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The multi-axial or ‘‘Fizeau-type’’ beamcombiner

1974 Labeyrie fringes

Spatial coding beam combiner:

K DI
B
A2
The opd 1s spatially modulated: 1(6) = = X(l + Vcos(2 4 Hj]
m—o
A
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The multi-axial or ‘‘Fizeau-type’’ beamcombiner

Fourier transform

A

Single-telescope

/ optical transfer function

B/ DA +D/A BA

B/A and B are conjugate variables through the Fourier Transform
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P(s),B,0) = I,.,{1+Re [Vexp[-ikd]]}

P(sy,B,0)

Re[V] = 1

total

Im[V] = M -1

total
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From an 1deal to a real noisy interferogram

1. Additive noise

Ideal interferogram:
P(SoﬂBﬂé) = total{l T Re [VeXp[_lka]]}

With photon and detector noise:
{Pn(SmB?é) = P(SODBDé) + ndet t nph
rms(n,,) = \/P(SO,B,é)
With instrument and sky background noise:

{Pn,b(SwB?é) = P(S07B95)+ndet +nph +Ba0k(t)+ nBack(t)

TMS(7 ,5,y) = \ Back(t)
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From an 1deal to a real noisy interferogram

2. Multiplicative noise

Ideal interferogram:

P(s,,B,0) = mml{l +Re [V exp[—iké]]}
Interferogram with unbalanced beams:
P(s,,B,0) = P, +P,+24/P,P, xRe [V exp[-ikd]]

Fringe contrast (phase unchanged):
_ 2+/P,P, « ‘V‘
P A t P B

P, =2P, = C=094xV

C
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From an i1deal to a real noisy interferogram

2. Multiplicative noise

Interferogram with turbulence:

P(s),B.0) = P,+P,+2[P,P, xe™¥ xRe [Vexp[-ikd-ig,(1)]]

95 28 . .
€ ° isthe coherent energy, 7, is the phase variance over the pupil

Instantaneous fringe contrast:
— 2 PA PB
PA + PB

5
xe 7? x‘V‘

C

This is a real catastrophy when the turbulence is not stable which
unfortunately is the case in real life
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Different ways to handle the turbulence 1ssue

1. Don’t do anything and assume that turbulence issues do not have an
impact on the science case

2. Stop the telescope pupils down to less than r,

3. Use a perfect adaptive optics system and flatten the corrugated
wavefront

4. Use a different technique to flatten the wavefront

5. Mixof3and 4
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Mira in the K band

What 1s the model to choose ?

8,4 = 3€.1£1.9mas

4]
s (cycles/arcsec)




A

'-\-_‘_-‘--
—_—

to detector

RV
speckle . clean
plzlttem pinhole  lens wavefront

F.T. ]W—J\w. xl I F—IIY

H _ . goes mostly through

corrupted

wavefront lens

_|_
T ——— mostly filtered

T




Better way out: modal filtering

N | mee N

Single-mode waveguide

A

\A

The spatial profile of the exit beam is the profile of the fiber fundamental
mode (close to a gaussian).

The phase is flat in the waveguide. The spatial coherence 1s maximum.

The phase fluctuations of the input beam are traded against intensity
fluctuations of the output. But these fluctuations can be measured.
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Sorties interférométriques




Interferometric equation, revisited

P(s,,B,0) = P, +P,+24/P,P, xRe [V exp[-ikd=ig,(1)]]

With beams A and B modally filtered:

P(s0,B,0) = P,(£)+Py(t)+2+/P, ()P, (?) @ Re [Vexp[-ikd=ig,(1)]]

The maximum fringe contrast is the instantaneous atmospheric contrast:

24P, (£)P, (1)
P,(t)+ P, (1)

Com () =

Hence the visibility after photometric beams have been measured:

V|=C(@)/C(@)

atm

The coherence loss due to turbulence has been removed.
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Mira
November 2001

2.03 um (H,0)

2.15 pm (continuum 1)
2.22 pm (continuum 2)
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Visibility estimator
Some vocabulary first

The measured fringe contrast needs to be calibrated to be useful otherwise
it 1s dramatically biased by coherence losses (polarization, dispersion,
atmosphere, ...)

Fringe contrast before calibration:

7] Coherence Factor or Uncalibrated Visibility

Fringe contrast after calibration (the observable linked to the object):

V Visibility or Calibrated Visibility
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Visibility estimator

Vor )79

By V, interferometrists indeed mean |V|
The data reduction process provides a noisy estimate of |V|

The noise applies to the complex quantity 7 and therefore the estimated
fringe contrast for each individual scan 1s corrupted by noise so that:

~

V=V+n and I7=‘V+n‘

When averaging individual visibility estimates to improve the SNR:

<ﬁ>:<\V+n\>¢m
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0 O
O Turbulence ;

Faisceaux filtrés ,

Sortie photométrique a
(calibration)
| ]X3 Sortie photométrique
(calibration)

Sorties interférométriques




What do the signals look like ?

The two complementary interferometric channels:

I(1) = KEP,(t) + KEP, () £ 24/ KEKE AP, (1 xV(g)xe ™ gg

oSS

KEKE AP, ()P, () I o) xe 0 g

KiP, (1) + K5 Py (1)

With P ,(t) and Pg(?) the phatometric signals measured by the photometric
channels and &~ and k" the gains of the interferometric channels
relative to the photometric channe

140- Eﬂl@ﬂ
IR L

120-

100

50—

E0—

40—

g
0
L 1 1 1 1 1 1 1 1 1 1 1
a 100 130 200 230 00 330 400 450 0 Hz|

20-
| | 1 | 1 1 1 1 | | |
0,000 0,025 0,050 0,075 0,00 0,425 0,150 0,75 0,200 0,225 0,250s
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First step: measuring the gains

140, JJE
i+

22511 +]

Lg
&

20— 1 1 1 1 1 1 1 1 1 1
0,000 0,025 0,050 0,075 0,00 0,125 0,150 0,75 0,200 0,225 0,250=

100
90—
20—
TO-
60—
50—
40—

30~ 1 1 1 1 1 1 1 1 1 1
0,000 0,025 0050 0,075 0,00 0,025 0,50 0,075 0,200 0,225 0,250¢

110- Eﬂl@ﬂ g
s sl |/

- 1> =43 +]
TiERE™ Y
Bo-

B0—

55—

:." S0-

45—
40—

35 1 1 1 1 1 1 1 1 1 !
0,000 0,025 0,050 0,075 0,100 0,125 0,150 0,75 0,200 0,225 0,250=

s0-
a5

00—,

s 43R +]
|4 v-vy o]

55—

40-
25—
30—
25-

20— 1 1 1 1 1 1 1 1 1 1
0,000 0,025 0,050 0,075 0,00 0,125 0,150 0,75 0,200 0,225 0,250=

Gains are measured by alternatively blocking beams A and B
and by fitting the interferometric signals with the photometric signals
(the parameters are the ks)
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Third step: normalizing the interferogram

Normalization of the interferogram (correction of the effects of turbulence, except

for piston):
o L Bl K0
Inorm(t) Il W =
24Kk P, (1) Py (1)
10— Eﬂllﬁﬂ
iERET] U

i
=]
1 1

50—

40—, 1 1 1 1 1 1 1 1 1 1
g,000 0,025 0,050 0075 0,400 00425 0,50 0,75 0,200 0,225 0,250=

The same process 1s applied to the noise sequences that have been recorded

Why ?
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Fourth step: computing coherence factors

Integrate the corrected interferogram PSD

Subtract the integrated processed noise PSD

1200- /T | (2 £
1600— J-lE ﬂﬂ gﬂ
1400
1200-
1000
200 -
600
400 -
200-
0=y T T 1 1 1 T T T T T |
o 50 100 150 200 250 300 350 400 450 2S00 S50Hz
12800 JJE ﬂ B@ ﬂ
1600— J.l m ﬂﬂ gﬂ
1400
1200-
1000
200 -
600
400 -
200-
. I_,__,—/\“‘““V/\’\“\-__._M_H_,_.N__N

i T 1 1 1 T T T T T |
o S0 00 150 200 250 200 350 400 450 500 550 Hz

One noise PSD has not been subracted though. Which one ?

u? processed source photon noise bias:

b, = T[gi(t)]zli(t) dt  with g%

o 1
2JKCKEP, ()P, (1)
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An 1llustrated example

PSD of the normalized interferogram

PSD interferogram - PSD noise

PSD of the normalized noise

PSD interferogram - PSD noise
- PSD photon noise
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Importance of error bars assessment

Not such a huge issue in radio interferometry (this is a personal opinion)
as the amount of uv points is usually large (except probably for VLBI)
and statistics can be directly estimated from calibrated visibilities.

At optical wavelengths, uv point sampling is poorer (I hope this will
change !).

Each visibility point therefore has a large relative weight in the data set.

Each point should therefore be well calibrated and the error be well
estimated.
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Final u? estimate and error bar

Squared coherence factors are computed for each scan in each interferometric

channel

Plat

¥E.

Plot statistics : w22
- T

Average: | 10,4280 20,0000
Median: | 0,4298 E

Skew :| 0,4 Bias:| 0,4

Standard dewviation

25,0000=
20,0000=

Absolute Relative

15,0000=
0,050= 11a % E
Standard ertor 1040000—:

Absolute Relative

0,0042 10 % 5.0800~

Fiston noise ¢

total noise: (0,014

=
b

(Flot histogram)

0,4000

0,5000

[ 142 points

Correlated magnitude:| 1,3

They define a statistics (histogram) from wich a standard deviation 1s derived

i ()

Eventually one gets: 1P+ JQ{E)

=

2o
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observing time




Steps

1. Derive the expected visibility of the calibrator

usually a uniform disk diameter is used to predict visibility at the

spatial frequency S
2J,(n6,,5)

7,,S

Aty S

2. Derive the instantaneous transfer function for each channel
2

K

() = 72 ()

3. Estimate the transfer function at the time when the science target was

observed
Different methods may be used

4. Calibrate the visibility of the sciencz2 target

2

X1
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Example of transfer function

o SOUrces

Arbitrary scale

1 .ISI:l_ll 1

D O O
0233 0z 26 04 :00 04 :4e

1 | [ | 11 LI | [} | 1 [ | [} LI | 1 | [} [ | LI | [} | 1 [ | L ]
0025 0040 011z 01 4e& 0z :20
11709 11 /09 11709 11709 11./09 11709 11709 1109 1109
Time
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Propagation of errors

Sources of errors (10 error bars):

- errors on coherence factors (detector noise, photon noise, piston
noise)

- errors on the diameter of calibrators

Propagation of errors:

- The final estimate of the squared visibility is the product and ratio of
hopefully gaussian random variables.

/N\ - The ratio of two centered gaussian random variables is a Cauchy
distribution of non-defined mean and variance ! This 1s potentially
dangerous when the SNR 1s low.
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Propagation of errors

2nd method to propagate errors:

V2:§XV2

C

- simulate the random variable and compute the variance of the

simulated statistical distribution 40000
35000

30000

1 =0.400£0.010 25000

E‘ 20000
1 =0.600+0.010f = V?=0.654+0.020 £ 15000
V2=0.980+0.001

V

) ] ] ] ]
Analytjcal method = V2 =0.653+0.020 0,55 0,60 0,70 0,80 0,85

V£2
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Propagation of errors

2nd method to propagate errors:

V2:§XV2

C

- simulate the random variable and compute the variance of the

simulated statistical distribution 175000 -
150000 -

125000 -

(7 =0.400 £ 0.010 o =

g
(#=0.600£0.100f = V?=0670+0.126 = ™
5 -
V2 =0.980%0.001]

25000 -

0y 1 1 1
Analytical method = ¥~ =0.653£0.110 00 05 10 15

VA2

- this method 1s more robust as 1t also works with large error bars

VLTI EuroSummer School Guy Perrin -- Data reduction 12 June 2006 58




Another 1ssue, often overlooked

Correlations between visibilities recorded at different times, with a
different baseline,..., also have to be taken into account for model
fitting.

In this case the correlation is due to the use of common calibrators (the
expected visibilities are then correlated)

It 1s therefore necessary that the data reduction program outputs numbers
to compute the correlation a posteriori ...

Examples will be shown in L11
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Rejecting bad data

Alpha Her
Super giant star of type M5 Ib

Alpha Her
Super giant star of type M5 Ib

l [ T T T I T T T I T T T I T T T I T T T 1 T I T T T I T T T I T T T
08 i N 0,8 N Pup 1996 = 2V —
[ ] [ x3=1,32
» [BUSHE 2 05
z z
> (e - > 04
bt o x -
L i i
0 | L Cl ]
0 20 40 60 80 100 40 60

Spatial frequency (cycles/arcsec)

Spatial frequency (cycles/arcsec)

Examples of selection criteria:
- reject data for which the instrument was not stable (varying transfer

function)
- (probably) reject data for which statistical distributions of 42 are not

gaussian

Examples will be shown in L11
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