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Constraints on stellar kinematics using spectro-interferometry
Application to a Be star disk

Spectro-interferometry is a powerful technique combirhiigh spectral and spatial resolution. It al-
lows not only to constrain an object geometry as “standaetf@rometry”, but also its kinematics by
centering observations on some narrow spectral featunsgise to the Dopplerféect.

During this practical session we will focus on the case dfsilzal Be stars observed in some emission
lines. We will analyze some VLTAMBER data with a simple kinematic-model developed in IDL to
probe the circumstellar environment of this class of olgject

Remember that, beyond this example, such technique can bedigpall kind of objects with absorp-
tion or emission lines in their spectra : stellar photosphgyoung stellar objects, novae, interacting
binaries, and even AGNs!

1 Some useful background

1.1 Spectral lines in stellar spectrum
1.1.1 Stellar spectrum

A stellar spectrum can always be separated in two kind ofifeat: continuum and discrete spec-
tra. The most common continuum spectra is the black-bodyctwis emitted by any body at a
non-zero thermodynamic equilibrium. This emission uguatiminates stellar spectra. Nevertheless,
other kinds of continuum spectra can be found in specific iphysonditions : free-free (also called
Bremsstrahlung), free-bound, synchrotron, or cyclotrorssions.

The most common discrete features in stellar spectrum arsplines. They correspond to a pho-
ton emitted or absorbed by a quantum system such as an atormoleaule. Consequently, their

wavelengths are determined by the possible energy levetbdéaconsidered particle. Depending on
the physical conditions in the medium and the intensity ef ¢bntinuum radiation on which they

formed, spectral lines can be found in absorption or emissibsorption lines are usually formed

in stellar photospheres, whereas emission lines are ofi@mdfin extended diluted medium highly
irradiated by a central source, i.e. in circumstellar emwnents. Note that other kinds of discrete
spectra exist, such as spectral bands which stem from thgimgeof many close-by spectral lines for
complex polyatomic systems. (molecular bands).

1.1.2 The hydrogen lines

During this practical session we will focus on the most alaumiélement in the universe : hydrogen.
The wavelength) of a photon emitted by a transition between two levels of #iom is given by

the Rydberg-Ritz formula :
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where R;=1.097n1! is the Rydberg constant, n the ground level of the transitifinthg the serie to



which it belongs to, andn, the level diference defining the position in the series. Note that both n
andAn are strictly positive.

Question : The first six series of the hydrogen atom are named &dr their discoverers. Can you
name them ?

The hydrogen lines are almost always named after theirssand their position in them using a
Greek letter. X correspond to a transition betweeg and rx+1, where i is the ground level of

the X series. X corresponds to a transition betweg+2 and k... Finally X, corresponds to the
theoretical limit of the series whetn— co.

Question : Gives the wavelengths of Xand X, for the first six series ?

Question : Which hydrogen lines are observable with AMBER (H andK bands) ? What about
VEGA (Randl) ?

1.2 Doppler dfect
1.2.1 General concept and application to electromagneticaves

The Doppler &ect is the shift in frequency of any kind of periodic event &r observer moving
relative to its source. This applies to all kind of waves anthe case of an electromagnetic wave the
shift in wavelength is given by :
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wherey is the rest wavelength, v the radial velocity between the®and the observer, acdhe
speed of light in the vacuum. If the source and observer areng@way, i.ev is negative, the wave
is red-shifted, whereas if they are coming closer the watbduis-shifted.

Question : What would be the shift for a 2um radiation with a radial velocity of 300 km s=1?

1.2.2 Hfects on spectral lines

The Doppler shift lects both continuum and spectral lines. However, for ndettivestic radial
velocities between the source and the observer, filgeteon broad continuum emission such as a
black-body is often unnoticeable as the variation of thesemn intensity between the rest wave-
length and the shifted one is usually negligible. On the okfzad, the fect can easily be detected
on spectral lines as their natural width are very small.

The dfect of Doppler Shift on spectral lines can be divided into tyees. The first one is a global
shift of the line wavelength due to some global radial velobetween the source and the observer.
Such velocity can be due to earth motion around the sun gee. heliocentric correction), to stellar
motion in a binary system or around the galactic center, oosmological redshift introduced by the
expansion of the universe.

On the other hand, a velocity distribution in the emittingdien causes a line deformation as the
different parts of the emitted light can be blue or red-shiftetlis Tistribution, that can be either
microscopic or macroscopic, often causes a line broadening



The most common microscopic velocity distribution is dudhte kinetic temperature. For an ideal
gas the rms-velocity of particles is given by:

3KT
Vims = Wp (3)
where k is the boltzman constant=k.38 1022m? kg s 2K 1), T the particles kinetics temperature,
and my the mean particle mass.

The most common macroscopifferts on the velocity distribution are due to stellar rotatirbu-
lence, and expansion in a stellar wind.

Question : Is the line broadening dominated by kinetic tempeature or stellar rotation for the
sun (Ter = 5700K, Vg ~ 2 km ~1) and for the Be stara Col (Ter = 13000K, Vg ~400km~1) ?

1.3 Classical Be stars

Classical Be stars are hot non-supergiant stars that havastdghibited once the so called “Be-
phenomenon”, i.e. emission lines and IR-excess in theirtspeciginating from a dense gaseous
circumstellar environment highly illuminated by the star.

A generally accepted scheme is the presence of two disegadms in their environment : a dense
equatorial disk dominated by rotation and responsible fostrof the line emission and IR-excess and
a more diluted radiatively driven polar wind with termina@lecities on the order of 1000kms

However, the physical process or processes responsibtedanass-ejection and reorganization of
matter in the circumstellar environment are still highlypdted. The fect of rotation, radiative pres-
sure, pulsation, and binarity have still to be quantified.

An efficient way to test the various hypothesis on the mass ejeistimnconstrain both the geometry
and kinematics of their circumstellar environment. Howggensidering their typical extension, i.e.
a few milli-arc-seconds, this can only be done using speaoterferometric measurements.

2 The kinematic model

2.1 Description of the model and parameters

In this practical session we will use a “toy” model simulatiithe emission from a geometrically thin
rotating andor expanding equatorial disk. The model computes a seri@mwbw-spectral-band im-
ages through an emission line with the considered spe@salution. It is described in details in
Delaa et al. (2011).

In this model the emission from the sta(X,y) is modeled as a uniform disk, and the envelope emis-
sion in the continuumc(x,y) and in the emission ling(k,y) as two elliptical Gaussian distributions
with a flattening due to a projectiorffect of the geometrically thin equatorial disk, i.€.= 1/coqi),
where i the the object inclination angle. The radial and aziral velocities in the disk are given by :

V, = Vo+ (Ve —Vo) (1 - %)y @)
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V¢ = Vrot(i) . (5)
From these two velocity distributions a projected velocitgp along the line of sight is computed
using the following projection formula:

Vproj(%.y) = (Vy sing - V; cose) sini (6)

For each spectral channel considered in the line, an ismiglmap projected along the line of sight
is then calculated and multiplied by the whole emission nmaghé line. Finally, the whole emission
map for each wavelength consists of the weighted sum of #llaistmap, the disk continuum map
and the emission line map within the spectral channel undesideration. The map is then rotated
by the major axis position angle (P.A.), and scaled usingstbkar radiusR,) and distanced). The
complete chart of the algorithm is presented in ¥y

-
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Figure 1. Schematic representation of the kinematic moglefation.

The model parameters can be classified into 5 categories:
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. The global model parameters : size of the simulation ielpifi.=n,), field of view in stellar
diameter €ov), number of wavelengtm(), central wavelength of the emission ling), step
in wavelength §1), and spectral resolutiorry.

2. The global geometric parameters: stellar radRg),(distance q), inclination angleif), and
disk major-axis position anglé>@).

3. The disk continuum parameters: disk FWHM in the continuagh @isk continuum flux nor-
malized by the total continuum flu¥().

4. The disk emission line parameters: disk FWHM in the lmggnd line equivalent widthEW).

5. The global kinematic parameters: stellar rotationabe®y (V,.), €xpansion velocity at the
photosphere\(p), terminal velocity V.,), exponent of the expansion velocity lay)(and ex-
ponent of the rotational velocity lavyg).

The model final product is By x n, xn, data-cube saved in fits format and composed,afiarrow-
bandsny x ny pixels images.

As it is now widely admitted that the classical Be star equatalisk are dominated by rotation (i.e.
V, >>Vy), we will only consider in this practical session the casetiting disk. Thus all the models
we will run will have Vy=V,,=0.

2.2 Creating your first rotating disk

Let's compute our first model. First launch IDId[de) in a terminal. The procedure that computes
the kinematic-model, i.eBe disk mode| reads the input parameters from an ASCII file. You can find
a prototype of such file at the following path éHHOME/Spectro-intepparamexample.dat

Open this file using your favorite text editor (Gedit or Emfmexample). You can see that it contains
all the model parameters defined in the previous section. rd/ga@ng to use the current parameters
for our first model.

First create alir variable that will contains the path to our working diregtor
dir ="$HOME /spectro-interf/”

then aninputfile variable for the input file:

inputfile=dir + "param _example.dat”
and anoutputfilevariable that will contains the output datacube in fits forma
outputfile=dir + "datacube.fits”
Finally, to launch our first model we need to type :

Be_disk_model,inputfile,outputfile=outputfile,outputarray =map,
lam=lam,kinemap=kinemap,lineprofile=lineprofile



The output datacube will be copied both in theputfilefile and in the variablenap lamwill contain
the output wavelength table of ting imageskinemapthe projected velocity map, arideprofilethe
emission line profile corresponding to this model.

You can check the size and type of each variable usingpéygprocedure. For instance, if you type
help,maplDL will tell you that map is a 25&256x101 float array, as define in the input file by the
first and third parameters.

To print some variable values, just use frént procedure. For example typgeint,lam to see the
values of 101 wavelengths for which an intensity map has beemputed. This wavelength table was
built using then,, 15, andéA parameters.

Question : Transform the wavelength table into velocity uang the previously defined Doppler-
shift equation. What is the maximum Doppler-shift computedby this model?

2.3 Visualizing the outputs
Now that we have computed our first model let’s plot the resDlk offers two plotting procedures :

e plot, X, yto ploty as a function ok, according that they are both 1D-arrays of the same size.
Useoplot, x, yto overplot another function on the same plot.

e tvscl, arrayto plot a two-dimensional array, i.e., an image.

After checking that they have the same dimension and sinethe emission line profile as function
of the wavelength using the plot procedure.

Question : A What is the shape of the line profile ?
Question : Are the min and max wavelengths dominated by contiuum or line emission?

Question : Give the wavelengths (the two of them) correspondg to the maximum of emission?
Find the corresponding indexes in thdam array.

Now let’s try to plot some 2D-array using tiescl procedure kinemap the disk projected-velocity
field, is of this kind. You can plot it directly.

Question : Can you find from kinemap where are the red-shifted, the blue-shifted, and the un-
sifted part of the disk? Explain why!

Unfortunatelymapis a 3D-array (i.e., a data-cube) so we cannot plot it diyagsingtvscl We first
need to extract a 2D-slice from it. To extract tHexy-image from it do:
mapi=map[*,*,i]

The* symbol tells IDL to extract all elements from a vector. f8apicontains all x and y elements
of map for the i-th value oft. We will use this to plot images atftierent wavelengths inside (and
outside) the emission line from our data-cubep

Question : To begin our journey through the line, plot an image that correspond to the contin-
uum emission. What do you see?



Change the image dynamics by plotting the square-root (Lsjrigunction or power operatdr) of
this image.

Question : Do you see something new? Can you explain why the roast between this two
structures is so high?

Let's now plot the image corresponding to the center of thesgion line.

Question : What is the shape of the disk emission at this wavehgth? Is it compatible with what
you deduced from thekinemap plot?

Plot the images corresponding to the maximum of emissiomerine, and some images in the wings.
Question : What are their shape?

Finally, we will plot an animation of all the images in our datube. To do so, we will execute a loop
using thefor statement on all wavelengths indexes. We'll used a 0.3 ptaveto enhance the image
dynamics:

for i=0,100 do tvscl,map[*,*,i] 0.3

It might have been a bit fast, you may retype this a few timekanks to this animation you can
follow the shape of the emission in all narrow spectral cledsthrough the line.

Question : Where does the most shifted (in wavelength) emissis comes from? Explain this!

Question : What are their extension compared to the one of thenaximum of emission?

3 Simulating spectro-interferometric observations

3.1 The simulator of observations

Now it’s time to talk about interferometry. In this sectioreW learn how to extract wavelength-
dependent visibility and élierential phase from our model. To do so we’ll use the follaypnocedure

simulate_obs,outputfile,B=B,angle=angle,visikvisi,phase=phase,lam=lam

The main input of this procedure are the string variahlgutfilecontaining the path of a previously
computed data-cube stored in fits format, an array of baselength® in meters, and an array of the
same sizanglefilled with baseline orientations in degrees. The outputlaegevavelength dependent
visibility (visi), differential phasephase in radians and the wavelength taliden (equal to the one
that we already got from thBe disk modelprocedure).

Let’s start with two 50 m baselines parallel and perpendictd the disk major-axis (East-West in our
test model). First defined the arrays for the baseline leagthorientation :

B=[50,50]
angle=[90,0]



Then just run the simulator. The outpusi andphaseare 2D-arrays with a dimension equal tolD1.
Their first row, i.e.visi[0,*] andphase[0,*] corresponds to the visibility andftiérential phase for
the first baseline, and their second row, to the same quemfar the second baseline.

3.2 Plotting the outputs : visibility, differential phase, and spectra

Use theplot procedure to plot the first baseline visibility as a functadrthe wavelength. Overplot
the second baseline visibility usirgplot To differentiate the two curves, you can set the line style
andor color of one of them using keywordisestyle= with value 0 (solid), 1 (dotted)... anzblor=
(with a value from 0 to 255 with color depending on the alreldyled palette). Try :

plot,lam,visi[0,*]
oplot,lam,visi[1,*],linestyle=1,color=230

Question : Compare these two curves. What are their dferences? Explain them using your
knowledge about the visibility and remembering the narrowspectral channels images that you
plotted in Sect. 2.3

Let’s plot the diferential phase for the two baselines but in degree instesatiain. To do so we can
use either the idl variabl®®PI=x or '/RADEG=18(Qx. A differential phase is always given between
-180° and +18(°. We can specify and x or y range for the plot using the keywardsige= and
yrange=. Try :

plot,lam,phase[0,*]*'RADEG,yrange=[-180,180]
oplot,lam,phase[1,*]*'RADEG,color=230

Question : Describe the phase variation through the line forboth baselines? Once again, ex-
plain their di fferences.

You might have noticed that the line profile was compute@bylisk modeland not bysimulateobs

Question : Can you find the reason why?

3.3 Hfect of the baseline length

Here, we will study the ect of baseline length on the spectro-interferometric tjties. Define a
new set of 10 baselines aligned with the major-axis witheasing length :

B=[10,20,30,40,50,60,70,80,90,100]
angle=[90,90,90,90,90,90,90,90,90,90]

The length and orientation could also be written in a muchitshavay :

B=findgen(10)*10+10
angle=replicate(90,10)

The functionfindgen(N)returns a N-elements float-vector with values equal thexesléi.e., O to
N-1). Thereplicate(val,N)unction also creates a N-elements vector with all valueskgpval.

Runsimulateobswith these baselines and plot their visibility. You can ogéot in a loop to avoid
rewriting 9 times the function :



plot,lam,visi[0,*]
for i=1,9 do oplot,lam,visi[i,*],color=50+20%*i

Question : What is the evolution of the visibility with the baseline length in the continuum? And
in the line ? Is that what you expected ?

Now let’s plot all the diferential phases with a y-range between -50-abd degree.
Question : How does it behave with the baseline length?

The IDL functionmax(array)returns the maximum value afray. We can use this function to extract
the phase variation amplitude and plot it as a function oti®eline length. First we need to define
float array explicitly usindltarr(N). Then, we have to fill each element of the array with the marimu
phase for a given baseline. We'll do that with a loop.

phaseampl=fltarr(10)
for i=0,9 do phaseampl[i] =max(phase[i,*])
plot,B,phaseampl

Question : How does the phase behave with the baseline len@th know it's the same question
that before, but you can now be a bit more quantitative...

Finally, compute and plot the visibility and phase variatfor a set of 10 longer baselines( i.e., be-
tween 100 and 200 m).

Question : Are your previous observations still valid? Try to explain why.

3.4 Hfect of the baseline orientation

From Sect. 3.2, we already have a hint of tfieeet of orientation on the qualitative morphology of
the visibility and phase variations. To go further just defanset of baselines with a fixed length of
50 m and orientation going from 0 to 18@ith a step of 10.

Once again (and it’s not the last time) compute and then pwisibility and diterential phase as
the function of the wavelength for this new set of baselines.

Question : What is this dfect of the baseline orientation on the interferometric measrements?
Finally, extract the maximum of phase for each baseline #otdtgas a function of its orientation.

Question : What function does it look like? You can try to overplot such function if you have
time.

4 Play with the model Parameters

Now we will start changing various model parameters andisgieindividual dfects on the visibility
and phases. To avoid waste of time by typing all the neededd@hmands (i.e., compute models,
extract and plot visibilities and phases...) again andragae will use a script that we’ll run each
time we change a parameter value.



4.1 Simplify your life with scripts

First go to the “File” menu and choose “Open a file”. Choose teetest1.pro” file in the “homyspectro-
interf/” directory. It opens in the IDL development environment.

You can see that you almost know all commands in this IDL $cepcept!P.multi which divide a
window into sub-windows for plotting angindowthat open a new plotting window withxsizeand
ysizespecified. The other commands are just the ones we playedeifibine.

Compile the script and launch it using the two correspondumitols in the upper launch-bar. The
script runs a new model and then computes the visibility amaksp for a triplet of 50 m baselines
with orientation 0, 45, and 90Finally it plots the visibility for the three baselines imetthree upper
sub-windows, and the correspondingfeiential phases in the three lower sub-windows.

4.2 Let’s go!

Now, every time we will change a parameter, we will have totheascript again. Here is the series
of parameters that you should test and their correspondihges (you can test other values if you
want). After testing a parameter don'’t forget to put backithigal value given into brackets before
testing the following one.

¢ Inclination angle (irf): 0, 80, -40 (40)

e Position angle of the major-axis (fi): 0, 45, 135, 180 (90)
e Stellar Radius (inR) : 3, 12 (6)

e Distance (in pc): 50, 300 (150)

e Disk major-axis FWHM in the continuum (in,R: 1, 6 (3)
e Continuum disk flux : 0, 1 (0.5)

e Disk major-axis FWHM in the line (in R : 5, 20 (10)

e Line equivalent width (in A) : 5, 20 (10)

e Stellar rotational velocity (in kmrs) : 100, 300, -300 (500)
e Exponent of the rotational law (in km?¥ : -0.3, -0.7 (-0.5)

e Spectral resolution : 5, 10, (1.8)

Question : What are the main dfects of each of these parameters on the visibility and phase?
Don’t forget that the effect can depend on the baseline orientation!

5 Fitting real AMBER data

Now that you know the basics of the kinematic-disk model, wié wse it to fit real AMBER data
taken in High-Resolution (R12000) on a classical Be star.
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5.1 The object :a Col

Our target isa Col (HR 1956, HD 37795) one of the closest@D+ 2 pc) and brightest (g=2.6,
my=2.8) classical Be star. The data that you will use were recbiidanuary 2010 and were pub-
lished in Meilland et al. (2012, A&A, 538, 110). They consi$ttwo measurements taken using two
different triplets of baselines : AO-G1-K0 and DO-G1-HO.

Here are some information @nCol taken from literature that might be useful for the modglin

Name distance & vsini Ve pol. angle estim. R estim. Rsk
(pc) (K) (kms?t) (kms?)  (deg) (R) (in the K band)
aCol 80+2 12963203 19212 355:23 109 5.8 0.25

5.2 Reading and plotting AMBER data under IDL

Let’s look at the data. To read VLJAMBER data under IDL we will use a home-made procedure
that will extract all useful information (baselines, visily, phase...) from AMBER Ol-fits file in a
directory. It's prototype is the following :

amber_getall_night,datadir,data=data,nobs=nobs

wheredatadir is the AMBER data directorydatais a quite complicated structure array containing
all information (baselines length, orientation, waveldngsibility, differential phase, spectra...) that
will be extracted from the AMBER Oi-fits files amabbsis the number of observations (i.e. files)
found indatadir. To define the path to our AMBER data folder just type :

datadir=dir +"amber/’

The members of thdatastructure are the following:

e nlam: the size of the wavelength table

e lam: the wavelength table (sizalam)

e nB: the number of baselines (usually equal to 3)

e B: the baseline length (size@B)

e angle: the baseline orientation (sizaB)

e sqvis: the square visibility (sizenBxnlam)

e sqverr. the square visibility uncertainty (sizaBxnlam)
e phi: the differential phase , (sizenBxnlam)

e pherr: the diferential phase uncertainty (sizeBxnlam)
e cphi: the closure phase (sizalam)

e cpherr : its uncertainties (sizenlam)

However, to allow flexibility on the dta format, all “arrayge” members are actually pointers to
the array. To access the corresponding array we must use dperator. As an example, for the
wavelength table for the first observation, just type :

*(data[0].lam)
The corresponding square visibility for the first baseliféhs first observation is given by:
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(*(data[0].sqvis))[0,*]
Don't forget the two pairs of brackets when you want to actessspecific element in the array!!

You might have noticed that the spectrum is not a member ofitlta structure. This is because
AMBER spectrum is not present in the final calibrated Oi-fits.filln this practical session we
will use a spectrum extracted from an uncalibrated AMBER féeesl in ASCII format in the file
alphacol_final_spectrum.spec We will use the functiorReadArrayto read this file and extract a
2xnlam array containing the wavelength table in the first row anddhlérated flux in the second
one.

Now we can plot the line profile and the visibilities andfeiential phases for all baselines and all
observations with two loops. Open the file “Best2.pro” in IDL and look at the code. When you
understand what it does (not before!!), compile it and ruildte that thexyoutsprocedure is used to
print the baseline length and orientation over the plot.

5.3 Qualitative analysis of the data-set

Before modeling the observations, we should start by a quiakt analysis of the data-set to deter-
mine if we can put some initial constraints on few of the pagters.

Question : Looking at the “V” or “W” shapes of the visibility dr ops in the line, can you deter-
mine the baselines close to the major-axis, minor-axis, antthe intermediate ones?

Question : Consequently, can you roughly determine the disknajor-axis orientation?

Now, look closer at third and fourth baselines. They rougtadye the same length (i.e.-B0 m) and
have very diferent orientation (-157%%nd -88.9). They measure the disk extension (in the line and
the continuum) at the same spatial frequency but ffecént orientations.

Question : Can you tell something about the object inclinaton angle?

From the table in Sect. 5.1 we know that 25% of the continuumdhmes from the disk and 75%
from the star.

Question : Give the stellar diameter in mas assuming the disince and stellar radius given in
that same table.

The functionudisksimulates a uniform disk. It has four parameters : the MgV , the wavelength
lam (in um), the diameteD (in mas), and the baseline lendgdin m). Given three parameters, this
function will return the value of the fourth one. For example

V=udisk(lam=2.17,D=2,B=50)
will return the visiblity for a 2 mas uniform disk observed2al 7um with a 50 m baseline, or :
D=udisk(lam=0.6,V=0.7,B=70)

the uniform-disk equivalent diameter for an object for whwee obtain a 0.6 visibility at Om with
a 70 m baseline.
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Question : Is the stellar surface significantly resolved folour longer baseline?

The functiongdiskis equivalent taudiskbut for a Gaussian disk. The paramdies replace bywhm
for example,

fwhm=gdisk(lam=0.6,B=70V=0.7)
return the Gaussian-equivalent FWHM for the same parameters

Question : What is the size of the disk in the continuum (in masnd stellar radii)? You need to
know how to compose visibilities for a not fully resolved obgct!

Question : Can you do the same in the line? Explain the limitatbns and try to give a roughly
estimate of the disk extension.

5.4 Manual fitting process

Now that we have a few starting constraints on the kinenratidel parameters (from the table in
Sect. 5.1 and our qualitative analysis in Sect. 5.3) we cam ktnning models and comparing their
results with the data. Modify thearam example.prdile using your first guess of the model parame-
ters.

Then, open the scrifiite test3.proand look at it. It is a mix a thbe testl.proandbe test2.proscripts.

It reads the AMBER data, extract all the baselines length aieshiation, and put them into two 1D-
arrays,B andangle It then computes a model using tparamexample.daftile, and simulate the
observations using the extracted baselines length antiggpangle. Finally observations are plotted
the same way as ibe test2.proand the simulated visibilities andftiérential phases are overplotted.

Run the script with your first guess of the parameters.
Question : Is the continuum well fitted for all baselines? Wha about the variations in the line?

With the work done in Sect. 4 you should roughly know whatts diect of the diferent parameters
on the visibility and phase. If it's not already well-fittey first to adjust the level of the visibility
continuum by changing the parameters having f@ce on it. Then choose the parameters one-by-
one starting with the one having a biggdieet a the visibility, phase and spectra. For example, you
should determine easily the line Equivalent Width by adijigsthe line profile.

Question : Now it’s time to find a good set of parameters to fit tle data... Good luck!

5.5 BONUS Section : Quantitative “goodness” of the fit withy? computation

Fitting the data manually might be funny but it is nati@ent and it can introduce human-based
biases. The first step toward the implementation of autanidting techniques is to quantitatively
measure our fit quality. The most simple way is to measure igtartte between the data and the
model for every measurement and compare it to the uncertamthe measurement. The most com-
mon operator used for such purpose isthelefined as follow :
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N 2
> O (Di = M)
= ()

whereN is the number of measurements, addand M; represent the values of the data and the
model, respectively. The? is usually normalized by the degree of freedom defined by Mitere

L is the number of free-parameters of our model. A redugedf 1 roughly means that the mean
departure between the model and the datarisaly? of 4, that the average departure is,2and so on.
On the other hang? of less than 1, means that the model fits “too well” the datathatlit has too
many free-parameters.

5.5.1 Step 1: interpolating the model wavelength-table

Before starting to implement the?, we first need to interpolate our modeled quantities (Migjbi
phase, and spectra) at data wavelengths in order to be apkrfrm the subtraction betwed)
andM;. To achieve this task, we will use the IDL functiamterpol. To interpolate the'] baseline
visibility and phase for the'i observation, type:

visi_interp =interpol(visi[i*3 +},*],lam,*(data]i]).lam)
phaseinterp =interpol(phase[i*3+j,*]*Iradeg,lam,*(data[i]).lam)

Note that we convert directly during the interpolation thedaled phase in degree as the observed
one is given in that unit.

Question : How about the line profile? Find the IDL code to intepolate the model one at the
observed wavelength?

You can implements the interpolated visibilityfigirential phase and spectra in theetest3.proscript
and over-plot them to check that you didn’t do any mistake.

5.5.2 Step 2 : Estimating uncertainties on the measurements

The second step of the work is to estimate the uncertainidekemeasurements. The AMBER Oi-
fits files already contains the errors on the square visihilitd diferential phase. For th& paseline
of the " observation, they are defined the following way :

sqVerr_ij =(*(data[i].sqVerr))[*,j]
pherr _ij =(*(datal[i].pherr))[w,j]

You can extract the uncertainty on the visibility from theiagg-visibility one and print the average
visibility and phase uncertainties for each baseline.

Question : What are the magnitude of the uncertainties on thevisibility and the differential
phase?

Now look at the plotted data and especially at the noise icdminuum.

Question : Do you think that the uncertainties given in the AMBER file are overestimated or
underestimated?
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In fact the uncertainty on the visibility is a compositioneodlifterential uncertainty between the spec-
tral channels that can roughly be measured using the notée ioontinuum, and an absolute error,
uniform on all spectral channels, mainly introduced by takbcation process. On the other hand, as
the diferential phase is afiierential quantity, it's uncertainty is onlyftierential.

Let's try to compute the uncertainties using the continuwis& We must first define a range of
indexes in the wavelengths table corresponding to the mamtn. This can be done using the IDL
functionwhere

lam_min=2.164e-6
lam_max=2.167e-6
w_cont=where( *(data[i]).lam It lam _min or *(data][i]).lam gt lam _max)

Here, we selected the indexes corresponding4@.164um or A >2.167um, so roughly every wave-
lengths excluding the line itslef. The indiceswmay depend on the observatioas the wavelength
tables for the two AMBER files may beféirent. Hence, put this line of code into thi®op.

Finally we can now compute the on the visibility and diferential phase using the IDL function
moment that return an array containing the first 4 momentsefdistribution : mean, variance,
skewness, and kurtosis. To getype :

mom_Vij =moment(sqrt((*(data[i].sqvis))[j,w _cont]))
sigma.Vij =sqgrt(mom_Vij[1])
mom_phij =moment((*(data]i].phi))[j,w _cont])
sigma_phij =sqrt(mom_phij[1])

Question : Compare the diferential uncertainties computed on the continuum noise andhe
one given in the AMBER Oi-fits. Conclude on the level of the absoke visibility uncertainties.

5.5.3 Step 3: Computing the least-square in the line
First, we need to define the indexes corresponding to wagtierin the emission line :
w_line=where( *(data[i]).lam ge lam_min and *(data[i]).lam le lam _max)

with lam_min andlam_maxequal to the one previously defined for the continuum indexesnt

We now have everything to compute teon the visibility and diferential phase for the,iobserva-
tions and they, baseline:

chi2vij=total((sqrt((*(data[i].sqV))[w _line,j])-visi _interp)~2./sigma.vij"2.)
chi2phij=total((phase.interp-(*(data[i].phi))[w _line,j])"2./sigma phij"2.)

Note that the total function returns the sum of all elemeaotsh array.
The finaly? is the sum of the/? on all visibilities and diferential phases divided by the number of
measurements (each spectral channel is considered asspentent measurements) minus the num-

ber of free-parameters (i.e. 11). You can load the final s§doptest4.proand compile it. The final
x? is printed at the end of the procedure.

Question : What about the closure phase and the spectra? If yostill have time (you're really
fast) modify the script to take into account these two quanties in the y?> computation
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