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ABSTRACT
Intensity interferometry removes the stringent iegaents on mechanical precision and
atmospheric corrections that plague all amplitudierferometry techniques at the cost of
severely limited sensitivity. A new idea we recgnihtroduced, very high redundancy,
alleviates this problem. It enables the relativelynple construction (~1cm mechanical
precision) of a ground-based astronomical facditye to transform a two-dimensional field of
point-like sources to a three-dimensional distiifmutof micro-arcsec resolved systems, each
imaged in several optical bands. Each system Vgl have its high resolution residual timing,
high quality (inside each band) spectra and lightve, emergent flux, effective temperature,
polarization effects and perhaps some thermodynanoigerties, all directly measured. All the
above attributes can be measured in a single afsemvwun of such a dedicated facility. We
conclude that after three decades of abandonmdidabjntensity interferometry deserves
another review, also as a ground-based alterntatitee science goals of space interferometers.

Subject Heading: instrumentation: interferometarstrumentation: high angular resolution - teclueisy
interferometric

1. INTRODUCTION

Amplitude interferometry is today’s mainstream teicue for high angular resolution astronomy, maiimythe
infrared regime. In principle, amplitude interferetars combine the electromagnetic waves from twanore
separate locations to produce a high-resolutiorghbmess distribution, or image, of the source. nisity
interferometry, on the other hand, combinesittiensitiesof the electromagnetic wave via the correlatiorthef
electrical currents generated by the detectoreeftready-detected intensities. For astronomiggdgses, the main
advantage of intensity interferometry is its medbalnrobustness: the required mechanical accurapgids on the
electrical bandwidth of the detectors, and not e wavelength of the light. This opto-mechanicddusiness also
means that the atmosphere does not influence tfepance of the instrument. The main disadvantaféstensity
interferometry are its very low intrinsic sensitiviand the fact that the classical, two-detectaterisity
interferometer cannot reconstruct the phase ottmplex degree of coherence, and thus can’t be tasptbduce
true images [1].

In astronomy, intensity interferometry was mostged in the radio part of the spectrum [2], and amige in the
optical range, by the Narrabri Stellar Intensitielfierometer (NSII) from 1965 to 1972. NSII opedcasaiccessfully
with the ultimate result of the measurement of dhgular diameter of 32 stars, including the firgtimsequence
stars [1]. The low sensitivity implied a limitingagnitude ofm,=2.5 despite the fact that NSII used a pair ofdarg
reflectors, 30rh each. In essence, this low sensitivity is duehto fact that intensity correlation is a second-prde
effect.

The three-detector intensity interferometer, wigolrelates the intensities from three separatectiete(and so is a
third order effect), was first proposed by Gamo §3] a way to reconstruct the phase of the compbgxea of
coherence, and this technique was subsequenthegriovthe laboratory by Satt al [4]. Since then, many other
algorithms were proposed for the full reconstruttiaf the complex degree of coherence from amplidg
measurements [5-10]. The classical two-detectengity interferometry [1] was abandoned in the s@denties due
to its low sensitivity, and indeed higher-orderretations were never observed for astronomicalcssur

2. OFF-LINE, MULTI-DETECTOR INTENSITY INTERFEROMETERS
2.1. Off-line processing

In 1983 Fontana generalized intensity interferogn&iN detectors correlating al currents to form a single output
[11]. We built on Fontana’s work and examined ia flist paper of this series [12] a linear arrayrany detectors
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with a uniform spacingd. We showed that this highly redundant configuratiozvhen coupled with off-line
processing, can be used to effectively increaseotrerall signal to noise ratio (SNR) of the instemh (or
alternatively, its sensitivity). It appears thag tidetector intensity interferometer can operate iagime where the
SNR scales approximateBxponentiallywith the productNAan, whereA is the area of each reflectag, is the
detector’s quantum efficiency amds the spectral photon flux density of the soufee. example, we simulate & 0
magnitude source observed with a 100-element aifajishes, each witth = 76803 (~100m diameter) for one
hour. The data, processed as an intensity interfeter array using NSII's technology (1960s techgglowill have

a SNR of more than 12, Indeed, most of this performance is due to thy large active area of the array, but
this is also more than 190 times better than winat would expect if one used the previously knowalisg laws
alone [1]. We emphasize that each of the ~100m elieanreflectors is not a telescope but a crudd hgicket. This
190-fold improvement is due to the high redundaofcthe uniform linear array and the algorithm wepwsed to
take advantage of that, which is different from tvas done in radio telescopes such as Westerta8tk This high
redundancy can be divided to two types: translati@ymmetry, which does not decrease for dimmercssuand
contributes a five-fold improvement, and higheresrdorrelations, which are very dependant on thecgss spectral
photon flux density and contribute the rest of itinprovement. Therefore, the earlier type of redumgtawill still
contribute to the performance of the instrumentféont sources, whereas the later type will notwé define the
limiting magnitude of the above array as the maglatwhere we only get SNR of 3 after one hour tégration,
then the limiting magnitude will be slightly morean the 18 magnitude using the NSll-old technology, and about
14.4 magnitudes when conservative technologicalrovgments are considered (off-the-shelf detectord a
electronics).We also introduced in [12] a "cororguipic” effect of intensity interferometry which cae used to
increase the dynamic range of the instrument euehdr, but this effect was not thoroughly exploeed is not
included in the above-mentioned computations.

The SNR also scales with the number of optical nklp” and electrical bandwidth,” of the detectors [1].
Observations of several targets in a sparse fialdle made simultaneously by having a sparse tmertional
detector array mounted on each reflector (simidaattospheri€erenkov telescopes), with each point-like source
illuminating a different detector where all theletectors onboard each of tNeeflectors point at the same source.
The detectors will be further apart then the refies point spread function (which will be quitedsj given the
crudeness of the reflector).

Recording and offline processing all of data wilbble a very productive scientific facility thatlwneasure other

observables simultaneously, on top of all quarstitierived from precise astrometry:

1) Information from all reflectors is gathered simuakausly. The entire correlation functioN-{ points) will be
measured in a single observation run gooptical bands). The many (tens and up) baselinksneate a dense
Fourier plane coverage in a single run, withoutrtbed to fit a model to the data. Phases couleétevered by
one of the already known and somewhat redundamtridigns [5-10]. Imaging will be possible by having
sufficient @, \) coverage (see also §2.2).

2) Averaging individual reflectors over relatively lpmeriods (seconds) will provide high quality phaotry of
each target on each of theoptical bands on the same riredundant times). This is actually a spectrum with
a low, p point, resolution but high quality (high SNR) disethe very large collecting area. Observing sdvera
targets simultaneously will enable differential piroetry.

3) Simultaneous observations in several optical cHanmi#l also enable differential interferometry [1# extend
even further the dynamical range of the instrument.

4) High resolution spectra (within each optical baof)each source can be recoverétirédundant times) by
correlation spectroscopy [11].

5) Multi-detectors intensity interferometers have adeipendent capability to measure the distancedio saurce
by searching for the maximum signal [11]. This meament will also give results on the same run {ntanes:
from all subgroups fi} with |[m[>3). It is interesting to compare the statisticagn#ficance of 1 earth-orbit
parallax measurement-{®® km baseline) and many 1km baseline measurementsich happens at (B0%)?
individual measurements, or after using all relé\arbgroups of an array with just 58 elements. Tétézally, a
100-element array with a 1km typical baseline witasure distances with the same statistical stgmifie as a
single measurement with a baseline of 84 light-giednfortunately, this is too optimistic since thamputation
assumes we can detect the distance measuremeal fs@n each individualsubgroup - which is very difficult
already at the '3order correlation and quite impossible at th& Bftler correlations (as explained in [12], even
for the ~100m diameter reflectors ttmal of all 3 order correlations is negligible for sources dimrtiean
magnitude 3, when using NSII technology).
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6) The high sampling rate of an intensity interferoengtll the way to the GHz scale, will enable tise of the
residual timing technique for appropriate souréesdxample: pulsars, stellar scintillation, eciigsobjects).

7) NSII was already used to measure directly the eemdrfiux of the source, the source's effective terafure
and effect of polarization [1]. These observabledl also be available to the multi-detector intépsi
interferometer.

8) Multi-photon experiments may uncover thermodynamformation of how the light was originally created
how it has been scattered since its creation [AShulti-detector intensity interferometer may britigs type of
information to the measurable range.

9) As a by product, an intensity interferometer caarafe as an atmosphe@ierenkov camera. We comment that
(a) as & erenkov detector, an intensity interferometer might bit out of focus as it will be focused tdnitfy,
whereasCerenkov detectors focus to an altitude of ~10km.({érenkov radiation will not contaminate long
baselines (>300m).

10) When used for bright sources (not necessarily mstrical sources), this technique can by used aslzepo
gquantum optics via the pronounced multi-correlatjoimoton bunching) effect.

Building a completely non-redundant (or only pdlyisedundant) array, in contrast to our fully-rediant array, will

only affect the SNR of the reconstructed correfafionction, and not the other observables. We adéer to other

proposed algorithms related to intensity interfestniyimprovement:

- Improving the contrast between different partshef image, and enlarging it without any limitatiordain spite
of this enlargement, without any distortions ofeattg borders caused by discreteness of initial @]

- Implementation of an eigenfunction method to thebprm of correlation function restoration from the
photocurrent data [17].

Very advanced technology might be required fortdigtion, computation power and storage. The fadllgsis of an
observation run by an intensity interferometernvaspropose, will be computer intensive. One way thibblem may
be addressed is with a distributed computing ptaifeuch as BOINC (Berkeley Open Infrastructure Metwork

Computing), which successfully runs several distil computing projects, of which one is SETI@h¢h&3.

2.2. (u,v) Coverage

Since imaging is one of the most important captimli of any future

interferometer, and since the long exposure timesessitate operating in H

“snapshot” mode (vs. Earth-scan mode), one mussiden not just linear ®

configurations but also[2 configurations which cover large parts of\j u

plane. Consider the configuration depicted in Fégdr a double linear ™

equidistant array with spacirmd) whose intersection point is between two H
|
u
||
|

@)

(b)

elements of one of the arms. This type of instrunstould be capable of

two types of configurations:

1) When the two arms, each with reflectors, form a single line, it is
optimized for high SNR and dynamical range, actasga A linear
array,d/2 spacing.

2) When one arm is rotated at an angle with respetttet@ther: apart from - .(a). R ———
two sets N-1 points each) of high SNR points along each ame )
would getN? additional points in theu(v) plane, equally spaced if the-igure 1: Two N-redundant linee
arms are perpendicular, from inter-arm baselinest ithout arrays can be placed at any an
redundancy for them. This configuration is optintiZer geometrically nere they are inline (a) and at'qp).
complex objects that require bettem,\j coverage, for a total ofNorthisup.

N2+ 2(N -1) different (1,v) points, all observed simultaneously.

For comparison, a completely non-redundant arrdip @\ reflectors would haveN(ZN_l) different (,v) points,
less than twice the number of baselines as thelddinear array, but will have no redundancy whatss (with its

associated SNR benefits). We note that Herrero di8jgested that &-shaped array will be the optimal
configuration for an intensity interferometer array

2.3. Realization
It seams that in any case the reflectors will h@vbe mobile in order to keep the projected sepmarstconstant in
spite of Earth’s rotation, since fixed reflectorsuld force short integration periods and would earitie instrument
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impotent. Indeed, for this very reason the two N#8flectors moved on circular tracks during theestations [1].
Further simplification may come about by using ariythese: mobile focal collector concept employadradio

astronomy, rotating liquid mirrors or the Carlingokrtelescope [20]. The crude reflectors adveragct the ability
to focus such large reflectors on the relativelyBractive area of the detectors. This disadvantagg be mitigated
by using non-imaging concentrators [21], providedttthe total path difference after these additicomtical

elements is not more than the specified toleraficen(in our example). Beyond these, we can imadiresetmajor
types of realizations: arrays with a central toveerays without a central tower, and a cross batwtiee two:

1) Central tower, as in STACEE (Solar Tower AtmashCerenkov Effect Experiment [22]): a field of “dumb”
mirrors will simply reflect light to a central towevhere all light will be detected and processed fdvantages:

Inexpensive, probably feasible by modifying or meaeplicating a solar tower experiment. The deiectare not

mounted on the reflectors, so all the sensitivetedaics of the entire instrument are fixed, prtgédcand easily

accessible, Almost flat reflectors, Shorter eleatrieads from detection to recording. Disadvardad@ue to the

poor optical quality of the reflectors and the Edjstance to the tower, probably only one targetgbservation will

be possible, Atmospheric extinction of the sigma acintillation along the way from the mirrorsthe tower.

2) No central tower, as in NSII: every reflectollwarry all its detectors onboard. Advantages: $hert reflector-
detector distance enables multi-targeting, No aphesc extinction or scintillation from the reflecs to detectors.
Disadvantages: Cannot be realized on any existingy gincluding astronomical arrays observing a thm or
longer wavelengths), without major modificationsidaprobably would have to be a dedicated instrum€fil
create a need to protect the detectors from theezliess on many separate and mobile platforms.

3) A cross of the two may be possible: insteadla€ipg a detector on every reflector on the NHélconfiguration,

a light guide is positioned at the focus, for extena multimode optical fiber or a bundle therdafinging the

signals all the way to a central, fixed, lab. Adweges: it eliminates all the disadvantages of W ¢onfigurations
above, except the need to build it probably asdicdéed facility. It might be relatively inexpensivDisadvantages:
the poor optical quality of the reflector may regunon-imaging optics to collect the light into tfght guide.

As a short-term goal, we think that the best placstart is STACEE by augmenting it with much mde¢a storage
capability (hours of real-time data, instead of therent ~100 nanoseconds). In practice, some wdlikalso be

done in order to eliminate any zero-point driftstieé detectors to a very high degree of accuraoy.thihk that

STACEE is a prime candidate for early experimeatealidate the results of this work since it alnghds a field of
uniformly spaced (albeit fixed) reflectors, all thkectronics of high-speed detection of light frepecific reflectors,
and of course, the fact that it is already buittlcapital investment will be minimal indeed. Althysuthe 37rh area

of each of the 220 heliostats may seem too smah, ltmitation can be overcome by combining theedtd

intensity of several adjacent heliostats to sinaulat single large reflector (after correcting forogetric path
difference), and thus the whole field can simutafew very large reflectors. This setup may aldp kemitigate the
focusing mismatch between atmosphetierenkov cameras and intensity interferometers. rAtiés work was
accomplished [23], a more limited proposal was agged following the same lines [24].

Among many others, two special targets may utilieecapabilities of intensity interferometry to fladest:

1) Fastrepeaters (such as pulsars): as in boxcaagiagr binning the few-GHz of samples into millisad bins,
synchronized with the pulsar’s period, will provideway to create a "movie" of the different phaskshe
Pulsar. The cost: observing time will scale bynlenber of frames in the "movie".

2) Close binaries and multiples, including bright camuipobjects and extra-solar planets: these wifbbbed and
characterized by astrometry (from interferometrg @maging), radial velocity (from high resolutiopectra),
photometry (transits and lensing events), and vesitiming, all independently and in the same olesteonal
run.

One of the appeals of the proposed instrument as tlo new technology needs to be developed anthall
components (besides the reflectors themselves) offrthe-shelf products. Yet, we can say what kinfi o
technological advance would further promote thisdkiof instrument significantly: since the only untwolled
parameter of the exponential factdAan is the spectral flux density, then theoretically one would want to have a
device that optically amplifies the intensity o&thource before it is electronically detected ramf of every detector.
The difficulty is that this device needs to opertdigh speed, uniformly (for all detectors) antilerkeeping all the
statistical properties of the light to allow forgtgprocessing of the data. We note that amplificatif an optical
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signal always involves its absorption first, andgtihe above advantages can currently only bezeshlit much
longer wavelengthsig30um), where off-line amplitude interferometersthatheir superior sensitivity, might be
feasible.

We note that such a large facility may have ottleasuduring the daytime that may generate revemebshas help
to finance it's construction. These uses includesussually associated with concentrating solar pguamnts, for
example - power generation and garbage dispodaigbytemperature incineration.

3. CONCLUSIONS

We recently presented an algorithm for the improsenof the SNR of an evenly spaced off-line muétettor
intensity interferometer by utilizing its very higadundancy. We then showed that under the in\astigconditions
translational symmetry improves the performancehef proposed instrument by a factor of about fiaved that
multi-correlation can further improve that performaa significantly, the total improvement reachingrenthan two
orders of magnitude. This improvement is made ptssiy the offline processing of the data thatwaflaus to utilise
each photon several times and thus alleviate thertrinsic sensitivity of intensity interferometerWe believe that
this algorithm is not the only one possible. Theemsity interferometer array proposed will recolidirformation
and process it offline, which will also allow the@pdication of new algorithms to previous observasioOffline
processing of the data will also enable measuringriety of other observables, including photomespectroscopy,
distance and timing, and thus to create a veryumrdee astronomical facility.

Admittedly, the proposed instrument is big: 100m&ats, each ~100m in diameter is not a simple ttongall for.

Yet, it is very well within current technical caplities as all of the requirements are already weelteeded by
different currently operating or already-plannedtioments: STACEE is already using some of the digally-
controlled 37m heliostats for optical detection at 1 GHz, TheddrBank Telescope is a single aperture that already
boasts 7853fof collecting area, accurate to better than 0.22ms [25], compared to 768Graccurate to 1cm that
we used in our calculations, and the total scata@proposed instrument (768,000active area) is smaller than the
proposed 10m? of the Square Kilometer Array at comparable meit@mccuracy [26].

Using all of these properties will enable the igkly simple construction of a ground based fagilitble to

transform a P field of point-like sources to alBdistribution of micro-arcsec resolved systemsuasgsg 100

elements, each 100m in diameter, and so a baselidkm. Each of the systems will be truly imagedioptical

bands without a need to fit the visibility curvegome model, and it will also have its high quatipectra (inside
each optical band), photometry, emergent flux, atiffe temperature, high resolution residual timiagd

polarization effects measured. All of these carabtlegieved in a single observation run of such acdedd facility.

The facility will not need adaptive optics, beamnminners, delay lines, precision optics and meclsaoi@lmost any
kind. In addition, due to their mechanical robusmmtensity interferometers are far more amentablese in shorter
wavelength, and indeed NSII already operated ablileeband at 438.4nm.

The above-mentioned properties may warrant an atialu of such a facility as an alternative to space
interferometer missions (such as SIM [27]). Theppsed instrument might outperform SIM in many paeters: it
will have far better resolution, more observablesyill create images for all observed objectspiiesents a much
simpler technological challenge, and it will be gnd-based.

Contemporary astronomy is plagued by the needye batical surfaces smooth, and distances fixeftaction of

the wavelength. Multi-detector optical intensityarferometry offers a way out of this restricti@ven if not for the

faintest of objects, offering:

- Ease of construction since mechanical accuracyrdispen electrical bandwidth, and not on wavelengsing
mobile focal collectors may significantly reduce tinoving mass of each reflector.

- All reflectors are identical and are not connedaiptically to the others. Furthermore, reflectordi piobably be
segmented, enabling "industrialized" parts manufaug.

- Relatively easy to obtain very long baselines ofynkilometers at 1cm mechanical accuracy.

- No new technological development is needed.

After 35 years, results obtained with intensityeifikrometry are still the state of the art, resohswvise, and
especially so in the blue, where amplitude intenfeetry is lacking. The main drawback of intensitjerferometry
is sensitivity, but using all of the proposed imgments and scaling laws improves the limiting nitagie from 2.5
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at NSIl to 14.4 of the proposed instrument. It sedhat multi-detector intensity interferometry ablle used as a
present day technique answering present day qnestod indeed deserves another review.

4. Acknowledgment

This work is based upon a master’'s thesis by Ar (28]. Parts of this work were supported by thedpean
Interferometry Initiative through OPTICON (an EUaRrework VI program). We would like to thank William
Tango, the referee of the first paper of this sefte his comments and suggestions, of which soere imcluded in
this paper. A. Ofir may be contacted by avivofir@&tau.ac.il.

5. REFERENCES

[1] Hanbury Brown R., The Intensity Interferometers-application to astronomy. Taylor & Francis (1974)

[2] Hanbury Brown R., Jennison R. C., Das Gupta M Afparent angular sizes of discrete radio soufdature
170, 1061 (1952).

[3] Gamo H., Triple correlator of photoelectric fluctioas as a spectroscopic tool. Journal of Appliegsics 34,
875 (1963).

[4] Sato T., Wadaka S., Yamamoto J., Ishii J., Imagiysgiem using an intensity triple correlator. Apgli@ptics
17,2047 (1978).

[5] Marathay A. S., Hu Y., Shao L., Phase functiorspétial coherence from second-, third-, and forither
intensity correlations. Optical Engineering 33, 326994).

[6] Bartelt H., Lohmann A. W., Wirnitzer B., Phasedamplitude recovery from bispectra. Applied Opti23,
3121 (1984).

[7] Lohmann A. W., Wirnitzer B., Triple correlatiorroc. IEEE 72, 889 (1984).

[8] Barakat R., IMAGING via the van Cittert Zernike tiem using triple-correlations. Journal Of ModerptiCs
47, 1607 (2000).

[91 Mendlovic D., Mas D., Lohmann A. W., Zalevsky Z.,Shabtay G., Fractional triple correlation and it's
applications. J. opt. Soc. Am. 15, 1658 (1998).

[10] Holmes R. B., Belen'kii M. S., Investigation d¢fet Cauchy—Riemann equations for one-dimensionagjéma
recovery in intensity interferometry. J. Opt. SAm. A 21, 697 (2004).

[11] Fontana P. R., Multidetector intensity interferoemst J. Appl. Phys. 54, 473 (1983).

[12] Ofir A., Ribak E. N., Off-Line, Multi-Detector ensity Interferometers |: Theory. Accepted to MNRA

[13] Yang Y.P., A comparison of two self-calibration hla@ues for radio interferometric data. A&A, 18%13
(1988)

[14] Vannier M., Petrov R. G., Lopez B., Differentialténferometry detection and spectroscopy of extiarso
planets with VLTI. SF2A (Société Francaise d’Asware et d’Astrophysique) 2001 conference, LyonnEea

[15] Dravins D., Hagerbo H. O., Lindegren L., Mezey Hilsson B., Optical astronomy on milli-, micro-, &n
nanosecond timescales. Proc. SPIE 2198, 289 (1994).

[16] Telyatnikov A. A., Complex method of image restaat for compressed optical information quality
improvement. Proc. SPIE 3317, 69 (1997).

[17] Kurashov V. N., Kurashov A. V., Piskarev V. L.eRoration of light correlation function from thatd of
delayed photocounts in intensity interferometrno®ISPIE 3317, 36 (1997).

[18] Korpela Eric Jet al, Three Years of SETI@home: A Status Report. Bioasimy 2002: Life Among the Stars,
Proceedings of IAU Symposium #213. Ed. R. Norrig;, Stootman. San Francisco: Astronomical Soadéty
the Pacific, 419 (2003).

[19] Herrero V., Design of optical telescope arraysifiensity interferometry. The Astronomical Jouriiél, 198
(2971).

[20] Le Coroller H, Dejonghe J., Arpesella C., Vernet DLabeyrie. A., Tests with a Carlina-type hypkrseope
prototype. A&A 426, 721 (2004)

[21] Gleckman P., O'Gallagher J. & Winston R., Conaitn of sunlight to solar-surface levels using-ioaging
optics. Nature 339, 198 (1989).

[22] Covault C. E.et al, THE status of the Stacee Observatory. Proc. Bidrnational Cosmic Ray Conference.
Hamburg, Germany. (2001).

[23] Ofir A., The properties of the off-line, multi-deter intensity interferometer. M.Sc. thesis, Raychand
Beverly Sackler Faculty of Exact Sciences, Tel AWiviversity, Tel Aviv, Israel (2005).

[24] LeBohec S., Holder J., Using atmospheric Chererttescope arrays as intensity interferometersinep
arXiv:astro-ph/0507010. Submitted, 29th Internagid@osmic Ray Conference, Pune (2005).



-7 -

[25] Jewell P. R., Langston, G. The Green Bank telescapeoverview, Astrophysical Phenomena Revealed by
Space VLBI. Proc. VSOP Symposium, Kanagawa, Japds., H. Hirabayashi, P.G. Edwards, D.W. Murphy,
Institute of Space and Astronautical Science, 2800).

[26] Carilli C., Rawlings S., Science with the SquardoKieter Array: motivation, key science projectsnstards
and assumptions. arXiv:astro-ph/0409274

[27] Boker T., Allen R. J, Imaging and nulling withetlspace Interferometer Mission. ApJ supplemenesegti25,
123 (1999).



