





in Sect. 3. Another limit is the distance between science target and reference star, as shown in Fig. 2. The
usable patch, in which differential piston variations over the field remain at an acceptable level, can be increased
by the use of MCAO (cf. Sect. 4).

2. IMAGE ANALYSIS CONCEPT

In the fringe tracking control loop that is forseen for LINC-NIRVANA, a NIR focal plane array is used to acquire
the PSF of a reference star at a frame rate of up to 200 Hz. A more detailed overview of the fringe tracking control
loop can be found in Rost et al.5. Column averages of the two-dimensional frames result in one-dimensional
PSF intensity profiles (cf. Fig. 3). The profile of the monochromatic PSF of the LBT along the direction of the
interferometric baseline can be expressed as:

2
1(0) = 21 <2J;(6)> : [1 + cos (220 + 27TP>] with 0 = 1.227~ ;Axo, (1)

Iy and r4 representing the peak intensity and radius of a single channel Airy distribution, and b/d the ratio of
the separation of the mirror centers and the mirror diameters. P denotes the differential piston in wavelengths
between the two channels.
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Figure 3. Top: Piston analysis in simulated PSFs with pixel samplings and image sizes corresponding to the LINC-
NIRVANA Fringe and Flexure Tracker plate scale and window size. Superposed is a Gaussian noise contribution resulting
in pixel-to-pixel signal to noise ratios of 15 and 3. The PSF profiles contain the pixel column averages in between the
two white lines. Although the fringe patterns in the low S/N cases become almost invisible, the frames contain sufficient
information for obtaining reasonable results with the differential piston fitting algorithm.

Bottom: polychromatic PSF profiles contain the information on absolute differential piston between the two arms of the
interferometer, that is needed for cophasing. The profiles shown here result from a differential piston of ~1\. The broader
the bandpass filter, the clearer the direction in which the white light fringe is located.
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This analytic expression was implemented in a multidimensional fitting algorithm based on the Levenberg-
Marquardt method.””® The robust method is a standard approach for nonlinear least-squares optimization
problems since it minimizes the x? merit function in a minimum amount of iterations. Besides the parameters
describing the geometry of the pupil (b,d), the single channel Airy distribution (center position xg, Iy, 74) and
the differential piston P, the background level was considered as additional parameter.

With a polychromatic modification of this algorithm it is possible to determine differential piston also greater
than A\ with a low pixel-to-pixel Signal-to-Noise ratio.

3. LIMITING MAGNITUDES

The fringe contrast, that can be achieved in each specific case, is the result of a detailed piston error calculation.

It has to take into account numerous instrumental and atmospheric parameters. Part of this error budget is the
fringe tracking control loop, which is currently under development.® A residual piston (RMS) of 0.1 \ for the
central wavelength of the science band at the position of the science target is a benchmark for the fringe tracking
performance. This goal imposes constraints on the magnitude of the fringe tracking reference star.

The pixel-to-pixel S/N ratio required to achieve a certain residual piston RMS depends on the sampling of
the PSF, i.e. on the wavelength at which the fringe tracking reference star is observed. At shorter wavelengths
a higher S/N is needed to achieve the same residual piston RMS as for longer wavelengths (cf. Fig. 4). On
the other hand, fringe tracking at shorter wavelengths has relaxed requirements on the residual piston RMS
in the fringe tracking band when the science band is at longer wavelengths (cf. table 1).  The choice of the
fringe tracking band therefore is a trade-off between sampling and mandatory residual piston RMS at the fringe
tracking band. Figure 4 shows, that the wavelength dependence on the required residual piston RMS actually
outweighs the dependence on the PSF sampling. As a consequence, it is always preferable to chose a short
wavelength band for fringe tracking. However, not all combinations of science and fringe tracking bands are
available. In the central region of the FFTS FoV, part of the NIR wavelength range is reflected to the science
detector by a dichroic and, therefore, not available to the FFTS.

The performance of the fringe tracking algorithm is dependent on the degree to which the center position of
the PSF is known. If the position is unknown by more than half a pixel, the required S/N is much higher, since
this parameter then has to be added to the parameters that are to be determined by the fit routine. For this
reason, Figures 4 and 5 also provide values for a multi-parameter fit including the central position.

K K
Differential piston fit with known PSF center position Differential piston fit with PSF center position as additional
fit parameter

Figure 4. top charts: S/N required for different combinations of central wavelengths and residual differential piston
values. bottom charts: S/N required to achieve a residual differential piston RMS of 0.1 Ascience
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The S/N requirements were used to derive estimates of limiting magnitudes for fringe tracking guide stars.
Note that these estimates are based only on the requirements of the fringe tracking algorithm and do neither
consider the piston rejection function of the full fringe tracking control loop nor any other effect contributing to
the piston error budget. The values given here, therefore, represent upper limits of the actual limiting magnitudes
achievable with the FFTS hardware that is currently planned to be used.

The detector readout noise (RON) has by far the largest impact on the S/N ratio. Therefore, all other
sources of noise (except for the Poisson distribution of the photon noise) have been neglected in this estimate:

N/
S/N ~ L

\/ N, + Niox

where N, is the number of photo electrons per frame in the central pixel of the PSF image and Nron the
number of readout noise electrons.

oL

P = o A-Fy - Aiso - AX - Ratm - Rel - Rstrenl - Rrilter - RQE - Toixel

Framerate

All parameters that have been considered are listed in table 2. The resulting magnitude limits for different
combinations of fringe tracking and science wavelengths are shown in Fig. 5.

50 Hz 200 Hz

Required
Magnitude
Required
Magnlludj
Required
Magnllu:lg

Required
Magnitude
Required
Magnitude
Required
Magnitude

Differential piston fit with PSF center position as additional parameter

Figure 5. Limiting magnitudes required to achieve a residual differential piston RMS of 0.1 Ascience for different combi-
nations of fringe tracking and science wavelengths and frame rates of 50Hz, 100Hz and 200Hz
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Table 1. Residual piston RMS at the fringe tracking wavelength required to achieve an RMS value of 0.1 Ascience-

Fringe tracking band
AScience J J+H H H+K K
J 0.100 0.085 0.076 0.063 0.057
H 0.132 0.112 0.100 0.083 0.075
K 0.176 0.150 0.133 0.111 0.100

Table 2. Parameters considered for the limiting magnitude estimates shown in Fig. 5. Readout noise is the dominating
noise component, all others can be neglected.

Common parameters:

optical component throughput
M1 0.95
M2 0.95
M3 0.95
collimator 6 -0.98
DM 2-0.98
Dichroic 0.98
Dewar entrance window 0.98
Beam combiner 2-0.98
Dichroic 0.98
Throughput excluding filter (Rre)) 0.66
Detector Quantum efficiency (Rqg) 0.6
Detector RON (Ngron) [e7] 15.5
Telescope area (A) [m?] 105.6
Strehl (RStrehl) 0.4

Filter specific parameters:

J J+H H H+K K

Niso [ 125 147 165 198 220
bandwidth FWHM (A\) [um] 0.24 0.60 0.36 0.92 0.56
filter transmission (Rpiter) 0.8 0.8 0.8 0.8 0.8
atmospheric transmission (Ragm ) 1 0.6 1 0.6 1
Fo [10_10 \W% m_2um_1] 314 164 11.2 5.7 3.8

fraction of PSF in central pixel (fpixel) [%] 4.7 3.4 2.8 20 1.6

4. DIFFERENTIAL PISTON ANGULAR ANISOPLANATISM

Simulations of the evolution of differential piston for different positions in the FoV were performed with the
“Layer Oriented Simulation Tool”® (LOST). The goal was to determine the size of the patch around the science
target in which the spatial differential piston distribution is reasonably flat (isopistonic patch). A measure of
the flatness is the RMS differential piston deviation with regard to the center of the FoV, the position of the
science target. In the case of off-center fringe tracking, differences between piston values at the central position
and at the position of the FFTS reference star can not be determined and add to the residual piston of the
FFTS. A large RMS deviation at the position of the guide star will therefore reduce the fringe contrast at the
science target, even if the FFTS provides good correction in the vicinity of its reference star.
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Table 3. Parameters that are common in all simulations

telescope and system parameters:

telescope diameter 8.2 m

central obscuration not considered
zenith distance 0°

GWS FoV diameter 120” - 360”
MHWS FoV diameter 0”7 — 1207
/\science 2.2 pm
number of DM 2 per channel, 4 total
conjugation altitudes 100m , 6000m
loop parameters:

time step 5104
number of steps 11500 or 12000
common atmospheric parameters:

number of layers 7

power spectrum Kolmogorov

noise parameters of MCAO CCDs:

bandwidth integration 0.4 pm

overall quantum efficiency 0.3

RON 3.5 and 4.0 [e~ pix~!frame™!]
sky brightness (R-band) 20.0

4.1. Simulation setup

Obviously, the size of the isopistonic patch depends on atmospheric conditions. The performance of the MCAO
system also has a big influence on the flatness of the differential piston distribution. To determine the importance
of both influences, several simulations probing standard and extreme cases were performed. In all simulations,
seven layer atmospheric models following the Kolmogorov power spectrum were generated. In addition to the
ground layer, Multi-Conjugate Adaptive Optics (MCAO) correction was applied for a second, high altitude layer
at a conjugated altitude of 6000m. Differential piston was determined for a square grid of 25 positions in the
central arcminute FoV — the region which can be accessed by the FFTS. Parameters that are common in all
simulations are shown in table 3.

4.2. Atmospheres and asterisms

Due to the lack of measured data for Mt. Graham, atmospheric input parameters were based on data from other
sites. Data sets for D/rg and wind profiles were taken from two sites: Paranal and San Pedro Martir. All
parameter sets are based on a reference wavelength of A=2.2um. The Paranal parameters result in a seeing
angle of ~0.73” in the V-band. To consider worse atmospheric conditions, the annual mean of the CN2? and wind
profile of the San Pedro Martir site in Mexico, ~550 km west of Mt. Graham and at similar altitude (2720m
vs. 3200m at Mt. Graham) were used to derive the necessary input parameters. The derived D/ry parameters
resulted in a mean rp=0.068m and in a seeing angle at V-band of ~1.5”. However, both sites considered here are
located close to the sea and all atmospheric profiles from these locations may not fully represent the conditions
predominating at Mt. Graham.

Atmospheric screens were created for 7 altitudes (cf. table 4). New screens were generated for each simulation,
even for those with the same atmospheric parameters. These screens were moved according to the given wind
velocities but with random directions for each layer. Both the Paranal and San Pedro Martir D/ry parameters
for all altitudes have also been scaled to represent better seeing conditions. This allowed the analysis of excellent
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Table 4. Atmospheric parameters considered in the simulations.

Site Paranal San Pedro Martir
Seeing angle 0.3” 0.73” 0.7 1.5”
Layer Altitude VWind Dry 1 Dry E VWind Dry 1 Dry I
[m] [m s™1] (A=2.2pm) (A=2.2um) [m s™1] (A=2.2pm) (A=2.2m)

1 0 6.6 3.21 7.38 12.81 8.25 17.33
2 1800 12.4 0.92 2.11 14.11 2.49 5.22
3 3200 8.0 1.16 2.67 17.96 1.17 2.45
4 5800 33.7 0.55 1.28 22.21 0.5 1.05
) 7400 23.2 0.46 1.05 21.01 1.63 3.43

6 13000 22.2 0.91 2.11 9.72 1.0 2.1
7 15800 8.0 0.33 0.77 6.58 0.5 1.06

Table 5. Parameters that were adjusted to comply to the considered asterism.

lat20 ngp0-31
Gain DM1 0.55 0.6
Gain DM2 0.35 0.6
Spatial sampling on WFS1 32 8
Spatial sampling WFS2 18 7
Integration time WFS1 2.5 ms 10ms
Integration time WFS2 1.0 ms 20ms

seeing conditions (Paranal atmosphere representing a seeing of 0.3 7 at V-band) and the comparison of the San
Pedro Martir atmosphere (scaled to a seeing of 0.7”) with the Paranal conditions.

Two sample asterisms were considered: ”1at20” and "ngp0-31” roughly corresponding to fields at galactic
latitude 20° and the north galactic pole, respectively. With a total V-band magnitude within 6’ of 9.6 mag ”lat
20” represents a rather bright case that supports good MCAO performance. “ngp0-317 with V=13.1 mag, on
the other hand, represents the faint end that has been considered.

Based on the results of optimization tests, several parameters had to be adjusted to the asterism to give
better MCAO performance. The parameters that were specific to the considered asterism are listed in table 5.

4.3. Results

Figures 6 and 7 summarize the outcome of the simulations presented here in terms of spatial distribution of
differential piston over the FoV. For each time step, the differential piston at any position is referenced to the
differential piston value at the center of the FoV. The resulting maps, therefore, represent the RMS scatter
at any position with respect to the location of the science target. This RMS scatter is shown both with and
without applied MCAQ correction. A characteristic measure is the size of the region with a differential piston
deviation smaller than the residual piston goal of 0.1 A. Table 6 contains the corresponding patch sizes.

Esposito, Riccardi, & Femenia!® discuss the differential piston angular anisoplanatism analytically and
base their analyses in the case of the LBT on a modified Hufnagel-Valley model for the atmospheric turbulence
profile. They state values for the anisopistonic error (RMS) as a function of the distance to the center of the
FoV and as a function of the outer scale. A median ro(V-Band)=0.133m (which corresponds to a seeing angle
of 0.78” @ V-band) was derived. Similar to our approach, they define a threshold of 0.1\ to determine the size
of the isopistonic patch. For the K-band (2.2um) and an infinite outer scale (which is identical to our study
and which also is a worst case assumption), they derive isopistonic patch radii of 12.6” along the direction of the
baseline and 16.8” orthogonal to this direction. These values are in agreement with our findings. For a seeing
angle of 0.73” at V-band we derived a RMS isopistonic patch radii of 13” and 14” respectively. The systematic
difference of the RMS isopistonic patch size parallel and perpendicular to the direction of the baseline is an
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Figure 6. Spatial distribution of atmospheric differential piston for different atmospheric conditions. The maps show the
RMS deviation from the differential piston value at the central position. The contours represent multiples of A (=2.20um).
In each row, 2 simulations with individually created atmospheres based on identical parameters are shown.
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Figure 7. Spatial distribution of MCAO-corrected differential piston for different atmospheric conditions. An asterism
(1at20) with a total magnitude of V=9.63 supports good MCAO performance. The maps on the left show the RMS
deviation and on the right the mean absolute deviation from the differential piston value at the central position. The
contours represent multiples of A (=2.20pum).
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Table 6. Radii of regions with RMS differential piston deviation from the central position of < 0.1\. Values for patch
sizes parallel and perpendicular to the direction of the baseline (BL) are given.

seeing angle I'patch atmosphere I'patch MCAO corrected

lat20 ngp0-31
V-band [7] IBL[] LBLP]|[BL[P] LBL[] |[BL["] LBLJ[]
0.3 (Paranal) 26 >30 >30 >30 30 > 30
0.73 (Paranal) 13 14 21 28 11 17
0.7 (San Pedro Martir) 15 24 26 >30 20 24
1.5 (San Pedro Martir) 10 13 16 19 9 18

innate feature of the geometry of the LBT aperture. In the study of Esposito et al., the influence of adaptive
optics on the size of the isopistonic patch was not included. The MCAOQO systems flatten the incoming wavefronts
in each of the two interferometric channels, and by doing this, reduce the spatial variation of differential piston
in the FoV. The effectiveness of the flattening is dependent on the MCAQ performance, which again depends
on the asterism. It can be concluded, that:

e The isopistonic patch size is highly dependent on the degree of atmospheric turbulence. With the caveat
of a missing mean atmospheric turbulence profile for the Mt. Graham site, both our and the studies of
Esposito et al.1% find representative RMS isopistonic patch sizes of ~15” radius.

e The derived isopistonic patch sizes are based on an atmospheric model with infinite outer scale. This is a
worst case assumption. The angular sizes increase significantly with decreasing outer scale.

e The isopistonic patch size can be increased significantly with the help of MCAO. The gain in the isopistonic
patch size is depending on the MCAO performance, which is again dependant on the asterism that is used
for reference.

5. CONCLUSIONS

The fringe contrast as measure for the interferometric image quality is strongly related to the fringe tracking
performance. This performance is dependent on several parameters, such as the seeing conditions, the hardware
used to acquire a reference star PSF, the fringe tracking control loop parameters, instrumental vibration or
the brightness of the fringe tracking reference star. In our image analysis concept, the 2-dimensional PSF
of a reference star is compressed in one dimension and a PSF profile is fitted to determine differential piston.
This fitting algorithm is part of the fringe tracking control loop, which provides a real-time correction of the
atmospheric differential piston. We present estimates of the limiting magnitude the fitting algorithm requires
in order to provide an adequate correction. These limits do not present the limiting magnitudes of the complete
system, since other control loop parameters still have to be taken into account.

In the case of off-axis fringe tracking, the fringe contrast is also influenced by the distance of the reference
star to the science target. Differential piston does not only vary in time but is also dependent on the position in
the FoV. The size of the isopistonic patch, the area in which these variations remain within an acceptable range,
depends on the seeing conditions and the MCAO performance. Our simulations suggest, that the isopistonic
patch can be significantly increased, if the MCAO systems are able to exploit a bright asterism.
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