VLTI data reduction and image
reconstruction

Christian Hummel (ESO)



Overview

e Mid-infrared: MIDI
e Near-infrared: AMBER
* Imaging
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Observing in the mid-infrare

Staring images Staring images
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Acquisition
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Photometry

White light profile (100:14G) White light profile (100:14C)
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Spectrum extraction
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Interferometry
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ng = total number of frames; n, = number of frames per scan; n¢ = number of scans



Interferograms (white light)
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Fourier transform

Interferogram = f(OPD) Powerspectrum = f(v)



Dispersed fringes

Spectral Power

Fraquency

Bad Fringes

Spectral Power




Correlated flux normalization

Max. and min. field amplitudes: AA + AB AA — AB

Max. and min. intensities:
[max = A2 4 24, A + A2 ™M = A2 — 24, Ag + A3
Visibility amplitude: 17 = ([™M** — ]min)/(]maX 4 ]min')

vields: V1% = 2/IzIg/(Ia + Ip)

Interferogram in one MIDI channel:

I = Inq + Ing + (1/2)(I™> — [™) sin(2rOPD/\)

Subtracting the two channels: 2’] '\/[A\llB,l + 2’\, \/[AZ ]B’Q
Normalization factor: '\/[A.'IIB.'I + \/[A2[B2




Kappa matrix
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rk1a = 11/(11+12), koa = I2/(11+ I3). and so forth...



Scale Min

I 667,37

Scale Max

I 1833,62

Beam overlap problems

Background Img

Detector Window

Lines plotted
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« File

Trace Coefficients Width Coefficients

Trace= IELB.SSS + % |£0,01007  + x"2* |34.385?5e-0 FliHN= |72.48280 + x* | £0,0069364
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Multiply, then mask...
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* Only the green overlap area contributes to the
correlated flux

* Therefore, multiply detector pixels first, then
use common mask (red) to extract
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Fringe Amplitude
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HIGH SENS versus SCI_PHOT

Photometry recorded simultaneously with the
fringe data (must be chopping). Use kappa
matrix to convert P, g into /, ,.

Changes in beam overlap will simultaneously
affect all extracted fluxes, thus will divide out.

Kappa matrix can be determined from A and B
photometry (needs only to be done once per
night on a bright target).

Otherwise, same reduction as HIGH_SENS




Optical distortion




Coherent integration

Integration by co-adding interferograms

Requires off-line fringe tracking (post processing)
Maintains visibility phase (second derivative)
Implemented by EWS package (W. Jaffe)

Results have been tested to be consistent with MIA



MIDI resources

MIA+EWS: http://www.strw.leidenuniv.nl/~nevec/MIDI/index.html

MyMidiGui (IDL front-end for MIA+EWS):
http://www.eso.org/~chummel/midi/mymidigui/mymidigui.html|

MIDI Wiki (MPIA): http://www.mpia-hd.mpg.de/MIDISOFT/wiki/
MIDI data reduction: http://www.eso.org/~chummel/midi/midi.html

ESO Science Data Products Forum:
https://www.eso.org/scienceforum/forums/list.page

ESO pipelines:
http://www.eso.org/sci/data-processing/software/pipelines/




SM/VM calibrator reductions

il £SO - Paranal Instrumentation: ISAAC Bl Home page of Christian A. Humme! Bl vsoP MIDI results & | M4 MIDI @ NOVA ESO VLTI Expertise Cent...
~ ~

MIDI calibrators | MIDI observation dates -1 2008-07-03
e HDNO001014 e 2006-02-27 AD0-AGO 2008-07-03 PRISM-AE0-AGO fits
o HDN001038 e 2006-11-13 AH0-ADO HDN120323
o HDN004128 e 2007-03-14 AK0-AGO 1ol . . . ]
o HDN009053 e 2007-07-02 AE0-AHO i ]
e HDN011961 e 2007-10-03 AE0-AGO osl H H,HH
e HDN012929 e 2007-10-03 AHO0-AGO g | ) Hﬁﬂ#H_HL i ]
o HDN018884 e 2008-04-21 UT1-UT3 2 o8 ;H%H .
o HDN020720 e 2008-04-24 UT2-UT4 2 i ]
« HDN031398 e 2008-05-19 UT1-UT3 g 04f .
o HDN033684 e 2008-06-06 AE0-AGO § i ]
e HDN036079 e 2008-06-06 AE0-AHO o2k ]
o HDN036389 e 2008-06-06 AH0-AGO i ]
o HDN042995 e 2008-06-22 UT2-UT3 00!l . . .
o HDN048915 e 2008-07-01 AE0-AGO 8 9 10 11 12
« HDN050778 e 2008-07-02 AE0-AGO Wavelength [microns]
e HDN061421 e 2008-07-03 AE0-AGO HDN123139
e HDN065183 e 2008-07-03 AE0-AHO 10r
o HDN068623 e 2008-07-03 AHO-AGO i
o HDN071250 e 2008-09-27 AG1-ADO 0.8]
e HDN081797 e 2008-10-01 AE0-AGO %‘ s
o HDN082668 e 2008-11-30 AH0-ADO 2 08pf
o HDN092036 e 2008-12-25 AAD-AGI i _ .
o HDN093070 e 2009-01-16 AG1-ADO g 04 1
o HDN094336 e 2009-01-16 AG1-AHO 3 .
e HDN095272 e 2009-01-16 AH0-ADO 02f 1
e HDN097451 e 2009-01-21 AHO-AGO ; 1
o HDN098292 e 2009-02-26 AA0-AG1 00 : : :
e HDN101104 e 2009-03-17 AG1-ADO 8 9 10 " 12
e HDN101666 v e 2009-03-17 AH0-ADO v Wavelength [microns]

http: /fwww.eso.org/~chummel/midi/vsop/Dates/2008-07-03/index.html
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Welcome to the MIDI Wiki!

This wiki contains
e Documents about basic calculations for interferometry and MIDI
e Tools and information for observation preparation

* A collection of tips and tricks for reducing MIDI data. This includes Data Reduction tips such as FITS handling tips, helpful IDL
commands and of course MIA+EWS help.

* The MIDI-AGN group has also collected here information about past and upcoming runs and a list of targets (restricted access)

You can have a look at all changes in the wiki, ordered by date and author.

Access privileges

Pages in the sections 'Observing' and 'Data Reduction' can be seen by everyone, but only edited when logged it. Pages in the section
'LP" can only be seen by members of the MIDI AGN Large Programme team, pages in the section 'AGNs' can only be seen by
members of the AGN (GTO) group. Please contact Leonard Burtscher if you need a login or if you would like to create a new group.

Mailing lists

There are two mailing lists for MIDI: midi and midi-users (both at MPIA). Those lists are intended for general MIDI announcements and
for discussion of data reduction problems respectively. Please contact Leonard Burtscher if you want to subscribe to either list.

Forum

Since ca. May 2009 there is a forum, hosted by ESO, where discussion about MIDI (and other ESO instruments) is encouraged. ESO
people regularly check this forum and answer questions (if there are some).




Principles of AMBER

Single-mode fiber wave front cleaning
No OPD modulation

Three baselines encoded at different spatial
frequencies on the detector

Relies on external fringe tracker such as
FINITO



Single-mode fiber beam combination

LiTE e Fiber (6.5um diameter)
e TN ?; Perfect Airy disk
oo ilu“\.lt.c. “' g /j/ »

Iy = kia Pa+ k1B PB

12 = K2 A PA + K2 B PB.



Interferometric signal (VINCI)
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Signal calibration (VINCI)
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AMBER Instrument

Spatial filtering

Recombination Spectral dispersion
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. on an infrared Hawaii Camera:

DET.WIN.AMSCI DET.WIN.AMSC3
DET.WIN.AMSCO DET.WIN.AMSC2 DET.WIN.AMSC4

« FrOw »
DET.WINAMNCO| DELWINAMNCI DET.WINAMNCY  DET.WINAMNC3 [ DETWINAMNC4
/ / / / /
I

) band The camera is ALWAYS

DET.WIN.AMSR(

DET.WIN.AMNRO

\ Ho- L illuminated (NO shutter)
DET.WIN.AMSRI 512 pixels
. The camera is divided in

|

DET.WIN.AMSR 2~—

(max 3) ROWS of
(4 or 5), regions:
DET.WIN.AMNR2 K band Dark’ Pl ’ P2' I [' P3]

2.0..2.4um

dark photometric  photometric interferometric ~ photometric
current channel channel channel channel
24} « channel »

512 pixels

Read Read

The READOUT mode used
is DOUBLE-CORRELATED

1/Framerate



Data reduction overview

Spatially coded fringes
— cosmetic corrections needed
— coding calibration needed (P2VM matrix)

Spectrally dispersed fringes
— wavelength calibration
Bandwidth smearing

— piston bias correction

Frame selection



Data reduction work-flow

A\ 4

Reduced P2VM User specify:
files

method

use sky/dark

\ 4 \ 4

A\ 4

Raw Ol data
(not averaged)

Visual inspection recommended on:
raw data on target
P2VM reduced —————— User specify
Raw Ol data selection method
Averaged (final) Ol data selection threshold
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AMBER fringes
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Modeling the interferogram
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DC corrected interferogram
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The Visibility-to-Pixel Matrix
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Internal calibration (P2VM)

e Need for ainternal calibration:

— relative flux in the photometric

and interferometric beams (i,5)

Calibration of v} Calibration of ¢,/ d;
— relative transmission in A 228
— wavelength table

— disentangle the 3 fringe patterns
by a fringe fitting technique

* Internal calibration depends
— onsetup (LR, MR...)

— on time (unstable)

e Calibration sequence:

195
oo
oms
opio
oo
oams
op1o
oo
oms
opio

— wavelength calibration

— one beam at a time
— one pair at a time



Measuring the V2PM

Shutter 1 | Shutter 2 | Shutter 3 | Delaying plate file Name figure

Close Close Close No Delay AMBERJATSTD_CAL001.fits

Open Close Close No Delay AMBERATSTD_CALZ002.fits p—

Close Open Close No Delay ANMBERSTSTD_CAL_0003.fits

Open Open Close No Delay AMBERITSTDCAL004 fits -

Open Open Close /2 Delayved AMBERITSTD.CALO005.fits -

Figure 3. Complete calibration sequence for 2 telescopes



AMBER detector cosmetics

Dark exposures

 (Classical issues of IR-detector:

— flat-field map
— bad pixel map

e Otherissues are exacerbated due to

fast read-out:
— noise structure

— detector remanents
— synchronizations...

Detector remanent

o
w

o
o

TTTTTTTT T T

o
-

Normalized flux

0.0 1 PR | 1
0

20 40
shutter closed .
# frame (dit=0.2s)

The AMBER instrument

500 =

400 .

200

10|

Detector fringes due to electro-
magnetic interferences (Li Causi, 2007)

Bad pixels map Flat field map

TR

39



Fringe fitting and estimation
[RY,T7] = P2VM[m;]
where

P2VM = [V2PM' C,; V2PM] 'V2PM' C;;

Vi (R"fz + 1"J'Z> _ Bias|RV* + I'V*)
T AP




Frame selection

"M alfara 3Tstd_Medium_K_1_2..-[0]/x]

¢ With UTS: All selected files ~ |

- SeleCt beSt 20% Of SNR fOr Extract\)isl Cleanupl DatalJCl
amplitudes

V2us SR | Kk | wure-uts

— Select all frames for closure
phases

 With ATs:
— Select 50% - 80% SNR
— All frames for closure phases

i WithOUt FI N ITO: 15;1;]31 (0=white light)

— no more than 8 micron £
¥

plSton SHNR threshold for plotting




Intensity [arbitrary]

LR wavelength calibration

1.6 T T T T T T T T T
Atmosphenc Transm|SS|on(R 4000) :
Atmospheric Transmission (R=35) +~——

L B T T S S AMBER RAW spectrum #------- —
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MR/HR wavelength calibration

0.8
0.6
0.4 -

0.2




Squared visibility, OB 3 CH 5BL 1

Piston bias (LR, no FINITO)

HDNO061589
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02 _
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-20 -10 0 10 20 30 40

Offset, OB 3 BL 1

90-80-900¢

V2 vs Piston — | K —|  AA0-AGO —

Channel (O=white light)

|2
) 11
SNR threshold for plotting




Piston bias correction

2006-08-06 2Tstd_Low_JHK+13877674+237 +>>o5>®o
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FINITO fringe tracker

e Stabilizes fringe for on-chip integration forup to 12 s
 Example: 50 s (!) integration time

FINITO

)




Amplitudes and phases with FINITO

HD-38054

HD-38054

2007-11-29 3Tstd_Low_JHK+37443506+233+AHO0-AG0-AEO
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VisSg/e , OB3BI2Ch 5
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LR TF stability: 2% - 4%
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MR transfer function
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Correlations of MR TF

HD57299

2010-01-20 3Tstd_High K_1_2.172+AK0-AG1-AAD
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HR “Fringing”

HD232078 IRC+10420

2.165 2.166 2.167 2.168 2.169 2.17
Wavelength [mu]

* Fringes: in HR until
end of 2009, due to : :

. . 015 @

IRIS dichroic ' -

e Remove by binning g osof )11 UY H
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MR “Socks”

Phase
20 T T T T \ T T T T \ T T T T | T T T T ]

T T T T T T[T TTT]
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U1-U3

e Socks: in MR until E
December 2008, due b

to polarizer 030 T |

025

* Removed by high-
pass filter

0.20

VisSq

015}

1.9 2.0 2.1 2.2 2.3
Wavelength [mu]
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AMBER resources

JMMC: http://www.immc.fr/data_processing amber.htm
AMBER data reduction:
http://www.eso.org/~chummel/amber/amber.html
Telluric spectra:

http://www.eso.org/sci/facilities/paranal/instruments/isaac/tools/
spectroscopic standards.html#Telluric

ESO pipelines:
http://www.eso.org/sci/data-processing/software/pipelines/




SM/VM calibrator reductions

A A
AMBER AMBER observation dates 2009-11-16
calibrators U
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Data reduction software

Amdlib: C-library from JMMC
Yorick plugins, to be used with amdlib:
http://florentin.millour.free.fr/amdlibPipeline/formulaire.html

MyAmberGui (IDL front-end for amdlib):
http://www.eso.org/~chummel/amber/myambergui/myambergui.html




Imaging

No a priori constraints, except positivity
Needs a lot more data than modeling
Needs high-quality data

Similar to radio imaging

— Closure phases instead of complex visibilities
— Squared visibilities

— Wide bandwidths



T Leporis with AMBER

Le Bouquin et al. 2009




Basic principles

Sparse aperture coverage
— Deconvolution, CLEANing, maximum entropy

Phases corrupted, but not closure phases
— Missing data needs to be replaced by model
Complexity of source structure

— Convergence only with simple structures

Range of baselines

— Determines field of view and resolution



Classics: Self-cal and CLEAN

DMAP = dirty map RMAP = residual map FMAP = final map
DMAP = FFT(V,,.) CMAP = clean map FMAP = RMAP + CMAP

Hybrid mapping

o r RMAP }. FMAP
DMAP — CLEAN [ s
i I— » CMAP
FET DFT
}
model Vinod = DFT(CMAP)
J data
]
progessed «—|SELFCAL| observed
data — data




Modification: Difference mapping

Difference mapping

| |-- RMAP E—- FMAP
RMAP —’| CLEAN ‘= L CMAP
FFT DFT
. —J_—L _ model
- [T data
1
[ |
processed « QR FCAL| observed
data [ data




Difference mapping (pearl)




Alternative algorithms

Maximum entropy
Markov-chains
Building-blocks
Linear pixel fitting



Resources (all codes public!)

BSMEM:
http://www.mrao.cam.ac.uk/research/OAS/bsmem.html|

MIRA:
http://www-obs.univ-lyon1.fr/labo/perso/eric.thiebaut/
mira.html

MACIM: http://www.physics.usyd.edu.au/~mireland/MACIM/

WISARD: http://www.onera.fr/dota-en/wisard/index.php,
http://eii-jra4.ujf-grenoble.fr/wizard.html




Interferometric PSF
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Implementation

= | Pearl

* Assigneff. T
to CLEAN
components —

e Combine all
channels but
compute PSF
for each one

* Use spectrum
forT
calibration

eeeee




Images of a rotating star

Cal. T-map: number

Uniform T: brightness density of CLEAN
components
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