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ABSTRA CT

Now that the Very Large Telescope Interferometer (VLTI) is producing regular scienti�c observations, the �eld
of optical interferometry has moved from being a specialist niche area into mainstream astronomy. Making
such instruments available to the generalcommunit y involvesdi�cult challengesin modelling, presentation and
automation. The planning of each interferometric observation requirescalibrator sourceselection,visibilit y pre-
diction, signal-to-noiseestimation and exposuretime calculation. Theseplanning tools require detailed physical
models simulating the complete telescope system | including the observed source,atmosphere,array con�gu-
ration, optics, detector and data processing.Only then can thesesoftware utilities provide accurate predictions
about instrument performance,robust noiseestimation and reliable metrics indicating the anticipated successof
an observation. The information must be presented in a clear, intelligible manner, su�cien tly abstract to hide
the details of telescope technicalities, but still giving the user a degreeof control over the system. The Data
Flow Systemgroup1 hasaddressedthe needsof the VLTI and, in doing so,hasgainedsomenew insights into the
planning of observations, and the modelling and simulation of interferometer performance. This paper reports
these new techniques, as well as the successesof the Data Flow System group in this area and a summary of
what is now o�ered as standard to VLTI observers.
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1. INTR ODUCTION

The European Southern Observatory operates the Very Large Telescope (VLT) Observatory on Cerro Paranal
(2635metresaltitude) in northern Chile, comprising four 8.2-metreUnit Telescopes(UTs) and numeroussmaller
telescopes. The VLT also operates in an interferometric mode as the VLT Interferometer (VLTI), which allows
the coherent combination of stellar light beams. The light is guided from the UTs via Coud�e optical trains into
an optical delay-line tunnel. The di�erence in arrival times of the light from the �rst telescope with respect to
that from the secondtelescope is compensatedby the delay lines so that the beamshave e�ectiv ely zero Optical
Path Di�erence (OPD) at the detector, where the interferometric beam combination takes place. The VLTI is
described in more detail in the work of Glindemann, et al..4

Currently under construction are four 1.8-metre Auxiliary Telescopes (ATs), the �rst of which has now
achieved \�rst light". 6 When completed, these will be the main \w orkhorses" of the VLTI, and will be in
constant operation (unlik e the UTs, which have their own individual programmes,and will not always be used
for VLTI observations).

While the UTs are �xed, the ATs aredesignedto berelocatedto any of a number of \stations", thuspermitting
a larger range of interferometer-spacings(\baselines") to be obtained. The movable ATs, in conjuction with the
�xed UTs o�er a range of baselinesup to 200 metres.6

In addition to the UTs and ATs, which are the intended telescopes for \normal" operation, two 0.4-metre
siderostatshave also beenconstructed. Thesesiderostatsmay be relocated to any of the AT stations and, with
their simplicit y and stabilit y, serve as commissioningtelescopesfor the VLTI and its instrumentation.

The VLTI hasbeendesignedto be operated like a regular astronomical instrument: that is, detailed technical
knowledgeis not mandatory. This is a very important development in optical interferometry, as it allows a much
wider communit y of astrophysicists to carry out their own observational experiments.8 However, it doesmean
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that this communit y must be given the opportunit y and abilit y to plan observations so as to accomplish their
data acquisition without lossdue to inappropriate observingparameters. Such planning is akin to the \exp osure
time calculators" which are prevalent on many telescopes. However, the provision of such a tool is not a trivial
task.

This paper describesthe generation of a model for the calculation of observational-qualit y parameters, iden-
tifying thosethat are important and thosewhich have negligible e�ect. It describeshow the model may be tuned
with regards to di�eren t instruments operated on the VLTI and describes how the model comparesto existing
VLTI data. Additionally , it describestwo other tools usedfor VLTI observation planning.

2. VL TI INSTR UMENTS

There are three instruments which are either operational or currently being commissioned: VINCI, MIDI and
AMBER.

VINCI is the VLT INterferometer Commissioning Instrument that operates at 2.2 microns. It was the �rst
VLTI instrument to be installed, and is not o�ered to the generalcommunit y, but rather is usedfor commissioning
and testing, due to its relative simplicit y and stabilit y. Since �rst fringes with the 16-metre baselinesusing the
siderostats (17 March, 2001) and 103-metrebaselineswith the UTs (30 October, 2001), most of the calibration
data used in the work described in this paper was acquired using this instrument. The observations were
made to assessthe compliance of the instruments with the technical speci�cations as well as to characterise
the performance of the facilit y in its �rst phaseof development. In addition to these more technical tasks, a
number of observations are certainly also useful for scienti�c purposes.In order to fully involve the communit y
in analysing and understanding the data and its scienti�c and technical implications, ESO has decidedto make
thesedata available to the communit y through the ESO archive.

MIDI is the MID-infrared Instrument, covering the wavelengthrange8 to 13micronsand measuringspectrally-
dispersedfringes. It allows resolutions (�=B ) of 20 milliarcsec at 10 microns to be achieved. The main scienti�c
objectives include the study of protostars and very young stars, circumstellar discs, brown dwarfs, tori around
galactic nuclei, the centre of our own galaxy and the search for exo-planets.

AMBER, the third VLTI instrument, operates in the near-infrared range, between1 and 2.5 microns, using
two or three Unit Telescopes. The instrument has been designed for up to three telescope beams in order
to be able to perform imaging using phaseclosure techniques. It is anticipated that the additional operating
wavelength of 0.6 microns will be added at the time the ATs becomeoperational. The main scienti�c objectives
are the investigation, at very high angular resolution, of disks and jets around young stellar objects, and AGN
dust tori with a spectral resolution up to 10000.

3. OBSER VATION PLANNING

In order to plan an interferometric observation and to assessits feasibility, oneneedsadequatetools to model the
visibilities for a speci�ed array con�guration, taking into account constraints like shadowing e�ects, the rangeof
the delay lines, etc.. In addition, appropriate calibration stars must be selected.Two speci�c tools are provided
for this purpose: the VLTI Visibilit y Calculator (VisCalc) and the calibrator selectiontool (CalVin).

3.1. VisCalc
VisCalc is a web-basedtool that providescalculations of simulated dispersedvisibilities basedon software models
of the VLTI instruments. The declination and spectral energy distribution, as well as the sourcegeometry, are
parametersusedto specify the observation target.

Visibilities are calculated analytically for uniform discs, Gaussiandiscs and binaries. Visibilities may also
be calculated numerically for a user-provided brightness distribution, which is uploaded as a FITS �le. The
user-speci�ed observation conditions include the starting hour angleand the duration of the observation, as well
as the instrument and array con�guration. Di�eren t results can be displayed including the uv-tracks, the input
image and its Fourier transform, plots of visibilit y versustime, visibilit y squaredversustime, lossof correlated
magnitude and the illumination distribution.

Screenshotsfrom a typical VisCalc sessionare shown in Figure 1.



Figure 1. Screenshotsfrom a typical VisCalc session.Part of the input page is shown to the left and part of the output
pageis shown to the right. The output not only includes tabulated values,but also plots indicating the expected visibilities
and the path of the baseline tracks over the uv-plane (the Fourier transform of the source model is shown).

3.2. CalVin

The calibrator selection tool (CalVin) is used to �nd suitable stars that may be used to calibrate the VLTI at
the time of the observation. CalVin provides a similar interface to that of VisCalc, but it involves a two-stage
selectionprocess.On the �rst input page,the target coordinates, the array and instrument con�gurations can be
selected. The default search criteria are displayed on an intermediate pagewhich allows the search parameters
to be re�ned.

On the results page,the table of matching calibrators is listed. For all matching calibrators, the visibilit y and
observabilit y information arecalculatedand displayed. It is then possibleto useVisCalc for a morecomprehensive
calculation of the visibilit y information.

Screenshotsfrom a typical CalVin sessionare shown in Figure 2.

Both tools can be accessedfrom the VLT Exposure Time Calculators page� . The standard version shows
only those con�gurations that are o�ered for the current Call for Proposals. It is updated for each new Call
for Proposals in order to re
ect the o�ered VLTI baselinecon�gurations and instrument modes. An \exp ert"
version,accessiblefrom the ETC preview pagey, o�ers an extendedinterfacewith many more choices. It supports
the modesand con�gurations that are currently not o�ered.

� http://www.eso.org/observing/etc
yhttp://www.eso.org/observing/etc/preview.html



Figure 2. Screenshotsfrom a typical CalVin sessionare shown, with part of the input page shown on the left and the
output on the right. Colour-coding makes the table easier to follow, and links within each of the entries allow the display
of tabulated and graphical data.

4. THE PR OBLEM OF AN EXPOSURE TIME CALCULA TOR

In order to plan astronomical observations, one typically usessomesort of software tool to specify the observing
options and expectedconditions, to thuspredict the observation quality (signal-to-noiseratio, etc.) and anticipate
the amount of observing time necessaryto achieve the required sensitivity for the scienti�c target.

While exposure time calculators (ETCs) are a well-establishedidea, their use in the world of optical inter-
ferometry is new. As the VLTI was designedto be run as a standard | rather than specialist | instrument,
the provision of such tools is crucial to its integration. Furthermore, the calculations are not straight-forward,
and involve modelling the atmosphere,telescopes,delay lines, instrument, detector, non-physical and combined
parameters, that cannot be independently measuredor calibrated.

Additionally , it is not simply a matter of calculating the total number of photons, but it is also necessaryto
incorporate the concept of visibility .

However, to make things even more complex, it was decided to attempt to derive a generic algorithm. In
other words, one that was capableof simulating the expected performanceof all three VLTI instruments. The
advantage of this is several-fold:

� By modelling the generalcase,it helps understand the VLTI better.

� It forces individual parameters to be properly explored and understood, rather than just hiding them in
\empirical factors" that emulate the performancecharacteristics.



� There are many parametersthat are commonto all three instruments, and this work neednot be replicated,
either in terms of mathematical modelling or by way of additional code.

� A uniform model will be easierto implement as part of a uni�ed tool for predicting VLTI performance.

5. DEFINITIONS

How doesone quantify the performanceof a telescope (or telescope interferometer) system? This value must be
a physical quantit y (and not just a Qualit y Parameter | good, okay, poor, etc.) and must be understandable
by astronomers. The value must be such that it can be predicted, but alsoso that it is able to be translated into
a measurablequantit y in the �nal observed data; thus, the quality of the observation can be quickly assessed,
and easily compared to the predictions. In the caseof conventional imaging and spectroscopy, this is generally
characterisedby a signal-to-noiseratio. However, this doesnot su�ce for the interferometric results of the VLTI.

The VLTI produces an average of the square of the modulus of the complex coherencefactor, which is
associated with the baselineand position angle of the interferometer elements with respect to the object being
observed. The squareof the coherencefactor is measuredbasedon photon counts as the mirror mounted on the
piezo translator of the VLTI sweepsback and forth through the fringe.

The VINCI instrument generatesfour time-sequencesignals | two photometric and two interferometric |
the latter of which are usedto derive the squareof the coherencefactor, � 2. Each observation is actually madeup
of many scansof the fringe, typically 500,and soa seriesof � 2 valuesare determined. Basedon the photometric
signals,only high-quality measurements are acceptedby the data reduction pipeline, which are in turn averaged
and a variance determined,
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respectively. The number of scans,n, that was usedfor thesedata,

along with the data themselves,are also recordedin the processeddata �le.

The term signal-to-noise ratio is used to refer to the data quality of the photometric channel. The term
precision is usedto convey a measureof the quality of the interferometric data.
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where n is the number of measuredscans,and N is the number of scansto which the system is normalised.

Note that, initially , all quantities are calculated for a single scan of a given exposure time. However, in
reality, the VLTI takes single observations with several hundred scans,which are averaged to create a single
measurement. As the exact number of scansis regulated, with rejected scansoccurring when low signal-to-noise
is detected on the photometry chanels, the exact number of scanswill 
uctuate according to the conditions.

6. MODELLING

The model that has beendeveloped addressesthe �v e major areasthat in
uence the performanceof the VLTI.
Theseare shown in Figure 3.

Of course,with a uni�ed model, it is possibleto have a uni�ed simulation utilit y | a single ExposureTime
Calculator (ETC), to compute the expected signal to noiseratio of the selectedinstrument. Such a utilit y acts
asa planning tool for astronomers,allowing them to test instrument performanceagainst predictions, to explore
the available parameter spacewhen devising observations and to assist in planning observations to get the best
results for the allocated time.

However, there is a nasty cyclic problem. While astronomersneedthe ETC to make useful observations, the
useful observations are neededto make a realistic model.
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Figure 3. The �v e major components of the VLTI performance model.

6.1. Dev eloping a mo del

The model that hasbeendevelopedusesa subsetof the VINCI data archive, collectedover the period from March
2001 to November 2002. These data represent 7793 independent measurements. These data are applicable to
the AMBER instrument, as well as VINCI. However, modi�cations to the model were required for MIDI, due
to the fact that it has a spectral capability, thus involving channel-basedcalculations, and that it operates at
N-band (� � 10� m).

Initially , the model needsto predict
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In order to get an accurate prediction of the visibilit y, one needsan accurate diameter of the astronomical
target. Obviously, this is usually not known at the time that the observations are planned.

The model is also dependent on the projected baseline; something that will change not only due to the
selectionof telescope station positions but also on the topocentric position of the source. As this changeswith
hour angle, it is not always possibleto estimate this parameter at the time of observation planning. Furthermore,
observations will typically wish to observe such that a range of visibilities are measured. This will allow the
astrophysical quantities to be determined, whether this is the �tting of a stellar disk model or the ascertaining
of binary system parameters.

Therefore it is necessary, in the presentation of results to users, to indicate model results over the range of
possiblevisibilities. That is, the visibilit y (or, alternativ ely, the measuredcoherencefactor
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a freeparameter and the results are presented asa function of this, or the source-independent quantit y correlated
magnitude, mc, which is de�ned as:

mc = � 2:5 log(� 210� m
2: 5 ) (2)

where � is the coherencefactor and m is the photometric magnitude.

However, development of the model to match the existing data has proved problematic. In addition to the
data generally being noisy, the instruments are still being commissioned,and the data were interspersedwith
the remnants of acquisition problems and poor hardware setup and conditions.



Figure 4. Predicted and measured visibilities of the VINCI instrument, using the 0.4-metre siderostats. The grey lines
indicate the actual data, binned in groups of 100 measurements according to correlated magnitude. From top to bottom,
the worst 10%, mean, median and best 10% of the measurements, within each bin, are shown. In total, 7793measurements
were used to compile these data, encompassingobservations between 19 March 2001 and 24 November 2002.

7. UNIFIED MODEL

The uni�ed model devisedis ultimately driven by four e�ects:

� The lossof fringe contrast due to the atmosphere(this is what is commonly referred to asthe piston noise).
This sourceof noisedominates the noiseof bright sources.

� The photometry (both in terms of the system transmission as well as the actual object brightness). This
dominates the noiseobserved for faint sources.

� The thermal background and read-out electronics.

� The lossof fringe contrast due to the complete telescope system.

This model was implemented and usedto calculate performancepredictions for the VINCI instrument. The
results are shown in Figure 4.

From the investigations and modelling it becameapparent that interferometry presents a new layer of com-
plications over conventional \photon counting" observation predictions. While these \normal" exposure time
calculators deal with noise in a linear fashion, the existenceof interferometric data within the Fourier domain
meansthat the traditional calculations break down, and that the combination of visibilit y (due to variations in
the projected baseline length, in combination with the normal variations in brightness between sources)make
direct comparisonsdi�cult.

From the analysis it is clear that the primary trade-o� in setting the exposure time of an observation, is
that between the piston noiseand the photometric signal-to-noiseratio. Obviously an increasein the exposure



Figure 5. Observations of the star � Psa (20 October, 2002). The points indicate the measureddata, and the line is the
values predicted by the model.

time will result in improved photometric statistics, but this also means that the longitudinal phasenoise due
to the atmospherewill \blur out" any fringes. Conversely, the reduction of the exposure time will e�ectiv ely
\freeze" the fringes, which are combined in the Fourier domain where the phase(piston) noise will no longer
contribute. However, there is inevitably a point wherethe degradation in signal-to-noiseof the photometry curbs
this selection.

As can be seen,there is a large variation in the best and worst results for any given correlated magnitude.
However, the prediction closely matchesthe median result.

We note that the detector noisecontributes to, but doesn't dominate, the VINCI data at any given magni-
tude/visibilit y regime. However, for fainter sources(or thoseobserved which result in low valuesof the visibilit y),
the detector noise is a signi�cant fraction of the overall noisecomponent.

There is a point when the detector noise becomesdominant, but this occurs only at such faint magnitudes
that the existing data-reduction software of the VLTI instruments rejects such data as being of no worth long
before this theoretical point is reached. That is why, within the current model and observing parameter space,
there are only referencesto the piston-noiseand photon-noisedominated scenarios.

The two main sourcesof noise at the detector level are the readout noise on the detector and the detected
background. The latter is not strictly a detector noiseassuch, but it represents the linear combination of the sky
background, the instrument emissionand the intrinsic thermal noisefrom the detector itself. Theseare di�cult
to segregate,and so were modelled together.

Additionally , a study of a single observation under good conditions was performed in order to verify parts
of the model. The objective here was to remove the ambiguit y of non-uniform calibration, which occurs with
data from multiple nights; di�eren t hardware con�guration and calibration can causemajor shifts in the system
performance,which are di�cult to factor into any model.

The data chosenwere from a single star � Psa, observed on 20 October, 2002.3 Good hour-angle coverage
provided a large range of baselinesand, subsequently a large range of � 2.

The results are shown in Figure 5.



Figure 6. The input and output pagesof the protot ype VLTI Exposure Time Calculator.

7.1. MIDI and AMBER

We currently have insu�cien t data to make a reliable study on MIDI. At the time of writing, MIDI integration
continues, and it is hoped that a larger databaseof reliable measurements may be acquired as the instrument
stabilisesand operations becomeroutine.

As the AMBER systemhasnot yet beencommissioned,integration of its performanceinto the model may only
be derived from the designdocumentation. However, the provision for supporting this instrument is incorporated
into the model, and it is believed that integration of actual performancedata should be straight-forward.

8. EXPOSURE TIME CALCULA TOR

A protot ype exposure time calculator has beendeveloped that usesthis model to calculate expected observing
performance. Based on the web-interface of existing ESO observation preparation tools, it presents an initial
input screen,whereuserscan selectthe basicparametersof the observation and a results page,which is displayed
on submissionof the input data. Figure 6 shows a typical session.

The input pageallows the speci�cation of the input 
ux distribution (spectral pro�le and magnitude), the sky
conditions (airmass, seeingand coherencetime) and the interferometer con�guration (instrument, instrument
mode, telescopes,adaptive optics, fringe tracking and exposure/scan-time control).

The output summarisesthe input data for veri�cation (and association in the caseof printing the page) and
displays the data as a seriesof graphs. This is done in preferenceto tabular or numerical results, as it allows a
better appreciation of the limiting factors involved in an observation, and allows the user to quickly assesscut-o�
points and regionsof the parameter spacethat would be optimal.



9. CONCLUSION

With the development of a uni�ed model, it has been possible to generatea generic algorithm to predict the
performanceof the VLTI for each of the three instruments: VINCI, MIDI and AMBER. The model caters for
di�eren t telescopes,adaptive optics, fringe-tracking and atmospheric conditions, in addition to the astronomical
characteristics of the object whoseobservations are being simulated.

A protot ype, HTML-based simulator has beendeveloped, which acts as an exposure time calculator for the
VLTI. With the acquisition of a larger databaseof quality measurements, it will be possibleto re�ne the model
to generatemore accurate results.

Together with a visibilit y calculator and calibrator selection tool, the ETC will complete a suite of observa-
tion preparation tools allows the VLTI to be readily accessedby the astronomical communit y as a \standard
observation" system.
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