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Hierarchical Fringe Tracking (HFT) is a fringe tracking concept optimizing the sensitivity in optical long baseline by reducing to an absolute minimum the number of measurements used to correct the OPD fluctuations. By nature, the performances of an HFT do not decreases with the number of apertures of the interferometer and are set only by the flux delivered by the individual telescopes. This a critical feature for future interferometers with large number of apertures both for homodyne and heterodyne operation. Here we report the design and first optical bench tests of integrated optics HFT chips for a 4 telescopes interferometer such as the VLTI. These tests validate the HFT concept and confirm previous estimates that we could track accurately fringes on the VLTI up to nearly K~15.9 with the UTs and K~12.2 with the ATs with a J+H+K fringe tracker with one HFT chip per band. This is typically 2.5 magnitudes fainter than the best potential performance of the current ABCD fringe tracker in the K band. An active longitudinal and transverse chromatic dispersion correction allows the optimization of broad band fiber injections and instrumental contrast. We also present a preliminary evaluation of the potential of such a gain of sensitivity for the observations of AGNs with the VLTI.

INTRODUCTION

The Fringe Tracker (FT) is the key adaptive feature of a long baseline optical interferometer. To allow long exposures and hence high sensitivity and accuracy on the scientific instrument, the fringe tracker measures and stabilizes in real time the optical path differences (OPD) between the different beams introduced by the atmosphere and the infrastructure vibrations. For given diameters and adaptive optics performances of the individual aperture telescopes, the fringe tracker sets the limiting sensitivity of the interferometer. From all spectral bands from the visible to the mid infrared M band (4.5 to 5 µm) the possibility to do science with some spectral resolution is mainly set by the possibility to track the fringes on the science target itself (on-axis tracking) or on a nearby guide star (off-axis tracking). In the N band (8 to 13 µm) the situation is slightly different because with the currently available detectors the rapidly saturating thermal background imposes frame rates much faster than the typical OPD variations. However, even in that N band, fringe tracking provides a decisive advantage by allowing unbiased estimates of the coherent flux on fainter targets as shown by MATISSE [START_REF] Lopez | MATISSE, the mid-infrared imaging spectrointerferometer[END_REF].

The VLTI is currently equipped with the most sensitive Fringe Tracker ever built, which is a component of the GRAVITY second generation VLTI instrument [START_REF]First light for GRAVITY: Phase referencing optical interferometry for the Very Large Telescope Interferometer[END_REF]. This GRAVITY Fringe Tracker (GFT) is a pair wise instrument featuring an ABCD beam combiner per baseline, each output being dispersed over 5-6 spectral channels through the K band (2 to 2.4 µm). For phase delay estimates the signals from all spectral channels are added and the phase delays on the 6 baselines are combined to retrieve the 3 critical phase delays between the 4 apertures. The group delay estimate is obtained from the average phase delay difference between spectral channels. The GFT can be operated on the science source itself or on an off-axis guide star. The GFT [START_REF] Lacour | The GRAVITY fringe tracker[END_REF] is the key feature that allowed most of the remarkable breakthroughs of GRAVITY. It allows tracking and freezing the fringes on targets with coherent K magnitude up to 10.5 on UTs and 9.5 on ATs. This is typically 3 magnitudes fainter than the first generation FINITO FT [START_REF] Mérand | Fringe tracking performance monitoring: FINITO at VLTI[END_REF] that was associated to the first generation VLTI instrument AMBER [START_REF] Petrov | AMBER, the near-infrared spectro-interferometric three-telescope VLTI instrument[END_REF]. The GFT is also used in association with the mid infrared instrument MATISSE in the so called GRA4MAT (GRAVITY for MATISSE) mode [START_REF] Lopez | MATISSE, the mid-infrared imaging spectrointerferometer[END_REF].The most recent development of the GFT is the GRAVITY-wide mode allowing a much larger angular separation, up to 30 arcseconds2 , between the science and the guide sources. It has been recently commissioned and offered to the general user [START_REF]First Light for GRAVITY Wide: Large Separation Fringe Tracking for the Very Large Telescope Interferometer[END_REF] as part of the so-called GRAVITY+ upgrade of the infrastructure of the VLTI [START_REF] Perrin | A New Era of Interferometry with GRAVITY+[END_REF]. Currently, the VLTI sensitivity is limited by the sensitivity of the Adaptive Optics particularly on the UTs. To overcome that limitation, the GRAVITY+ upgrade includes a new generation AO (the GPAO) combined with a laser guide star (LGS) on each UT. It will also implement active correction of most of the vibrations hampering the VLTI optical trains fed by the UTs. When all these improvements will be implemented in 2-3 years, the GFT will allow to fringe track on K~13.5 sources on the VLTI with UTs [3][8]. On ATs we are already close to the limits of the GFT and the GRAVITY+ upgrade is not expected to change substantially the current K~9.5 limiting magnitude.

Despite its state-of-the-art design, control system, integrated optics chip and high performance Saphira detector, the GFT is not reaching the sensitivity limit that is achievable on the VLTI with the current technology. Boskri et al 2021 [START_REF] Boskri | Potential and sky coverage for off-axis fringe tracking in optical long baseline interferometry[END_REF] show that the new generation hierarchical fringe tracker (HFT) proposed by [START_REF] Petrov | Hierarchical fringe tracker to co-phase and coherence very large optical interferometers[END_REF] using the J, H and K bands should achieve K~15.9 on UTs and K~12.2 on ATs. These magnitudes are necessary to achieve, among other programs, the full potential of MATISSE for Young Stellar Objects studies as well as for the AGN program both with MATISSE and in the J and H bands.

Another fundamental limitation of the pair-wise fringe trackers like the GFT is that their performance decreases with the number of apertures of the interferometer because they divide the flux of each of the 𝑛 ! telescopes among the 𝑛 ! -1 baselines involving this aperture. The measurements on the 𝑛 ! (𝑛 ! -1)/2 baselines can be combined to retrieve the 𝑛 ! -1 unknown OPDs. As explained in [START_REF] Lacour | The GRAVITY fringe tracker[END_REF] a GRAVITY like fringe tracker uses 2𝑛 " 𝑛 ! (𝑛 ! -1) measurements (4 measurements per baseline for each of the 𝑛 " spectral channels). At low flux, near the sensitivity limit of the fringe tracker, the readout noise from this relatively large number of measures that increases with the number of apertures is the limiting factor even with a very efficient detector like the Saphira as shown in [START_REF] Boskri | Potential and sky coverage for off-axis fringe tracking in optical long baseline interferometry[END_REF]. Moreover, when the science instruments operate in different spectral bands than the FT, the rate of fringe jumps of one tracking wavelength generated by the FT are a key limiting factor for the frame time and hence the sensitivity with the science instrument, as abundantly illustrated by our GRA4MAT experience. The flux limit corresponding to an acceptable rate of fringe jumps is set by the SNR on each individual ABCD beam combiner. As the optimum spectral bands for fringe tracking are in the near infrared where there are high performance detectors, low thermal background and moderate atmospheric perturbation, fringe jumps are the key limit for observations in the MATISSE L, M and N bands, in the ASGARD/BIFROST [START_REF] Kraus | High spectral-resolution interferometry down to 1 micron with Asgard/BIFROST at VLTI: Science drivers and project overview[END_REF] or SPICA-CHARA shorter wavelengths [START_REF] Mourard | CHARA/SPICA: a 6-telescope visible instrument for the CHARA Array[END_REF] (from the visible to the J band) and for nulling instruments in the L-M bands [START_REF] Defrère | L-band nulling interferometry at the VLTI with ASGARD/Hi-5: status and plans[END_REF] as well as for future heterodyne3 instruments used from the L to the Q band [START_REF] Bourdarot | Heterodyne infrared interferometry: review and prospects[END_REF]. Hence optimizing the SNR of each individual phase delay estimator, independently from the number of apertures, should be a main specification of any future FT. This paper reminds the key features of the hierarchical fringe tracker architecture with performances independent from the number of apertures proposed in [START_REF] Petrov | Hierarchical fringe tracker to co-phase and coherence very large optical interferometers[END_REF] in section 2 and describes its implementation in integrated optics chips. The first set of experimental tests of such integrated optics chips is described in section 3 where we validate the key features of the HFT concepts. Section 4 describes the way to combine the HFT chips in a very broad band instrument covering the J, H and K band, with an active correction of transverse and longitudinal atmospheric dispersion, validates the Boskri+ SNR prediction and presents a first estimation of the benefit of such a HFT for the AGN program of the VLTI in the J, L and N bands that are decisive to achieve the full cosmological potential based on QSOs direct distance estimates from the combination of VLTI and Reverberation Mapping observations [START_REF] Wang | A parallax distance to 3C 273 through spectroastrometry and reverberation mapping[END_REF]. The discussion section 5 lists the developments needed to achieve an operational HFT [START_REF] Hadjara | VERMILION: Visitor Extension spectRal sub-Mid-Infrared Light InterferOmeter iNstrument[END_REF].

HIERARCHICAL FRINGE TRACKING

Hierarchical Fringe Tracking is based on a Two Beams Spatial Filter (TBSF) that uses all the flux from two incoming beams to cophase them and when they are cophased transmits most of the incoming flux in a single mode output channel.

Then a first level cophases pairs of apertures, a second level cophases pairs of pairs of beams, a third level cophases pairs of groups and so on. The key conditions for a successful HFT are:

1. The output cophased beam must transmit more flux than any of the input beams. 2. The output cophased beam has a group delay that is the average of the incoming beams group delays. 3. The management of fluxes between "local" beams used to cophase the inputs and output cophased beam must be an optical property of the TBSF without any moving part.

In [START_REF] Petrov | Hierarchical fringe tracker to co-phase and coherence very large optical interferometers[END_REF]we described a very broad band bulk optics TBSF that proved operational but difficult to realize and to maintain accurately aligned. The figure 1 shows how a standard ABCD integrated optics beam combiner can be evolved in TBSF by merging two of its outputs after correcting their fixed phase difference. The input channels are single mode fibers that are fully characterized by a complex amplitude and phase 𝑎 # 𝑒 #$ ! when they are fed by a point source 4 . The two outputs of an X coupler are

𝑎 % 𝑒 #$ " +𝑎 & 𝑒 #($ # () &) ⁄ and 𝑎 % 𝑒 #($ " () &) ⁄ +𝑎 & 𝑒 #$ # .
Then the 4 outputs of an ABCD beam combiner are given by the following table :   Table 1. Inputs and outputs of an ABCD beam combiner fed by beam 1=𝑎 ' 𝑒 () ! and beam 2=𝑎 * 𝑒 () " . 𝛥𝜑 is the phase delay 𝛥𝜑 = 𝜑 * -𝜑 ' = [2𝜋𝑝 '* /𝜆] +,-.&, *0 where 𝑝 '* is the OPD between the two beams. 𝛤 is the flux ratio 𝛤 = 𝑎 * 𝑎 ' ⁄ . 𝜑 2 = (𝜑 * + 𝜑 ' )/2 is the average phase delay of beams 1 and 2.

X coupler inputs

Output: complex amplitude

Intensity

Phase

𝑎 % 𝑒 #($ " ,) &) ⁄ X 𝑎 & 𝑒 #$ # 𝑎 % 𝑒 #($ " ,) &) ⁄ + 𝑎 & 𝑒 #($ # () &) ⁄ 𝐴 -= 𝑎 % & + 𝑎 & & -2𝑎 % 𝑎 & 𝑐𝑜𝑠𝛥𝜑 𝜑 . = 𝜑 3 + 𝛥𝜑 2 4 𝛤 -1 𝛤 + 1 6 + 𝜋 2 4 𝛤 -1 𝛤 + 1 6 𝑎 % 𝑒 #$ " + 𝑎 & 𝑒 #$ # 𝐵 -= 𝑎 % & + 𝑎 & & + 2𝑎 % 𝑎 & 𝑐𝑜𝑠𝛥𝜑 𝜑 / = 𝜑 3 + 𝛥𝜑 2 4 𝛤 -1 𝛤 + 1 6 - 𝜋 2 𝑎 % 𝑒 #$ " X 𝑎 & 𝑒 #$ # 𝑎 % 𝑒 #$ " + 𝑎 & 𝑒 #($ # () &) ⁄ 𝐶 -= 𝑎 % & + 𝑎 & & -2𝑎 % 𝑎 & sin 𝛥𝜑 𝜑 0 = 𝜑 3 + 𝛥𝜑 2 4 𝛤 -1 𝛤 + 1 6 - 𝜋 2 + 𝜋 2 𝛤 𝛤 + 1 𝑎 % 𝑒 #($ " () &) ⁄ + 𝑎 & 𝑒 #$ # 𝐷 -= 𝑎 % & + 𝑎 & & + 2𝑎 % 𝑎 & sin 𝛥𝜑 𝜑 1 = 𝜑 3 + 𝛥𝜑 2 4 𝛤 -1 𝛤 + 1 6 - 𝜋 2 4 𝛤 -1 𝛤 + 1 6
Each output is a single mode guided beam with an intensity and a phase. In the standard ABCD measurements the intensities are combined to retrieve the phase delay in a very straightforward estimator unsensitive to flux ratios and instrumental visibility:

𝛥𝜑 = 𝑎𝑟𝑔[𝐷 --𝐶 -; 𝐵 --𝐴 -]
Each output has a phase dominated by the average 𝜑 3 of the input phase with a perturbation when the input beams are not cophased (𝛥𝜑 ≠ 0) and unbalanced (Γ ≠ 1). It could be used to feed a second level beam combiner that will measure the OPD between the average beam 1&2 value and another beam. However, with an ABCD, the maximum intensity in each output is at most this of an input beam with a chip with a perfect transmission. In practice it will be necessarily less, leading to a decrease of flux with the hierarchical level that is not convenient for a hierarchical system.

The output beams B and C have a phase difference

𝛥𝜓 = 𝜑 0 -𝜑 / = ) & 2 2(% (= ) 3 𝑤ℎ𝑒𝑛 Γ = 1
) that is independent from the input phases and nearly constant when the input beams are well balanced. Then introducing an achromatic phase delay of π/4 on beam C would allow to add coherently beams B and C whatever the input phases with a moderate loss of coherence triggered by flux ratio variations. The 𝐴 4 and 𝐵 4 outputs of the TBSF will be the same as the 𝐴 -and 𝐷 -beams of the ABCD:

𝐴 4 (∆𝜑) = 𝐴 -(∆𝜑) = 𝑎 % & + 𝑎 & & -2𝑎 % 𝑎 & 𝑐𝑜𝑠𝛥𝜑 (1) 𝐵 4 (∆𝜑) = 𝐷 -(∆𝜑) = 𝑎 % & + 𝑎 & & + 2𝑎 % 𝑎 & 𝑠𝑖𝑛𝛥𝜑 (2)
Their difference yields:

𝐵 4 (∆𝜑) -𝐴 4 (∆𝜑) = 2𝑎 % 𝑎 & (sin 𝛥𝜑 + cos 𝛥𝜑) = 2√2𝑎 % 𝑎 & sin N𝛥𝜑 + 𝜋 4 P (3) 
The merged 𝐶 4 output is the addition of the complex amplitudes of beams 𝐵 -and 𝐶 -, the latest being delayed by π/4:

𝐶 4 = 𝐵 -+ 𝐶 -+ 2R𝐵 -𝐶 -cos 𝛥𝜓 4 𝑤𝑖𝑡ℎ 𝛥𝜓 4 = 𝜑 0 - 𝜋 4 -𝜑 / = 𝜋 4 𝛤 -1 𝛤 + 1 𝐶 4 = 2(𝑎 % & + 𝑎 & & ) + 2𝑎 % 𝑎 & [cos ∆𝜑 -sin ∆𝜑] + 2R𝐵 -𝐶 -cos 𝛥𝜓 4
As cos ∆𝜑 -sin ∆𝜑 = √2 𝑐𝑜𝑠 N∆𝜑 +

) 3 P we have

𝐶 4 = 2(𝑎 % & + 𝑎 & & ) + 2√2 𝑎 % 𝑎 & 𝑐𝑜𝑠 N∆𝜑 + 𝜋 4 P + 2R𝐵 -𝐶 -𝑐𝑜𝑠 𝜋 4 𝛤 -1 𝛤 + 1
To express the product 𝐵 -𝐶 -as a function of the TBSF outputs 𝐴 4 and 𝐵 4 we write:

𝐵 -𝐶 -= [ 𝑎 % & + 𝑎 & & + 2𝑎 % 𝑎 & 𝑐𝑜𝑠𝛥𝜑][ 𝑎 % & + 𝑎 & & -2𝑎 % 𝑎 & 𝑠𝑖𝑛𝛥𝜑] = ( 𝑎 % & + 𝑎 & & ) & + 2𝑎 % 𝑎 & (cos ∆𝜑 -sin ∆𝜑) -2 𝑎 % & 𝑎 & & cos ∆𝜑 sin ∆𝜑 𝐴 4 𝐵 4 = 𝐴 -𝐷 -= [ 𝑎 % & + 𝑎 & & -2𝑎 % 𝑎 & 𝑐𝑜𝑠𝛥𝜑][ 𝑎 % & + 𝑎 & & + 2𝑎 % 𝑎 & 𝑠𝑖𝑛𝛥𝜑] = ( 𝑎 % & + 𝑎 & & ) & -2𝑎 % 𝑎 & (cos ∆𝜑 -sin ∆𝜑) -2 𝑎 % & 𝑎 & & cos ∆𝜑 sin ∆𝜑 = 𝐵 -𝐶 --4𝑎 % 𝑎 & (𝑐𝑜𝑠 ∆𝜑 -𝑠𝑖𝑛 ∆𝜑) Using: 𝐴 4 +𝐵 4 = -2𝑎 % 𝑎 & (𝑐𝑜𝑠 ∆𝜑 -𝑠𝑖𝑛 ∆𝜑) Yields: 𝐵 -𝐶 -= 𝐴 4 𝐵 4 -2(𝐴 4 +𝐵 4 )
And finally:

𝐶 4 (∆𝜑) = 2(𝑎 % & + 𝑎 & & ) + 2√2𝑎 % 𝑎 & 𝑐𝑜𝑠 N𝛥𝜑 + 𝜋 4 P + 2𝑐𝑜𝑠 4 𝜋 4 𝛤 -1 𝛤 + 1 6 R𝐴 4 𝐵 4 -2(𝐴 4 +𝐵 4 ) (4) 
As for the ABCD we eliminate the continuum (non-modulated) terms using: Unlike the ABCD estimator the TBSF estimator is dependent from the flux ratio 𝛤. The numerical analysis of the phase delay estimator shows that this dependance is moderate and does penalize the fringe tracker function. As the impact on the SNR of the term 2𝑐𝑜𝑠 N has not yet been evaluated we have tested a simplified phase delay estimator that corresponded to our initial intuition based on the bulk optics experience: The figure 2 shows the computed value of such an estimator as function of the input phase for different flux ratios and instrument visibilities. Although the simplified phase delay estimator displays a sensitivity to these parameters, they introduce a maximum dispersion of 0.25 rad which is much smaller than the typical noise near the sensitivity limit (0.6 rad for a SNR=10). It also shows the first experimental measurements on a TBSF, part of a 4 beams HFT on an optical bench that we describe in the next section. Note the strong similarity between the measured and computed curves which validates our mathematical derivation of the behavior of our integrated optics HFT chip.

𝐵 4 (∆𝜑) + 𝐴 4 (∆𝜑) = 2(𝑎 % & + 𝑎 & & ) -2√2𝑎 % 𝑎 & 𝑐𝑜𝑠
𝛥𝜑 5 + 𝜋 4 = 𝑎𝑟𝑔 W 2[𝐵 4 (∆𝜑) -𝐴 4 (∆𝜑)]; 𝐶 4 (∆𝜑) -𝐵 4 (∆𝜑) -𝐴 4 (∆𝜑) X ( 7 
)

FIRST EXPERIMENTAL MEASUREMENTS

The figure 4 shows the design of our first 4T HFT test chip. Top: design of our first 4T HFT chip optimized for the H band. It combines 3 TBSF described in figure 1 (the purple half circles and quarter circles represent respectively π/2 and π/4 achromatic delays). The first two TBSF (left side) receive the input beams from two telescopes each and provide the 𝐴 4 and 𝐵 4 outputs to cophase them (𝑋 #6 for inputs i and j). The 𝐶 4 outputs are fed in a second level TBSF (right side) to cophase the pair (34) relative to the pair [START_REF] Defrère | L-band nulling interferometry at the VLTI with ASGARD/Hi-5: status and plans[END_REF]. For this test chip, a fraction (~18%) of each input beam and of the first level 𝐶 4 beams is derived in a photometric channel for control.

Bottom: the actual chip design by the company VLC before manufacturing. Each square on the plot has a 2 mm side and the chip is about 16x58 mm.

This chip has been installed on a test bench developed to test fringe trackers and instruments for the CHARA interferometer [11][18]. It features a super continuum source feeding a fiber with an output at the focus of a collimator providing a nearly point source for 6 collimated beams and hence 15 baselines. A first set of piezo actuators (one per beam) is used to adjust the OPDs. A second set of piezo actuators with servo loops tuned on capacitive gauges are used to introduce precise OPD perturbations. Then the beams are injected into single mode polarization maintaining fibers that transport them to a V groove that feeds by proximity the FT chips. The outputs of the chip are imaged on a laboratory grade IR camera through a transport doublet and a dispersive prism. All the setup is on an optical table placed in a clean room with controlled environment. Additional protection and baffling and isolation is installed on the table to reduce the air flows and local temperature changes that still introduce perturbations of the OPDs of up to 1 µm over a few minutes. The experimental procedure features:

• Optimization of the injection into the fibers (manually) with a tuning allowing balanced inputs. This is usually stable over hours if not days • Tuning of the zero OPDs with the first set of piezo actuators (1-4, then 2-1 and 3-4)

• OPD scan of beam 2 relatively to beam 1 • OPD scan of beam 4 relatively to beam 3 • OPD scan with beams 3-4 moving together relatively to beams 1-2 maintained still. This scan is started with all pairs cophased, but the cophasing of the moving pair 3-4 degrades through the scan o Each OPD scan is preceded by a scan with closed shutters and a scan with only one shutter open for dark current and photometric measurements.

The order of the scans can be changed.

We typically scan 30 fringes to approach the broad band coherence length, with 20 to 50 steps per fringe. At each step of the scan a frame recording the intensity in all dispersed outputs is recorded and stored. The data processing consists in extracting the output intensities from the right detector windows and pixels after correction of background (from dark frames) and of light leakage (from interpolation between dark pixels between the illuminated windows).

Then we apply the phase delay (and eventually group delay) estimators on the measured intensity after applying some corrections deduced from a calibration phase.

• The 𝐴 #6 and 𝐵 #6 outputs should have the same mean and contrast. This is not the case, and we can have up to 20% imbalance depending on the test chip. This compensated by a parameter 𝜌 #6 = \𝐴 #6 ] \𝐵 #6 ] ^ and we use 𝜌 #6 \𝐵 #6 ] -\𝐴 #6 ] as 𝐵 4 -𝐴 4 . This applies to the first level (𝐴 #6 and 𝐵 #6 ) and second level (𝐴 %&73 and 𝐵 %&73 ) outputs.

• For the first level TBSF, 𝐶 #6 contains a small fraction of the actual 𝐶 4#6 beam. We use 𝐶 4#6 = 𝜐 #6 𝐶 #6 with 𝜈 such as the 𝑟𝑚𝑠b𝐴 #6 + 𝜌𝐵 #6 + 𝜐 #6 𝐶 #6 c through the scan is minimum. For the second level 𝐶 %&73 is used directly. • When used, the flux ratios are estimated from the photometric beams

Γ #6 = 𝑃 #8 𝑃 68 ⁄ and Γ %&73 = 𝐶 %& 𝐶 73 ⁄ .
This is a preliminary calibration procedure that gives already quite good results. It will be eventually evolved in a pixel to delay (P2DM) approach linking Pixel intensities to known Delays.

The first key result of our preliminary tests is that 𝐶 4 $%& is about 1.4 time the flux of the input beams. This is deduced from the comparison between 𝐶 #6 and (𝑃 #8 + 𝑃 68 )/2 as they should represent similar fractions of the corresponding beams. This fully confirms that the level n+1 of such an HFT chip receives more flux than the level n.

The second result displayed in the plots in figures 4 and 5 is that we have correct estimations of the phase delays that are quite well represented by the theoretical value of the phase delay estimator. Figure 4 and figure 2 illustrate the simplified phase delay from equation 7. This is true for the first level TBSF that correctly estimate the OPDs 1-2 and 4-3 but also for the second level TBSF that estimates (3-4)-(1-2) even when beams 3 and 4 are not perfectly cophased. In figure 5 we show the results of phase delay measures using the "exact" estimator described by equation 6. The results are cleaner, and the oscillation created by the R𝐵 -𝐶 -= R𝐴 4 𝐵 4 -2(𝐴 4 +𝐵 4 ) term in equation 4 (neglected in the simplified estimator) is removed. However, the phase delay estimator is not as linear as predicted by equation 6. This is probably due to our approximate preliminary calibration of the different transmissions of the various outputs and maybe also to the slight chromaticity of the phase delays that is detected from a comparison of the different spectral channels. However, both phase delay estimators can clearly be used for fringe tracking.

These results are preliminary, as we are not yet able to maintain the relative phase delays Δφ #6 fixed when we scan the 2 nd level. We are currently transforming the experimental software to have the pairs 1-2 and 3-4 adjusted to set parameters before each step (or set of steps) of 34 versus 12. This will be the first step of a first implementation of the fringe tracker servo-loop. The bottom plot shows a scan of OPDs 3&4 together with 1&2 fixed. We retrieve the expected phase delay and phase delays differences. Note that the contrasts off all outputs are slightly reduced because the OPD 3-4 was not maintained at 0 through the scan (it drifted by about 1 radian i.e. ~0.2 µm. The remarkable result is that the difference between the mean 1-2 and 3-4 OPDs is correctly retrieved whatever the status of 1-2 and 3-4 cophasing, with a SNR cost when 1-2 or 3-4 are not cophased.

Our first test chip is featuring many photometric channels that divert a fraction of the flux with an impact on the FT limiting sensitivity. Another way to see it is that these photometric beams represent additional measurements and hence an increase in readout noise. However, even with these photometric channels the fundamental property of the HFT is not lost: the n+1 level receives most flux than the n level. To optimize the SNR of each TBSF, we have designed a new chip without photometric channels but with "nulling" outputs labelled "0" in figure 6. If all inputs are balanced and cophased, these nulling inputs will see no flux. If not, they will be usable to estimate flux ratios and phase delays. We have just received this new chip and its tests are expected to start in September 2022. An interesting feature is that this chip has a simple and compact bulk optics equivalent, also displayed in figure 6. This system should be much easier to manufacture and align than our initial 2016 design with dispersed fringes on a cascade of grids. Bulk optics are worth investigating for fringe tracking because they could maximize the sensitivity and minimize fringe tracking residuals to the cost of a certain loss in phase delay accuracy that is not as critical for a tracker than for a science sensor. 

A VERY BROAD BAND HFT AND ITS POTENTIAL FOR AGNS ON THE VLTI 4.1 A very broad band implementation

On the VLTI with only 4 apertures the gain provided by the HFT architecture alone is of the order of 1 to 1.5 magnitudes. Further gain can be obtained by an extension of the tracking band. Boskri et al [START_REF] Boskri | Potential and sky coverage for off-axis fringe tracking in optical long baseline interferometry[END_REF] sensitivity estimates are based on a J+H+K band tracker assuming the Strehl ratios expected from the GRAVITY+ upgrade on UTs or the current NAOMI Adaptative Optics on ATs. Each band would be fed in a separate chip and the outputs of each chip would be analyzed without dispersion. Such wide band use of chips require correction of the transverse and longitudinal atmospheric and fibers chromatic dispersion, particularly at the shortest wavelengths. The figure 7 displays the concept of such a device.

For each VLTI beam, we place a dispersive element (P) in a focal plane which allows to have a dispersed pupil but non dispersed focal images. The dispersed pupil is placed on a MEMS mirror (0.025 µm to 0.05 µm width for each individual mirror). The global orientation of the mirrors in a band allows to select it and feed it in an Integrated Optics HFT chip, one per photometric band. Individual single channel pupils on the MEMS mirror segments are (i) tip-tilted to correct transverse chromatic dispersion and optimize injection and (ii) translated in a piston correcting the chromatic OPD differences within sub bands. Selected mirrors can pick spectral windows around emission lines redshifted anywhere between 1 and 2.4 µm to feed it to an external instrument or to an internal module specifically optimized for line differential interferometry with resolution ~1500 (±500). This feature is decisive for the study of AGNs as we should have access to targets with redshifts from zero to 2. This design is the baseline of our proposals for a VLTI visitor instrument (VIPS proposal to the EII in December 2021 and VERMILION proposal described in another paper in these proceedings [START_REF] Hadjara | VERMILION: Visitor Extension spectRal sub-Mid-Infrared Light InterferOmeter iNstrument[END_REF]). 

Potential AGN observations in the L and J bands

To complement the study of the potential in the N band that can be found in Boskri+ 2021 [START_REF] Boskri | Potential and sky coverage for off-axis fringe tracking in optical long baseline interferometry[END_REF], figure 8 illustrates the potential of broad band MATISSE observations in the L band with the current GRA4MAT limit (K~10.5), with the improved GRA4MAT when GRAVITY is completed (K~12.5 for observations with MATISSE) and with a future HFT used off-axis (guide star up to K~15.9 up to 50 arcminutes aways). The increase in the number of resolvable QSOs is very substantial with more than 200 observable targets including more than 20 targets potentially accessible for imaging. Figure 9 shows the potential of observations in the J band of BLRs in emission lines at spectral resolution R~1000, for on-axis and off-axis tracking with the GRAVITY FT and the HFT. In that case also the HFT could be a game changer as it will allow to observe BLR on a much larger range of redshifts with a substantial fraction of targets resolvable in differential visibility. This potential for additional observations in the J and L bands would be a decisive upgrade to the VLTI AGN program. GRAVITY+ [START_REF] Perrin | A New Era of Interferometry with GRAVITY+[END_REF] computed that spectro-astrometry could be applied to QSOs up to z~2 allowing super massive black hole mass estimates and direct distance measurements from a combination of spectro-astrometry with reverberation mapping. However, Rakshit+, 2015 [START_REF] Rakshit | Differential interferometry of QSO broad-line regions -I. Improving the reverberation mapping model fits and black hole mass estimates[END_REF] showed that spectro-astrometry and reverberation mapping alone are very sensitive to the geometry of the source. In that context, the additional morphological information that can be obtained from the better resolved L band inner torus and J band BLRs will remove many parameters degeneracy and increase the accuracy of mass estimates and direct distance measurements. The J band would also offer much more opportunities of joint spectroastrometric and reverberation mapping observations. Ultimately, the limiting sensitivity of an HFT might appear as a requirement for a VLTI AGN program able to contribute to the cosmological tension problem [START_REF] Riess | Large Magellanic Cloud Cepheid Standards Provide a 1% Foundation for the Determination of the Hubble Constant and Stronger Evidence for Physics beyond ΛCDM[END_REF]. There are no QSO BLRs that can be imaged in the J band at the VLTI.

DISCUSSION AND CONCLUSION

Our first experimental results indicate that the HFT concept based on integrated optics chips with two beams spatial filter evolved from ABCD beam couplers is correct. This opens the way for a very sensitive VLTI fringe tracker and for fringe trackers with performances independent from the number of apertures. Several projects of such large interferometers are being discussed from CHARA with more than 6 telescopes to MROI to PFI. Heterodyne detection at the telescope was once proposed as the solution for such large interferometers but the first investigations show that it can be sensitive enough only in coherent integration mode and hence needs a homodyne broad band fringe tracker [START_REF] Bourdarot | Heterodyne infrared interferometry: review and prospects[END_REF].

A lot remains to be done. We have to establish a robust calibration procedure and further investigate the sensitivity of our estimators to flux imbalance, even if we have indications that this is a minor problem. We have to finalize a servo loop optimized for an HFT and test it, first in computer simulations and then on the bench. And we need tests and demonstrations on the sky on the VLTI as key part of a visitor instrument [START_REF] Hadjara | VERMILION: Visitor Extension spectRal sub-Mid-Infrared Light InterferOmeter iNstrument[END_REF] or at CHARA. This would help sorting some key questions:

• What is the sensitivity of an HFT to resolved sources? If the HFT is used off axis on calibrators fainter than K>11 (or even K>14 on UTs) the angular resolution of such guide starts will not be an issue. On axis, the beam combiners of level n are sensitive to the average visibility on the already combined baselines separated by an average baseline. For example, figure 10 shows two possible HFT configurations for the six telescopes CHARA array. The longest baselines involved in the HFT are not much longer than the long CHARA individual baselines and they anyway contain the information given by these baselines. • Is it mandatory to have 2 n apertures to use efficiently an HFT? Probably no. Figure 10 shows a design for a 6T

HFT with three hierarchical levels. As the outputs from the first pair will contain ~1.4 time the flux from a telescope and we are not that sensitive to flux imbalance, the 2 nd level TBSF combining a pair of telescopes with a single telescope would anyway have a better SNR (for unresolved sources) than the first level TBSF and this maintains the hierarchical advantage. • What about the loss of redundancy offered by a GRAVITY like fringe tracker? We believe that this point is actually in favor of the HFT. The redundancy is useful when one baseline is lost, and the information can be retrieved from the other baselines. If the loss is due to a flux drop in one telescope, all baselines involving that telescope are lost and there is no applicable redundancy. A baseline can also be lost for low SNR. The SNR per baseline will be much higher in the HFT and the threshold for losing a baseline will be lower. In fact, the HFT combines the baseline directly while the redundancy of the GFT consists in combining them in the computer. • What is the sensitivity of the HFT to fringe jumps? This is a key question related to the previous one. For a given flux, the SNR per baseline will be higher with the HFT and fringe jumps should be rarer.

Of course, all these points must be investigated. The collaboration between the co-authors of this proceedings and between their Institutes is defining a development plan including computer simulations, test bench experiments and ultimately a demonstration on sky with a visitor instrument. 
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 1 Figure 1: A standard ABCD integrated optics beam combiner (left) and a Two Beams Spatial Filter (TBSF, right). Both are fed by single mode fibers. They have the same basic components: a 𝑌 !"/!" beam splitter that divides equally each input beam and X couplers 𝑋 $%& . The ABCD and the TBSF use achromatic phase shifts of π/2. The TBSF also uses an achromatic phase shift of π/4. Both beam combiners have single mode outputs.
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Figure 2 :

 2 Figure 2: Computed (top) and measured (bottom) simplified phase delay estimator from a TBSF. The different colors for the computed estimator correspond to different flux ratios and instrument visibilities as indicated in the figure. The bottom plot shows measurements in different spectral channels in the H band from a TBSF (actually the first level of a 4T HFT) when we scan the input OPD between the two beams (typically 40 steps/fringe at 1.6 µm): from top to bottom the 𝐴 3 and 𝐵 3 intensities, their combination 𝐵 3 -𝐴 3 , the 𝐶 3 output and the simplified phase delay estimator. The colors represent the different spectral channels used for this test as indicated in µm at the top of the figure. In the central fringe, near the step 120, all phase delays are the same, which corresponds to the group delay 0.

Figure 3 :

 3 Figure 3: First 4T HFT chip.

Figure 4 :

 4 Figure 4: First tests of the HFT chips. The signification of the rows is given in figure 2. The number of OPD steps varies but the mean fringe is 1.6 µm. The top row represents scans of OPD 2 with OPD 1 fixed (left) and OPD 4 with OPD 3 fixed (right). Figure 2 displays a zoom of the 1-2 left plot. Note the very high instrumental contrast shown in each modulation.The bottom plot shows a scan of OPDs 3&4 together with 1&2 fixed. We retrieve the expected phase delay and phase delays differences. Note that the contrasts off all outputs are slightly reduced because the OPD 3-4 was not maintained at 0 through the scan (it drifted by about 1 radian i.e. ~0.2 µm. The remarkable result is that the difference between the mean 1-2 and 3-4 OPDs is correctly retrieved whatever the status of 1-2 and 3-4 cophasing, with a SNR cost when 1-2 or 3-4 are not cophased.

Figure 5 :

 5 Figure 5: Test of the first estimator chip with the complete phase delay estimator. The signification of the rows in each figure is like in figure 2. The three figures represent the same scans than figure 4 with a zoom on the five central fringes and a phase delay estimated using the full estimator.
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 6 Figure 6: Second generation HFT chip. Upper left: conceptual chip design. Bottom left: design by the manufacturing company on a 8x60 mm chip. Right: the exact bulk optics equivalent, assuming that we can make achromatic π/2 and π/4 phase delays.

Figure 7 :

 7 Figure7: A very broad band HFT with a chip for the J band, another for the H band and another for the K band. Each chip is analyzed broad band without dispersion. To compensate transverse and longitudinal chromatic dispersion and allowing an optimum injection over a broad band we produce a dispersed pupil on a MEMs with micro mirror allowing to compensate the chromatic tip-tilt and OPD for each typically 0.04 µm channel (resolution 30). As the dispersive element is in an image plane, the downstream image planes are without dispersion. Specific unit mirrors of the MEM can be used to select and feed specific spectral channels in a scientific instrument.

Figure 8 :

 8 Figure 8: Potential L band observations of QSOs at the VLTI with the UTs, with the current GRA4MAT setup (upper left), GRA4MAT when the GRAVITY+ upgrade is completed (upper right) and MATISSE combined with an HFT off-axis fringe tracker. The dots represent QSOs large and bright enough to produce SNR>10 science data in two hours. The blue dots are for targets where we can have only spectro-astrometric information from the differential phase. The orange dots are for targets large enough to provide visibility measures and the purple dots are for targets large enough to provide closure phase information i.e. potentially resolved images. The targets have been selected from a list of 15799 QSOs observable in the mid-infrared from the VLTI.

Figure 9 :

 9 Figure 9: Potential J band observations of QSOs Broad Line regions (resolution 1000, two hours of observations) at the VLTI with the UTs with the GRAVITY Fringe Tracker GFT) after completion of the GRAVITY+ upgrade and with the HFT. Upper left: GFT on-axis; upper right: GFT off-axis; bottom left: HFT on axis; bottom right HFT off-axis. The blue dots indicate a spectro-astrometric resolution of the BLR with a SNR>10 on the photocenter displacement. The orange dots indicate targets allowing visibility measurements of the inclination and position angle of the BLR.There are no QSO BLRs that can be imaged in the J band at the VLTI.

Figure 10 :

 10 Figure 10: An HFT design for 6 telescopes with three levels of TBSF (left) and two possible HFT configurations for the CHARA interferometer. The red label on a baseline corresponds to the level in the HFT used to cophase it.
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Initially the off-axis separation accepted by the GFT was limited to 2 arcseconds with the UTs.

Although heterodyne detection at each telescope has performances independent from the number of apertures, it has been shown in[START_REF] Bourdarot | Heterodyne infrared interferometry: review and prospects[END_REF] that it can be competitive only in coherent mode and hence needs an homodyne high performance FT.

For an extended source, we add the intensities of the single mode beams emitted by each point of the source. This multiplies the terms 𝑎 ( 𝑎 1 𝑒[START_REF]First light for GRAVITY: Phase referencing optical interferometry for the Very Large Telescope Interferometer[END_REF] by the source complex visibility 𝑉 (1 𝑒 () #$ at the spatial frequency 𝐵 (1 𝜆 ⁄ where 𝐵 (1 is the baseline.
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