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Context of this course

Interferometer ! -
ﬁ(
l ; i': ﬁ

Data
analysis

F.'Millour 2021 VLTI School 11/06/2021 4
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Outline

hy do we care so much about da
hat are we looking for?
— What adversities are we fighting against?
¢ The interferometry observables

— All the observables
— Statistics
— Calibration

e MATISSE data reduction
e Conclusions
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15t of all, what are we looking for?

e ZVC*: complex degree of light coherence = normalized Fourier
Transform of the source brightness

* Fringe = cosine modulation of light due to interferences

60)
(1)—2T[T

* The fringe contrast (1) & phase (¢), or fringe visibility
(V = n e'¢ )at the recombination point measures this complex
degree of light coherence

1(d,)=1,1+pcos

0

*For dummies, ZVC means: « Zernicke & van Cittert Theorem »
F. Millour 2021 VLTI School 11/06/2021



15t of all, hat are we looking for?

; —or | ¥
P s “ 1”
, : B

Intensité normée a 1

T T T O A T O NN
Contrast (p) g _ |
SR S S : Science! |
o \/ \WMMW \Vueicb = TF[object](B/> iﬂuﬁ
0.5:: - :
B - This course is
| I . about how do N TN e
0-077 I R A I A R B A Pl?|a|se(¢) we gEtUandd) K ! " 1'30 . zigrrsrc']m
’ L:’ifféren;:e de rz.arche (-1'n1)0_5 ’ Frequency (B/;\')
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Cophasing

Recombiner Delay line

F. Millour 2021 VLTI School 11/06/2021



Delay lines

' School

11/06/2021
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http://www.mro.nmt.edu/Projects/interferometer.htm

PIONIER In a near future (2025...)
« 4 telescopes
i GRAVITY +
TetH . 4 telescopes
$iidEbant . K-band (2-2.5um)
« High sensitivity!
GRAVITY
« 4 telescopes
) K'band
2-2.5um
« Spectral resolutions
R=30 - 4000

« Astrometry

MATISSE
« 4 telescopes
« L. M & N-bands
3-13um
« Spectral resolutions
R=30 - 3000

F. Millour 2021 VLTI School 11/06/2021 12



15t of all, what are we looking for?

* An interferometer produces
—a lot of data with
—tons of noise

Example:a MATISSE N-band file (1mn) weights 600Mb
Max. compression rate: 20%
* A DRS aims a getting the best results out of all this...
noise!

F. Millour 2021 VLTI School 11/06/2021 13



Outline

 Why do we care so much about data reduction?
— What are we looking-fc
<What adversities are we fighting aganst?

¢ The interferometryobservables

— All the observables

— Statistics

— Calibration

e MATISSE data reduction
e Conclusions



What are the issues?

Fringe signal has a simple expression:
60)
d)—zﬂT |

Visibility can be estimated linearly:

1(d,)=1_|1+pcos

0 0

R(V)=1(0)—1 3(V)=I1(N4)-1
So, there are no issues...

F. Millour 2021 VLTI School 11/06/2021 15



What are the issues?

Fake data

ffffffffffffffffffffffffffffffffffff : :IZ—I1
: [+

Optical path difference
F. Millour 2021 VLTI School 11/06/2021 16



What are the issues?

Real data (processed)

‘o
Différence de marche (m) F. Millour 2021 VLTI School 11/06/2021 17



What are the issues?

Real data (raw)

F. Millour 2021 VLTI School 11/06/2021 18



Real data look like this:

Real MATISSE data (multiaxial)

Real AMBER data (multiaxial) | 4 Real FLUOR data (coaxial)

A f 'n 1A A A
}\‘ | v / 'J ne \ A ~-J'\"' ""4"‘;-, 4

W M ” ' , 1‘ \ |’ v \

A i) 'ﬁftf‘f'f'\“ : + What means

> o Multiaxial?
e Coaxial?

B F. Millour 2021 VLTI School 11/06/2021 19



Multiaxial recombination

* Overlap the beams with a tilt to produce a
variation of OPD (fringes of equal thickness)

Telescopes

Detector

Cophased and
collimated beams
from telescopes

5 ) O, ocX

CI)—ZTI'TO_

1(d,)=1,/1+pcos

F. Millour 2021 VLTI School 11/06/2021 20



Coaxial recombination

* Overlap the beams on top of each other. OPD is
varied with an input piston (fringes of equal path)

2 o
§' Mirror (piezo mount, speed v)
(7))
% Beam splitter =
I_ L -'l[’ﬁliiF‘Jr.i'hf:ﬁr"ﬁ'l‘mn - .Ig
Cophased and 2
collimated beams @)
from telescopes 6 0 oCcyt
60 : Detector
1(d,)=1,/1+pcos ¢—2n7

F. Millour 2021 VLTI School 11/06/2021 21



What are the issues?

Real fringes have a complicated expression:

1(d,)=1, ¢—2n%)]

. 1+ cos

F. Millour 2021 VLTI School 11/06/2021 22



What are the issues?

Real fringes have a complicated expression:

(¢
A

o225 (o)
U&,

Photometry unbalance
Jitter

Fringe motion

Spectral decoherence
Additive bias

Additive noise

+ Bandwidth smearing
+ Baseline smearing
+ Polarization effects

it il bt

F. Millour 2021 VLTI School 11/06/2021 23
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The atmosphere

Atmospheric turbulence
cells distort the incoming
wavefront

Turbulence

Pupil wavefront distortion

» Turbulence
Shift between pupils
» Piston or OPD Hi : /
% Piston

/ / £ ik
/ 7/
/!
1 /
1

F. Millour 2021 VLTI School

11/06/2021
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The piston creates 2 effects

* Fringe motion A

— Time-dependent phase shift of the fringes
=» Fringe phase is lost!

* Fringe blurring
— Contrast loss due to finite integration time

=» Fringe amplitude is lost!
Bl
2 U*AQ | |

F. Millour 2021 VLTI School 11/06/2021 26




The turbulence

Turbulence

27
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The turbulence

/
/
/ V4
/ /
V4 74
V4 /
/
V4 /
/7
/
/
/

™

N7

F. Millour
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The turbulence

,&\‘/ ,’/ p — e Uturh
A Siie turb

 Visibility reduced by wavefront variance over pupil

> If turbulence small = small effect (IR interferometry)
>Reduce telescopes size (SUSI, NPOI)

*Gte sraplive optics (hetter solutiog)

» Use another technique to flatten the wavefront

F. Millour 2021 VLTI School 11/06/2021 29



Modal filtering

* A pinhole placed in an afocal system
filters out wavefront corrugations

ZESERSL
el
SE ChO\C Pinhole

’—I\/-—
———\/——
’—'\/F—-
’—\/ﬂ—

F. Millour 2021 VLTI School 11/06/2021 30



Modal filtering

* A monomode optical fiber does the work even better
— The corrugated part of the wavefront is rejected by the fiber
— Corrugated wavefront = flux variations

e“‘\,S a Monomode fiber

A

- 1
~
Core Ene:;issipation by

Cladding evanescent waves
F. Millour 2021 VLTI School

11/06/2021
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Modal filtering

e is transformed into

V”U 1 U]wcos(cb g )

14
That’s why we have b

signals looking like that: | W\ , OPD = vt
VAWWI\/\WWM J\ U\ in coaxial
>t

F. Millour 2021 VLTI School 11/06/2021 32




What are the issues?
Photometry unbalance

1(3,)=

0

50)‘
¢—21TT

I,|1+pcos
In case of unbalanced beams, the

interferogram becomes:

I +]
1(d,)=— >

Photometry is variable (scintillatlon

alignment, filtering): 7
1(3,,1)= +\/1 () cos

0
>+ 11 ucos(cb 21'r)\)

®
c|>21'r)\

Instantaneous contrast becomes biased by: 27 I, -o94ifi=2),
EH SO
1 +1,

F. Millour 2021 VLTI School 11/06/2021 33



What are the issues?
Photometry unbalance

The solution: photometric channels

Telescopes
Ml
Detector

Cophased and
collimated beams
from telescopes

Measure |, and |, using shutters before or after taking fringes
Monitor photometries simultaneously

F. Millour 2021 VLTI School 11/06/2021 34



What are the issues?
Spectral decoherence

* Fringes are not exactly cosine due to spectral

bandwidth ' A,
1(d,)=1 1+J. U cos
Al

LTI School 11/06/2021 35



What are the issues?
Spectral decoherence

 With a square filter:

[(d,)=1,|1+sinc

0

* How to cope with that?
—Beat OPD O !

—Increase spectral resolution R

0

2T ——
RA

* Fringe contrast is OPD-dependent!

o-any|
‘U cos ¢>—2Tl'7

Packet size

A=RA

>

W\/\/\/\/\/\M

«—>

Fringe size

F. Millour

i=A
2021 VLTI School 11/06/2021 36



What are the issues?
Biases
* A bias is some additive value with non-zero mean

* Examples: M
—Detector bias
—Thermal background ~ ~~-—m
— EM detector perturbations Wmhw{Rrk SpaibE
—Photon noise bias &

 How to cope with it?

—Estimate it and subtract it!

Intensity

Spurious frlnges mduced by electrom;gnetlc

disturbances (Li Causi et al. 2007)
F. Millour 2021 VLTI School 11/06/2021
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What are the issues?
Additive noises

e A noise is some additive value with a zero mean

e Examples:
—Photon noise from the source
— Photon noise from thermal background
— Detector noise
* How to cope with it?
— Statistics!
—Error estimates!

F. Millour 2021 VLTI School 11/06/2021 38



Summary

Real fringes have a complicated expression:
i |

1. Photometry unbalance
2. litter

3. Fringe motion

4. Spectral decoherence
5. Additive bias

6. Additive noise

F. Millour 2021 VLTI School 11/06/2021 39



A note about « visibility »

* « Visibility » is often referred as the fringe contrast
& not the complex visibility of the object
* The measured visibility is not the visibility of the object:

— Instrument’s response is not 100% of contrast
(polarization, vibrations)

— Atmosphere affects fringe contrast
(jitter, turbulence)

* From now on, « visibility » means uncalibrated fringe
contrast (to make it simple...)

F. Millour 2021 VLTI School 11/06/2021 40



Outline

 Why do we care so much about data reduction?
— What are we looking for?
— What iti e we fighting against?

e interferometry observa

— All the observables
— Statistics
— Calibration

e MATISSE data reduction
e Conclusions




All the observables

Complex coherent flux:

ab !]IIJ

inst +atm ob ject

a,b
a,b C ,
Visibility: Hobject = T

xe_ inst+atm
i b b
CI)zbject —arg ( Ca )

F. Millour 2021 VLTI School 11/06/2021 42



All the observables

In real life:
Complex coherent flux:

ab !]IIJ

Spectrum
Visibility squared

inst +atm ob ject

Differential phase

I re ph
Closure phase Phase reference

Differential visibility
Coherent (or linear) visibility

“differential closure phase”

X Closure amplitude

F. Millour 2021 VLTI School 11/06/2021



How do we get coherent flux?

* Image-plane method(s) | * Fourier-plane method(s)

—Image space fringe-fitting —Fringes look like a cosine
»>ABCD, P2VM »signature is a single peak in the
—We get directly R & | of the Fourier plane
coherent flux — Amplitude of the peak = coherent flux
Data ;'f'l | : 1 —Phase of the peak = phase

\ povm >R & | —W\W]\M FT'\

JEEEEE 2!

AN AN
0 y=Bs U

Optical path difference

F. Millour 2021 VLTI School 11/06/2021 44



ABCD vs Fourier

* Image-plane method(s) | * Fourier-plane method(s)

—Strong a priori —No a priori except

(model of the fringes) « fringes look like a cosine »
— Extra data needed to build | —Extra data needed to

fringe model integrate fringe peak
—Optimized: the fringe — Not optimized: a fringe

packet is modelized using packet is not really a sine

the instrument itself wave

F. Millour 2021 VLTI School 11/06/2021 45



Visibility estimator
 Coherent flux:

ab \/]]IJ a,-b

inst +atm I'Iﬂbject

* Visibility:
. |Ca,b|
“Dbjict \/1 I u

F. Millour 2021 VLTI School 11/06/2021 46
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Outline

 Why do we care so much about data reduction?
— What are we looking for?
— What adversities are we fighting against?

¢ The interferometry observables

— All the observables
— Statistics
— ion

e MATISSE data reduction
e Conclusions



Visibility estimator

 Modulus * Product
* Division * Square root

F. Millour 2021 VLTI School 11/06/2021 48



Amplitude of a complex number
V=pe'® (n)=0

Z z ‘Z:‘ <‘V‘2> = <‘V+n‘2>

Wl = v+ 27 = <V2>+<29?[Vn]>+<\n\2>
= fe2n [y (el
- e+ f

e Transforms a zero-mean noise into a bias

— Correction = estimating the bias. Here, bias= variance of the noise

F. Millour 2021 VLTI School 11/06/2021 49



Division of 2 numbers

Let x = a+n, and y=p+n,, <x>=<y>=3, on,=on,=1

—How to average z=x/y? 18 T _

—Let’s try with z, = <x/y>
(1000 samples)

x/y estimate

Such estimate is highly biased! “

Bias depends on the noise!

] ) o Y S | I ST | N | T S B

F.M #tries



Division of 2 numbers

e Solution 1

—De-bias the estimator
2, =<x/y>/ (1 +oy/<y>?)

F.M




Division of 2 numbers

e Solution 2

—Use an unbiased estimator

Z, = <X>/<y>

F.M




You used to fear dividing by zero?

Now fear dividing by a noisy variable!

F. Millour 2021 VLTI School 11/06/2021 53



Multiplication of 2 numbers

* Be careful when multiplying 2 random

variables!
X = a+n, and y=p+n,

15 T T [ T T T T T T T T T T T T T T T

z, = <xy> Z, = <X><y>

Xy estimate

|
|
|

05 1 L L 1 P | L1 P L
200 400 600 800 1000

#tries illour 2021 VLTI School 11/06/2021 54



Square root of 2 numbers

X = a+n, and y=3+n,

1) : Z, = <sgrt(x)>*<sqrt(y)>
|z, = sqrt(<x><y>)

-
Y

sqrt(xy) estimate

1.3

1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
200 400 600 800 1000

#tries F. Millour 2021 VLTI School 11/06/2021
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Visibility estimator recipe

* Go for squared visibility! Avoid pitfalls!
— Extract |c2?| (coherent flux) for each frame
— Estimate I and 1» for each frame
— Estimate noise variance <|n|2%

— Calculate p2=<|Vv|%> by
f=lcat s s <PExits

raw squared
visibility
e And then?
— Calibrate!

F. Millour 2021 VLTI School 11/06/2021 56



A few examples: circular objects

* Visibility measures typical size of the object 0 — .

0.8 _II ; _E 174 urg
—The bigger the object, the lower the visibility Z 06 L ForEmREATE
— A bounce in visibility is a sign of a sharp edge in the 2 g; - = i
image CIID B Weigglt et aI.|2007 | | a
— A modulation of visibility is a sign of binarity L 08\ ;E?-fﬁﬁ%l,ﬁﬁ” -
£ 06 - center) —
* 1 Car observed with AMBER goar \ ]
0.2 - —
* y Phe observed with VINCI O
oL Wittkowskietal. 2008 | [ ymeonim - ORNX gl |
ER Z oosf L Amas s m ]
§ Ob; é | — UDJ/FDD
E I :f 0.010}-
é 0.4:— E '
é : : § 0.005 -\
%) 0'2,_ . 3 |
0.0:‘ s S e 0000:."/. R T S Rt
0 50 100 150 200 250 140 160 180 200 220 240 260 280

Spatial frequency Bﬁbo (1/arcsec) Spatial frequency B/kﬂ (1/arcsec)



A few examples: binaries

0 Cen HD87643

1.0 I I I T

12 T T T T I T T T T I T T T T

1.0
NN AN
M\ AR T4 | N

“ | A A

04+t
0 50 100 ool .

0 50 100 150
Spnatial Freauencyv (cveles/arc—second) /06/2021 58

Visibility
o

B/A (cycles/arcsec)



A few examples: binaries

0 Cen HD87643

12 | T T T I T T T T I T T T T 10 L
1.0 f\ e /M MH M ~
VA AR YAV
3 o038
RZ]
>
0.6
04 | | ! | | 1 1 I | | 1 1 | | L A
0 50 100 N Y . L L
0 50 100 150
/06/2021 59
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What about phase?

Remember, due to the atmosphere:

* Fringe motion

—Time-dependent phase shift of the

fringes
=» Fringe phase is lost!

1(d,, t)=e 7" lcos

A

( )
\¢’—2Tl' 6“4)\@(@/

F. Millour 2021 VLTI School 11/06/2021 60



What about phase?

* Phases are lost in long-baseline interferometry

e How to work that around?
—Get a phase which do not need a reference
* Closure phase

—Find a way to reference the phase (set the « zero phase »)
* « Phase reference »: use a reference star close-by
 « Differential phase »: use a wavelength close-by

F. Millour 2021 VLTI School 11/06/2021 61



Closure phase

D)= 1, + O 5+ 07 5,

F. Millour 2021 VLTI School 11/06/2021 62




Closure phase

Closure phase cannot be obtained with phases sums!
why?
Noise!
Additive noises produce a phase wrapping
\I;v.ra;lpped noisy phases have a top-hat distribution, when noise variance is
18

c¢p=0.1rad I ..

0.5

-0.5

11/06/2021 63



4—| T
al-
2|
‘I_
D- | .
-2
c¢ =0.1rad
!
)
II'
-1:0 -0.5
“.
'\.
A
A

0.4

0.2

0.03

0.00

Closure phase

11/06/2021
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Closure phase

* Closure phase cannot be obtained with phases
sums!

» Stay in complex plane to avoid phase wrapping:

—Bispectrum <C,,C,,C,,>
* Phase of the bispectrum = closure phase
* Amplitude of the bispectrum =V ,V,.V,,

F. Millour 2021 VLTI School 11/06/2021 65



Closure phase example

* Closure phase measures asymmetries

—A non-zero closure phase means asymmetries in the
object

—A zero closure phase means...
nothing!

* Closure phase is not
straightforward to interpret!

Phase closure
-

2.06 I-zml = -2,15.
FE M Wavelenath (um)



}(A){,Object
/ ’V\ A
SAL
>

Phase referenc% %

Refe rence

Ap=2mBsinO /A
(I)obj £ (I)ref i A(I)

F. Millour 2021 VLTI School 11/06/2021
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Phase reference

 Measuring a phase difference is equivalent to
measuring an angle between 2 sources

=» Can be used for astrometry
=» The longer the baseline, the more precise the angle

* The reference star provide an absolute phase
reference

=>» No more indetermination of phase = imaging

F. Millour 2021 VLTI School 11/06/2021 68



Differential phase

e « Differential phase » can mean many things

—Phase difference between 2 telescopes
=» a.k.a. « phase »

—Phase difference between 2 polarizations

—Phase difference between 2 wavelengths
The latter will be used next

F. Millour 2021 VLTI School 11/06/2021 69



Differential phase

 |dea: take profit of A- 5

dependence of atmospheric
phase

— 15t order = ensemble-
displacement of fringes

— 2" order = fringes slope

: | 5 +5(1)
](60,t):e_gj'““(f)ucos\d:—Zﬂ U*AC()/

F. Millour 2021 VLTI School 11/06/2021 70




Differential phase

Define a work wavelength channel g
Define a reference wavelength channel ¢

Compute phase difference between work
channel and reference channel

T ¢diff & (I)work = (I)ref

111 One cannot compute directly phases
difference !!!
— Calculate cross product in the complex plane
instead:
d)diff = darg <Cwork C*ref>
Reference channel must not contain the work
channel
(square bias)

ref

F. Millour 2021 VLTI School 11/06/2021 71



Differential phase

* Problem: phase slope changes with time

— Evaluate and correct OPD prior to calculating
the cross product
=» Cn=Ce2rd/A

*
£ (I)diff = arg <anork Cn ref”
Plhase (ded)

= =
— o [} o

=1

Piston (um)

002

Wavelength (pm)

N
______
7

202

VLTI School 11/06/2021 72



LIt Phase + B.sin(z) (dm)

Differential phase

* Problem: Chromatic dispersion affects DP
— Evaluate and correct chromatic OPD:
SoppA)=OPD(a+b /A +c/A2+..)

a, b, cdepend on partial water vapour pressure, CO,
content, etc.

See Ciddor 1996, Vannier 2006, Mathar 2007

Wavelength (m) Wavelength (m)

/06/2021
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Differential phase examples

* Rotating disk e Complex system
(binary with
o Arae changing flux ratio)
| BOo v Vel

20
7
§ [ FSARSANRN +H LL 1T Trl17-T7] 3
PR N T
e 251.80
20 3
-~ B B1 i af
< ‘511-1111 TTHT llLI:H/fT\\I 1 IIIIILIIIIIIIZiﬁ =
%10% N ) B T % =
—205_ E E I
2.150 & 2.180 -:
2o - -2
Emf— Ny B2 —E %
QUM SIS LRSS EL Y ‘\\ f rH R TIEITE £
aﬂ.‘lf— ‘I"'/‘ 3 0y
E 1 g
_anE E L
2150 2170 2.180
20E " - ’ | -4
T wf : B3 i
g 051_T-.-TT' TTTTT T -7 _n:l/Y\K 1T T T T I-= =TT - = =
s BL fITTHTTr=11T7 1 \L{f~“lllLllJ—LJ—LJ‘J—L—~E P T T S
2 -10E = =
* E E 206 216
2isg B9 avelenaih (micron ) i s '/06/2021 74




Differential phase can be used in imaging!
Self-cal (inspired from radio-astronomy)

Ale] supergiant star 3 Pup Observation

: ‘a T E T b 'C d e‘f T T T g T 3 >1.5°/o
e —— g 100% 12f 1
I Fa) —240kmis 1 1AF 1 [g 232kms ]
ODUSt 7)) Foy \ :1.0’- \ 1 E oy \ ]
104 75% g ol P B i i o Jl A E
- , : .G a’z i | Y U s Normalised spectrum 15 6 1 I3 0.75%
w LN / N7109 : . E X /7 7
B . .7 19 -200 0 200 Fo'~_ .7 3
il F % E_]:' Vrad (km/s) F i :
@+ R R SEnEamasnee N SRS EAERRREREN
£0 50% Lb) -69km/s Tc) -43km/s rd) -4km/s Lfe) 36km/s rf) 62km/s ] ‘
—~ 5 ,”—\\ T ,”—\\ o ,”—\\ + ,”—\\ T g Ry, o
w | ’g oy v+, \: o+ S E & % E 7 " AR
oF | + sk ’ e + Ve + v E + = B
‘ \E, Y /I T 3 ; < ,I : \ & /I : \ ‘ /I 1 0%
L2 g N B os% THEE oL/ 3 No_L¥ O Nl Nl O Nl HI
1 Bt gttt bttt b b bt b sl d ‘
ﬁ,‘ E §410113%5 511Dt 1+5 A ) S ) 5107 T+5
I ] Model
UM N SN S TS o . S N S N Sy S A S S W — L 0%
10 0 _10 0/° (= LB L L L= L L L L S0 L L= S L L LA~ S L RN LB BRI _0.750/0
- b) —6§ km/s i c) —49 km/s b d) —41 km/s : e) 3§ km/s - f) 62 km/s |
(X.(maS) ’U? 5;7 // \\\ : // \\\ ’,; // \\\ 7; // \\\ + // \\\ .
E 7 E 1 L/ T v £y ]
© \ \ v 7 [A v 3 \
7 . . car | - + | + 4+l + -+ | + -+ - 4
Détection des disques de = RN )i JE )]
g 00_5“ \\ _’ : \\ o “ \\ _7 i \\ _7 ' \\ 4 :
poussiéres et de gaz . . . - W S
11 1 LI L1l | Ll 1 (o SN L Ll (LR LT [« W 1 Ll Ll il 1 LIl I . <_.°
LS 0 -5 5 0 -5 8 0 -5 5 0 -5 5 0 -5 1
o (mas) o (mas) o (mas) o (mas) o (mas)
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Differential phase can be used in imaging!
Self-cal (inspired from radio-astronomy)

Ale] supergiant star 3 Pup

Observation
ATt rrrrrrble o el i rroia ] 2
w , , 1 g 100% 12F 3
I fa) 240kmis o 1AF 1 Fg 232kms ]
- 5F // =3 ; i i Z // ™S 3
o oy Vo1 10F o AT
10} = 75% g ofF + ! F L1 : 18w + i
- - ] E [ Normalised spectrum 1 r I 3 1%
. w0 Fo\ 1. 0.9 1 i 7 1
| BF ~___7 14 ~200 0 200 Eoso_.7 7
= Pie E een [ Vrad (kmys) s
/R T T T T T T T T T T T
go 50% Cb i 9{k /s Te) I—43 km/sI Id) I -4 km/s l Te) I 36 km/s I If) l 62 km/s I ]
= 5F 27T r 4= T F i " = 2Ny E 7T 3
w c~m | )/ v F 7 w E 7 ¢ £ 7 N
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Outline

 Why do we care so much about data reduction?
— What are we looking for?
— What adversities are we fighting against?

¢ The interferometry observables
— All the observables

— Statisti
o data reduction

e Conclusions



The interferometrist problematic

* Estimate « properly » fringe contrast & phase
— Precise measurement ]

— Accurate measurement:

e Calibrate data
— Calibrate,
— Calibrate!

—Calibrate? //
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Data calibration

* Why calibrate?

— Time-variable multiplicative visibility loss due to
e atmosphere (jitter, turbulence, etc.)
 instrument (polarization effects, bandwidth smearing, etc.)

— Phase reference is not well known / instrument dependent
« How to calibrate? Measure « transfer function » on calibration sources:

— Same conditions as science
 Same atmospheric conditions (close in time)
 Similar flux (same magnitude)
— Same instrument as science
* Same detector: same integration time, frame rate, etc.
» Same filter, spectrograph setup, number of telescopes, etc.
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Data calibration,

What are calibration sources?
e Stars!
* Most stars look like disks (same as the Sun)
* Visibility easy to predict
— Baseline B, wavelength A, star’s apparent

diameter O
2
J (2 o %)
2
Vcal — 4 B 2
r 2021 VLTI School 11/06/2021 80



Data calibration,

* The dream...

Time

Calibration Science Calibration Science Calibration

Science Calibration Science Calibration Science
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Data calibration.

* A typical observing sequence

Time

Calibration Science Calibration Science Calibration
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Data calibration!

 The way we would like to have it

Time

Science ratio Science
n
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Data calibration?

How it works in practice q.

about half the observing time is spent on calibration

2 2 2
M final= 1 star/FL cal
Same problem as for V2 measurement:

an error on [1%_ translates into a bias (systematics)

F. Millour
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Calibrators?

e (Calibration star = star with

known pi2_
* An infinitely small star at a given e
magnitude has an infinite 10

surface brightness

2

problem1: we want V?

independent of 0 L NN
=>0~0.1 for B=100m and A=2um | T e
: B=100m
problem2: 0.1 mas T=10000K (A0) ; A =2pum
has mag>7 N PP
=»impossible to avoid resolved L (fnasj ) )
stars
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Data calibration...

Measure visibility on 1. u® (¢ 2 (¢
science and (at least) a ' “S"‘f( S"’f) Hea ( cal )
calibrator J 20BN
; 2 Y1
Derive expected 2. p,=4 >
visibility on calibrator 21O B/
Compute transfer H2 (t )
function 3 T°(t z)— cal _cal
Interpolate transfer - “fh(tmz)
function to the time of
science 4. T Sci)zf[Tz(tcaf)]
Calibrate contrast u’ (¢
5. Vid_ Szz( Scz)
T (¢ )

SCl
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vvavelengtn—-averaged vinst (VOobs/VuD)
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: a better one (2008)
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“transfer function
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ot

o

wavelength

o
I

0.0F

The same plot as a function of

89
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« transfer function »: FLUOR

2
coT

May 22, 2000
1!8 [ T T T T T '| T T T T [ T T T T | T T T ] T T T T | T T T T
L6 | @im’kﬁ' O g -
I . o 1
14 [ ﬂ’?@ﬁ N
1,2 L |
- o o 0 D8 @
- ¢ eR@e )
1 L ]
i 1 1 1 1 1 1 1 | l l l 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 |
5:50 6:40 7:30 8:20 9:10 10:00 10:50 11:40 12:30
UT Time (hh:mm)
Perrin 2003
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« transfer function »: vinc

1 night

08 4

0.7

0.6

0.4

0.2 4

Instrumental problem:
drop of the TF due to
change of characteristicy

Optical Realignment

e e -
o

Change of instrument
configuration

of the beam combiner

Percheron et al. 2004
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How to propagate errors?

* Error sources: * Formal methods
— Raw visibilities — Derive errors in a simple way

— Calibrator diameter — Estimate covariances and pray

— Calibrator model .
— Is the interpolation function right? they are rlght

* Error propagation is not £
trivial * Empirical methods

— Statistics vs systematics — Estimate systematics and add

» Classical formulae work: the variances
e e — Treat statistics independently

— Gaussian statistics from systematics
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Black board error propagation

2

2 IJS::.‘f -
— 2 2 2
Vsc:f 2 0- : O- 3 0- 3
TC'HIF T[_m" “[_m" IJ;-"
IJ2 7w [ 2 < , -2
g e T LY ) ) )
Tc'm' 2 ( TE’-:LI{ ( IJE'-:;I!' (\\Hrf? |
: .urf'? ) =
e Calibration error are as important as other
errors

— uncertainty on the estimated visibility L,

— uncertainty on the measured visibility p_,




Estimating calibrators diameters

* ldea = use apparent luminosity & surface brightness
— From models (stellar templates)
— From colors (e. g. V-K)

* See review Cruzalébes et al. (2010)

— « Angular diameter estimation of interferometric
calibrators — example of lambda Gruis, calibrator for
VLTI/AMBER »

 See Bonneau et al. (2006)

— « Searchcal: a virtual observatory tool for searching
calibrators in optical long-baseline interferometry »

* For boring stars: works well down to ~1% accuracy

F. Millour 2021 VLTI School 11/06/2021
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Precision # Accuracy

* By averaging all my v2_. | get a super-precise visibility
* | derive 6. =1.523+0.001 mas

* ... compared to calibrator which has a diameter
0_,= 1.50+0.02 mas

* If cal has 1.52 mas, 6. = 1.543+0.001 mas (20 sigmal!)

56
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A simple case

* Fitting a constant R
o + | Woqyg = 0499+£0002 ¥Zreq = 0.042
provide a precise result

055 -

but ol T T

[ OOV Q0O
050 & O S O & R

e unrealistically small y2 | L =4+

0,45 - —_
e Are uncertainties

" average, with error bar based |
i ~on the scattering of the data -
overestimated? ) B

From Merand 2010 Porquerolles  F. Millour 2021 VLTI School 11/06/2021 96



A simple case

e Calibrators contribution is
not an uncertainty, it is
common to all
measurements

* |t is a systematic

e Separating the
systematic, everything

=

B0

0.55F

| V25yq = 0499£0.002 (x2req = 1.002

DEDE §§ o TR
| :§§ §§§§§§ -
g1

noisy data /

i

gets back to normal 045 -
2 _ - single calibrator
Vavg = 0.499 ] contribution
io-oogstat 0.40 ' ' |
0 5 10
+0.030.4
From Merand 2010 Porquerolles F. Millour 2021 VLTI School

11/06/2021
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What NOT to do

| consider my errors obviously
overestimated

| think | made a mistake in error
propagation

| take the scatter and set it as the error
because « data never lies »

| fit my model and find a %2 close to 1

| publish inaccurate result (i.e. wrong)
with ridiculously small error bars

| get in fight with colleagues because
my results are off by 20 sigmas

From Merand 2010 Porquerolles

F. Millour

0.60

0.50

0.40

055

045

contribution

5533 ,
:§§ §§§§§§§

noisy data /

single calibrator

7

Do not think this
never happened!
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How to overcome systematics?

* Simple case:
— Each observation uses a different calibrator

— Calibrators contribution independent from one point to
another

—Then, there are no systematics

* More general case:
— Take covariances into account: Perrin 2003 (A&A)
— Problem: need to quantify systematics

— Example: data selection can introduce an unknown
systematic
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Do phases need calibration?

 Example: we saw closure phase eliminates all
telescope-based perturbations

 BUT: affected by polarization, beam overlap,
detector cosmetics, etc. Phase plot

AMBER 2004-12-26T06_18_05.757_VIS
==> AMBER.2004-12-26T06_22 57.492 VIS

- . I ! | T T T T T T T
S D'mg 'Ea YRE
S 0.05F iy JRTL T
a0 " nri r‘Jli1.?r| ;,.r"v’ 'L?h ! 'I'I o Vi
% 0.00 ;.,r'l -,.-J'_' !_ . | - J.}jd'f' -'i.'LE
C_005[ P ‘*J’ Ha il ;
1 E o J :
212 2.14 o 215
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« Phases transfer function »

* We indeed see some variability!
e Can be calibrated out with a careful monitoring

Clos. (rad)

Time (h) + MJD 54823
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Outline

 Why do we care so much about data reduction?
— What are we looking for?
— What adversities are we fighting against?

¢ The interferometry observables

— All the observables
— Statistics

— Calibratio
ATISSE data reducti
e Conclus



MATISSE data reduction

e Based on Fourier transforms

» Careful calibration of detector & atmosphere
contributions

 Modulation/demodulation
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Cosmetlcs correctlons

 Subtract cold dark
» Divide by flat field ~

* Interpolate bad

pixels

 Apply distortion correction

* Apply Kappa Matrix (1/P),
Shift & Zoom coefficients

3]
<

F. Millour 202




Compute Fourier transform

That’s in fact 1st step (out of 3) of demodulation
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ompute observables

mat_showOiFits.py

2018-12-11T082455_HDA45677_IR-LM_LOW_IN_IN_Chop fits  «
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TF2

TF2

TF2

TF2

Transfer function

Mat_showTransFunc.py
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Calibration

 mat autoCalib.py... you will see that tomorrow!
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Outline

 Why do we care so much about data reduction?
— What are we looking for?
— What adversities are we fighting against?

¢ The interferometry observables

— All the observables

— Statistics

— Calibration

e MATISSE data reduction

(Conclusion§>



Conclusions

* [Interferometric data reduction is somehow tricky
— Visibility disturbed by noise and systematics
— Phase is lost but: closure phase and differential phase
* Never use a DRS as a « black box »!
— Understand limitations
— Think about strategy (including for observations) Be Critical.
— Be critical on everything!
e Calibrate:

be critical...

— Calibrate: do not forget to be critical after battling to obtain visibilities,
— Calibrate, check the self consistency of your datasets
— Calibrate... Never forget everything is biased!

BE CRITICAL!
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