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laser focus. Particularly interesting for thermal near-infrared interferometry is the processing of chalcogenide
glasses such as Gallium Lanthanum Sul�de54 or Germanium Arsenic Sul�de,55 which have transparency windows
extending to a wavelength of about 10� m. Waveguides with propagation losses at the 0.7-0.9 dB/cm level are
routinely manufactured with ULI techniques. Photonic building blocks such as Y-junctions54 and 2x2 directional
couplers have been demonstrated.56 Couplers similar to the latter component were recently characterised in the
L-, L 0- and M-bands, demonstrating high broadband contrasts, low spectral phase distortion, and 30% to 60%
measured throughput.57, 58 More advanced components, allowing the combination of several telescopes, have
also been manufactured and tested. The �rst component was a 3-telescope N-band combiner based on cascaded
Y-junctions with three-dimensional avoidance of waveguide cross-overs.54 More recently, a 2-telescope ABCD
combination unit 59 and a 4-telescope beam combiner based on Discrete Beam Combiner geometry60 were man-
ufactured with ULI and tested interferometrically with monochromatic light at 3.39 � m.61 Both components
showed that retrieval of complex visibilities with high signal to noise is possible at relatively low illumination
levels.

An alternative to ultrafast laser inscription to fabricate integrated optics beam combiners is the use of
classical methods, such as Ti:indi�usion inside electro-optic crystals. These waveguides are interesting as the
refractive index of the material, and therefore the phase of the propagating optical beam, can be modi�ed by the
application of an external voltage. In the particular case of Lithium Niobate crystals, the transparency window
reaches 5.2� m allowing to cover L and M bands. Using this technology, phase and intensity modulators,62

achieving on-chip fringe scanning, fringe locking and high-contrast interferometry have been demonstrated using
a monochromatic laser at 3.39� m.63 Concepts such as active 2-Telescope ABCD64 and 3-Telescope AC65

infrared beam combiners have been validated experimentally. However, propagation losses in these systems are
currently too high (typically 5 dB/cm). Therefore, novel methods such as ULI presented above, but developed
in electro-optic crystals, are being tested for waveguide fabrication, showing low propagation losses (1.5 dB/cm)
in the �rst prototypes. 66 Finally, note that two-dimensional photolithography on a platform with Ge,As,Se and
Ge,As,S based glasses o�sets the potential for less than 0.5dB/cm losses in mm-scale chips tolerant to low bend-
radius.67 Comparing these di�erent technologies and how their technical speci�cations translate into the usual
interferometric metrics (e.g., sensitivity, limiting magnitude, instrumental contrast) will be one of the major
goals of the Hi-5 system study.

4. SYNERGIES WITH OTHER INSTRUMENTS

Hi-5 will be complementary to several future high-angular resolution instruments operating in the thermal near-
infrared as described below.

� MATISSE, Multi AperTure mid-Infrared SpectroScopic Experiment, 68, 69 is the second-generation thermal
near-infrared and mid-infrared spectrograph and imager for the VLTI. MATISSE will provide a wide
wavelength coverage, from 2.8 to 13� m, associated with a milli-arcsecond scale angular resolution (3
mas in L band; 10 mas in N band), and various spectral resolutions from R� 30 to R� 5000. In terms of
performance, many instrumental visibilities were measured in laboratory conditions during the test phase.
Those measurements were performed with a very bright arti�cial IR source to estimate the instrumental
contribution to the accuracy without being limited by the fundamental noises. Such a source would have
an equivalent 
ux, if observed with the UTs, of 20 to 70 Jy in N-band, 400 Jy in M-band, and 600 Jy in
L band. Computed over 4 hours in LM band and 3 days in N band, the absolute visibility accuracy is
better than 0.5 percent in L band, 0.4 percent in M band, and 2.5 percent in N band, on average over the
corresponding spectral band. Those promising results are extensively described in internal ESO documents
written by the MATISSE consortium (private communication with A. Matter). Eventually, the on-sky tests
(commissioning), starting in March 2018, will provide the real on-sky performance (sensitivity, accuracy)
of MATISSE, which will include the e�ects of the sky thermal background 
uctuations, the atmospheric
turbulence, and the on-sky calibration.

� ELT/METIS 70 is the Mid-infrared E-ELT Imager and Spectrograph for the European Extremely Large
Telescope. METIS will provide di�raction limited imaging and medium resolution slit spectroscopy in

�3�U�R�F�����R�I���6�3�,�(���9�R�O�������������������������������8����



�'�R�Z�Q�O�R�D�G�H�G���)�U�R�P�����K�W�W�S�V�������Z�Z�Z���V�S�L�H�G�L�J�L�W�D�O�O�L�E�U�D�U�\���R�U�J���F�R�Q�I�H�U�H�Q�F�H���S�U�R�F�H�H�G�L�Q�J�V���R�I���V�S�L�H���R�Q��������������������
�7�H�U�P�V���R�I���8�V�H�����K�W�W�S�V�������Z�Z�Z���V�S�L�H�G�L�J�L�W�D�O�O�L�E�U�D�U�\���R�U�J���W�H�U�P�V���R�I���X�V�H

both the thermal near-infrared and the mid-infrared (5-19 � m) ranges, as well as high resolution (R =
100000) integral �eld spectroscopy from 2.9 to 5.3� m. Assuming a collecting aperture of 39 m in diameter,
METIS will have approximately six times more collecting power than the VLTI but �ve times poorer
angular resolution. The two instruments will therefore probe complementary parameter spaces for a given
wavelength. Alternatively, METIS will provide an angular resolution in the near-infrared similar to that
of Hi-5 in the thermal near-infrared (see Figure 1). VLTI/Hi-5 will hence provide complementary high-
contrast observations to characterize the observed planets and circumstellar disks. In particular, a VLTI
instrument can make use of less-solicited telescopes such as the ATs to follow-up in the thermal near-
infrared new ELT/METIS discoveries. Finally, note that, while METIS will obviously have the sensitivity
to detect exozodis, it will hardly be possible to unambiguously detect extended sources within� 3� /D
(� 60 mas at L band, � 150 mas at N band). Known hot and warm exozodis are all located much closer
than that. Blackbody considerations also puts the dust closer than that for a G2V star located at 10 pc
(� 15 mas for 800K dust better probed at L band and� 100 mas for 300K dust better probed at N band).

� PFI (Planet Formation Imager 71{73 ) is currently a science-driven, international initiative to develop the
roadmap for a future ground-based facility that will be optimised to image planet-forming disks on the
spatial scale where the protoplanets are assembled, which is the Hill sphere of the forming planets. The
goal of PFI will be to detect and characterise protoplanets during their �rst � 100 million years and trace
how the planet population changes due to migration processes, unveiling the processes that determine the
�nal architecture of exoplanetary systems. With � 20 telescope elements and baselines of� 3 km, the PFI
concept is optimised for imaging complex scenes at thermal near-infrared and mid-infrared wavelengths
(3-12� m) and at 0.1 milliarcsecond resolution. Hence, Hi-5's mission will be \explorative", while PFI's
mission will be to provide a comprehensive picture of planet formation and characterisation (resolving
circumplanetary disks). Hi-5 and PFI will also share many common technology challenges, for instance
on thermal near-infrared beam combination, accurate/robust fringe tracking, and nulling schemes. The
proposed Hi-5 project will thus provide important data and needed information during the design and
construction of PFI.

5. SUMMARY AND CONCLUSIONS

The VLTI currently achieves contrasts of a few 10� 3 in the near-infrared and second-generation instruments are
not designed to do better. Achieving deeper contrasts at small inner working angles is however mandatory to
make scienti�c progress in various �elds of astrophysics and, in particular, in exoplanet science. On the VLTI,
gaining one order of magnitude (i.e., contrasts of at least a few 10� 4) is today within reach as demonstrated
with ground-based nulling interferometers in the northern hemisphere and better contrasts (a few 10� 5) are
theoretically possible with new promising ideas such as Kernel nulling. Besides the clear scienti�c motivation to
reach such contrast levels, a new VLTI imaging instrument would be a very useful technology demonstrator for
future major interferometric instruments such as PFI and TPF-I/DARWIN-like missions.
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