|'d'].set(min=0.01,max=20)
ud.params['x'].set(min=-50,max=50,free=True)
ud.params['y'].set(min=-50,max=50,free=True)
ud.params['f'].set(min=0.,max=10.)

_y (mas)

¢l UD

€l_UDf = 101228

pt.params|['f']=oim.oimParamNorm(ud.params['f’])

fit = oim.oimFitterEmcee(files,model,nwalkers=20)
fit.prepare(init="random")
fit.run(nsteps=2000, progress=True)

€1_UD_d (mas) = 5.00*832
T

median,err_l,err_u,err=fit.getResults(discard=1000)

c1_UuD_d (mas)

fit.walkersPlot() . _
fit.cornerPlot() 150D, ] e —
fit.simulator.plot(["VIS2DATA","T3PHI"])

model.showModel(512,0.1)




import oimodeler as oim

ud = oim.oimUD(d=3,f=0.5,x=5,y=-5)
pt = oim.oimPt(f=1)
model = oim.oimModel(ud,pt)

ud.params|'d'].set(min=0.01,max=20)
ud.params['x'].set(min=-50,max=50,free=True)
ud.params['y'].set(min=-50,max=50,free=True)
ud.params['f'].set(min=0.,max=10.)

pt.params|['f']=oim.oimParamNorm(ud.params['f’])

fit = oim.oimFitterEmcee(files,model,nwalkers=20)
fit.prepare(init="random")
fit.run(nsteps=2000, progress=True)

median,err_l,err_u,err=fit.getResults(discard=1000)

fit.walkersPlot()

fit.cornerPlot()
fit.simulator.plot(["VIS2DATA","T3PHI"])
model.showModel(512,0.1)
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import oimodeler as oim

ud = oim.oimUD(d=3,f=0.5,x=5,y=-5)
pt = oim.oimPt(f=1)
model = oim.oimModel(ud,pt)

ud.params['d'].set(min=0.01,max=20)
ud.params['x'].set(min=-50,max=50,free=True)
ud.params['y'].set(min=-50,max=50,free=True)
ud.params['f'].set(min=0.,max=10.)

pt.params['f'|=oim.oimParamNorm(ud.params|['f’])

fit = oim.oimFitterEmcee(files,model,nwalkers=20)
fit.prepare(init="random")
fit.run(nsteps=2000, progress=True)

median,err_l,err_u,err=fit.getResults(discard=1000)

fit.walkersPlot()

fit.cornerPlot()
fit.simulator.plot(["VIS2DATA","T3PHI"])
model.showModel(512,0.1)
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Example of simple model-fitting
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import oimodeler as oim

star=oim.oimUD(d=1,f=oim.oimInterp("wl",wl=[3e-6,4e-6],values=[0.5,0.1]))
disk=0im.oimESKRing(din=8,dout=oim.oimInterp("wl",wl=[3e-6,4e-6],values=[9,14]),elong=1.5,skw=0.8,pa=50)

disk.params["skwPa"]=oim.oimParamLinker(disk.params["pa"],"add",90)

disk.params|['f']=oim.ocimParamNorm(star.params|['f'])
model=oim.oimModel(star,disk)

params=model.getFreeParameters()
params['c1_UD_f_interp1'].set(min=0.0,max=1)
params['c1_UD_f_interp2'].set(min=0.0,max=1)
params['c1_UD_d'].set(min=0,max=5,free=True)
params['c2_SKER_pa'].set(min=0.,max=180)
params['c2_SKER_elong'].set(min=1,max=3)
params['c2_SKER_din'].set(min=5,max=20.)
params['c2_SKER_skw'].set(min=0,max=1.)
params['c2_SKER_dout_interp1'].set(min=5.,max=30.)
params['c2_SKER_dout_interp2'].set(min=5.,max=30.)

fit=oim.oimFitterEmcee(files,model,nwalkers=30)
fit.prepare(init="random")
fit.run(nsteps=2000,progress=True)

figWalkers,axeWalkers=fit.walkersPlot()
figCorner,axeCorner=fit.cornerPlot(discard=1000)

median,err_l,err_u,err=fit.getResults(mode='median’,discard=1000)

figSim,axSim=fit.simulator.plot(["VIS2DATA","T3PHI"])

figimg,aximg,im=model.showModel(256,0.1,wl=[wlI[0],wlI[-1]])

Chromatic model-fitting

wl=3.0000um

wi=4.0000um

— o o o e
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import oimodeler as oim

star=oim.oimUD(d=1,f=oim.oimInterp("wl",wl=[3e-6,4e-6],values=[0.5,0.1]))

disk=0im.oimESKRing(din=8,dout=oim.oimInterp("wl",wl=[3e-6,4e-6],values=[9,14]),elong=1.5,skw=0.8,pa=50)

disk.params["skwPa"]=oim.oimParamLinker(disk.params["pa"],"add",90)
disk.params|['f']=oim.ocimParamNorm(star.params|['f'])
model=oim.oimModel(star,disk)

params=model.getFreeParameters()
params['c1_UD_f_interp1'].set(min=0.0,max=1)
params['c1_UD_f_interp2'].set(min=0.0,max=1)
params['c1_UD_d'].set(min=0,max=5,free=True)
params['c2_SKER_pa'].set(min=0.,max=180)
params['c2_SKER_elong'].set(min=1,max=3)
params['c2_SKER_din'].set(min=5,max=20.)
params['c2_SKER_skw'].set(min=0,max=1.)
params['c2_SKER_dout_interp1'].set(min=5.,max=30.)
params['c2_SKER_dout_interp2'].set(min=5.,max=30.)

fit=oim.oimFitterEmcee(files,model,nwalkers=30)
fit.prepare(init="random")
fit.run(nsteps=2000,progress=True)

figWalkers,axeWalkers=fit.walkersPlot()
figCorner,axeCorner=fit.cornerPlot(discard=1000)
median,err_l,err_u,err=fit.getResults(mode='median’,discard=1000)
figSim,axSim=fit.simulator.plot(["VIS2DATA","T3PHI"])
figimg,aximg,im=model.showModel(256,0.1,wl=[wlI[0],wlI[-1]])
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Creating new Fourier components

class oimBox(oim.oimComponentFourier):
name="2D Box"
shortname = "BOX"“

e T M=) Initialization function
super().__init__(**kwargs) o
self.params["dx"]=oim.oimParam(name="dx", value=1,description="Size in x",unit=u.mas) * Call parent __init__
self.params["dy"]=oim.oimParam(name="dy", value=1,description="Size in y",unit=u.mas) * Define parameters (oimParam)
self._eval(* *kwargs) * (Call eval function

def _visFunction(self,ucoord,vcoord,rho,wl,t):
x=self.params["dx"](wl,t) *self.params["dx"].unit.to(u.rad) *ucoord

y=self.params["dy"](wl,t) *self.params["dy"].unit.to(u.rad) *vcoord VIS|bIIIty function

* formula as function of u and v or p (and optionally A and t)
return np.sinc(x)*np.sinc(y)
def _imageFunction(self,xx,yy,wl,t):

return ((np.abs(xx)<=self.params["dx"](wl,t)/2) &
(np.abs(yy)<=self.params["dy"](wl,t)/2)).astype(float)

Image function
* formula as function of x and y (and optionally A and t)



class oimBox(oim.oimComponentFourier):
name="2D Box"
shortname = "BOX"“

def __init__(self,* *kwargs):
super().__init__(**kwargs)
self.params["dx"]=oim.oimParam(name="dx", value=1,description="Size in x",unit=u.mas)
self.params["dy"]=oim.oimParam(name="dy", value=1,description="Size in y",unit=u.mas)
self._eval(* *kwargs)

def _visFunction(self,ucoord,vcoord,rho,wl,t):

Creating new Fourier components

Image with _imageFunction

&lmas)

x=self.params["dx"](wl,t) *self.params["dx"].unit.to(u.rad) *ucoord 40 - : 0 o
y=self.params["dy"](wl,t) *self.params["dy"].unit.to(u.rad) *vcoord a(mas)
return np.sinc(x)*np.sinc(y) _ .
East-West baselines North-South baselines
1.00
def _imageFunction(self,xx,yy,wl,t): g :
return ((np.abs(xx)<=self.params["dx"](wl,t)/2) & fe sy
(np.abs(yy)<=self.params["dy"](wl,t)/2)).astype(float) & 050 1
£ 0251
0.00 1 et

b1=o0imBox(dx=40,dy=10) m1.showModel(512,0.2,axe=ax[0],colorbar=False)
m1=oim.oimModel(b1) vis=np.abs(m.getComplexCoherentFlux(spfx,spfy)



Creating new Image components (external code)

class oimFastRotator(oim.oimComponentimage):

name="Fast Rotator"

shortname="FRot"

def __init__(self,* *kwargs):
super(). __init__(**kwargs)
self.params["incl"]=oim.oimParam(name="incl",value=0,description="Inclination angle",unit=units.deg)
self.params|"rot"]=oim.oimParam(name="rot" value=0,description="Rotation Rate",unit=units.one)
self.params["Tpole"]=oim.ocimParam(name="Tpole",value=20000,description="Polar Temperature",unit=units.K)
self.params["dpole"]=oim.ocimParam(name="dplot",value=1,description="Polar diameter",unit=units.mas)
self.params["beta"]=oim.oimParam(name="beta", value=0.25,description="Gravity Darkening Exponent",unit=units.one)
self._t = np.array([0])
self._wl = np.linspace(0.5e-6,15e-6,num=10)
self._eval(**kwargs)

wi=1.0000um wi=10.0000um

def _internallmage(self):
dim=self.params["dim"].value
incl=self.params["incl"].value
rot=self.params|"rot"].value
Tpole=self.params["Tpole"].value
dpole=self.params["dpole"].value
beta=self.params|["beta"].value

Glmas)

im=fastRotator(dim,1.5,incl,rot,Tpole,self._wl,beta=beta)
im=np.tile(np.moveaxis(im,-1,0)[None,:,:,:],(1,1,1,1))
self._pixSize=1.5*dpole/dim*units.mas.to(units.rad)
return im




Creating new Radial Profile components (analytical)

class oimExpRing(oim.oimComponentRadialProfile):

name="A ring with a descreasing exponential profil"
shortname = "E

eIIiptic=True wl=0.5000um wl=0.6250um wl=0.7500um wl=0.8750um wl=1.0000um
0.
def __init_ (sel = 0 o 0.
14}
0 0
super().__ini E : i

self.params|’'
self.params|’'
self._dim=25

self._t = np.array([0])

self._wl = np.array([0.5e-6,1e-6])

self._r = np.arange(0, self._dim)*0.05 #in mas
self._eval(* *kwargs)

def _radialProfileFunction(self,r,wl,t):
rO=self.params["d"](wl,t)/2
fwhm=self.params["fwhm"](wl,t)
return np.nan_to_num((r>r0)*np.exp(-0.692*np.divide(r-r0,fwhm)),nan=0)
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TODO in 2023 ...

O Implement missing basic features:
* Create components from fits files and grid
* Saving (model, fit)
* Flux normalization (from 1 or ad-hoc to Jy)
* Photometric and spectroscopic data

O 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...)

O Extensive test of the code
* Unitary tests for all models and features
e 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

O Documentation & project management (GIT...)

Oimodeler Team is building up...

Anthony Meilland, Jozsef Varga, Alexis Matter, Marten
Scheuck, Armando Domiciano de Souza ...

master and phD students in Nice, Leiden and
Heildelberg ...

+ ANR MASSIF




How did | produce simulated data for comparison?

oimodeler

Analytical model Same model Analytical model

Data Simulator OIFITS
with errors




How did | produce simulated data for comparison?

oimodeler

Complex model
(chromatic or Image)

User model Image-Cube (fits)
(image-cube fits)

Data Simulator OIFITS
with errors




Model-fitting with a image-plan model

DIM=256

wl=0.6000um wl=0.8000um

oimodeler

Complex model

User model Image-Cube (fits) (chrom
d wl=0.6000um wl=0.8000um

(image-cube fits)

_ 2000 steps
Data Simulator OIFITS Fitter 20 walkers

With erro rS e s e T 40000 mOdeIS
EE5 One 6T obs with SPICA 13min
= , ————— (20ms/model)
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