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ABSTRACT

The Enhanced Resolution Imager and Spectrograph (ERIS) is an instrument that both extends and enhances the fundamental diffraction
limited imaging and spectroscopy capability for the VLT. It replaces two instruments that were being maintained beyond their opera-
tional lifetimes, combines their functionality on a single focus, provides a new wavefront sensing module for natural and laser guide
stars that makes use of the Adaptive Optics Facility, and considerably improves on their performance. The observational modes ERIS
provides are integral field spectroscopy at 1-2.5 um, imaging at 1-5 um with several options for high-contrast imaging, and long-slit
spectroscopy at 3—4 pm. The instrument is installed at the Cassegrain focus of UT4 at the VLT and, following its commissioning

during 2022, has been made available to the community.

Key words. instrumentation: adaptive optics — instrumentation: high angular resolution — instrumentation: spectrographs —

instrumentation: miscellaneous

1. Introduction

For one and a half decades, the fundamental near-infrared adap-
tive optics capability for the VLT was provided by SINFONI
and NACO. SINFONI was installed in 2004 as the combina-
tion of the SPIFFI integral field spectrometer (Eisenhauer et al.
2003), which had been previously operated in 2003 as a seeing-
limited guest instrument, and the MACAO adaptive optics sys-
tem (Bonnet et al. 2004). NACO was installed in 2001 as the
combination of the CONICA imager and spectrograph (Lenzen
et al. 2003) and the NAOS adaptive optics system (Rousset et al.
2003). With these two instruments working beyond their 10-yr

* F.R.S.-FNRS Senior Research Associate.

design lifetimes, a new facility was required to maintain the
diffraction limit capabilities of the telescope into the 2030s,
as well as to achieve a major enhancement of the performance
previously attainable in order to stay competitive. This need is
fulfilled by the Enhanced Resolution Imager and Spectrograph
(ERIS). It is a Cassegrain instrument on UT4 that combines a
new imaging camera (NIX), with a refurbishment and upgrade
of the integral field spectrometer (SPIFFIER), and a new adap-
tive optics module that makes use of the Adaptive Optics Facility
(AOF; Arsenault et al. 2017; Oberti et al. 2018).

Following the Phase A study, which was concluded in
2012, the project was reorganised and the consortium restruc-
tured to comprise the following institutions: Max-Planck-Institut
fiir extraterrestrische Physik in Germany (the PI institute,
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Cabinet for
Electronics

Fig. 1. Overview of the ERIS instrument and its global characteristics. Left: CAD drawing with major sub-systems labelled: the SPIFFIER integral
field spectrograph, the NIX camera, the Calibration Unit, the Central Structure with the wavefront sensor cameras, and the electronics mounted in
three cabinets. Right: view of ERIS mounted at the Cassegrain focus of UT4 at the VLT observatory.

responsible for system engineering, central structure, and inte-
gral field spectrometer); Istituto Nazionale di Astrofisica in
Italy, including the Osservatorio Astrofisico di Arcetri (adaptive
optics and Warm Optics), Osservatorio Astronomico d’Abruzzo
(Calibration Unit), and Osservatorio Astronomico di Padova
(control software); UK Astronomy Technology Centre in the
UK (imager); Eidgenossische Technische Hochschule Ziirich
in Switzerland (NIX wheels with their filters and masks);
Sterrewacht Leiden in the Netherlands (phase masks); and the
European Southern Observatory (detectors and handling tool).

Phase B began at the end of 2014 with a mandate from the
ESO Scientific Technical Committee that, given the develop-
ment landscape, the project should be aiming for a first light
not later than 2020. The Preliminary and Final Design Phases
were completed relatively quickly by mid-2017, and SINFONI
was decommissioned in mid-2019 so that it could be refurbished.
It was only in 2021, however, that ERIS completed its Prelimi-
nary Acceptance in Europe, due to a combination of technical
challenges and the impact of the pandemic, which led to severe
restriction of lab access and curtailed travel. After shipping,
the Assembly, Integration, and Verification of ERIS at Paranal
Observatory began within a few weeks of the international bor-
ders being reopened. Commissioning was carried out during six
observing runs in 2022, and progressed well enough that the
instrument could be included in ESO’s Call for Proposals for
Period 111 (for observations beginning in April 2023), which
came out in late summer of that year. The science verification
run was performed in December 2022.

A description of the ERIS instrument and its major sub-
systems follows in Sect. 2. The main science drivers that shaped
the design of the instrument are outlined in Sect. 3. Some early
results obtained at different stages of the instrument commis-
sioning are shown in Sect. 4 in order to illustrate the capabilities
of ERIS in the context of the science drivers, and to compare its
performance to similar results from SINFONI and NACO.

2. Instrument description

ERIS comprises several sub-systems, as indicated in Fig. 1,
which are summarised here.
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— The Adaptive Optics (AO) module provides wavefront
sensing and works together with the AOF. In addition to high-
order correction using a natural guide star (NGS) or a laser guide
star (LGS) with a tip-tilt star, it also enables a seeing-enhancer
mode and seeing-limited observations.

— The Calibration Unit allows internal calibration and reg-
istration of the wavefront sensors at optical wavelengths, and
the two science instruments at 1-2.5 pm. Longer wavelength
calibrations for NIX are performed on-sky.

— The integral field spectrometer SPIFFIER operates at 1—
2.5 wm and provides 64 x 32 spatial pixels (at 12.5 X 25 mas
over 078 x 0/8; 50 x 100 mas over 372 x 3/2; and 125 x 250 mas
over 870 x 8/0) with two spectral resolutions (R ~ 5000 over full
bands, or R ~ 10 000 over half bands).

— The imager NIX operates at 1-5 pm and provides two
pixel scales (13 mas covering 26”4 x 26”4, and 27 mas covering
5574 x 55’4) for imaging with broad- and narrow-band filters,
as well as focal and pupil plane masks for high-contrast imaging,
and a long slit for L-band spectroscopy at R ~ 450.

These sub-systems are integrated in and around a central
structure, which also provides the interface to the Cassegrain
adaptor-rotator of the telescope. Surrounding this structure
is a framework holding three electronics cabinets that have
adjustable mounts that facilitate balancing the instrument’s cen-
tre of gravity such that the moment vector parallel to the optical
axis becomes smaller than the required 500 nm at any telescope
orientation. A fourth cabinet, containing the real-time computer
for the AO system (Sect. 2.1) and the local control units is on the
floor of the dome.

Within the central structure are a small number of addi-
tional opto-mechanical elements and mechanisms to direct the
light accordingly. The concept for these Warm Optics is illus-
trated in Fig. 2, and their layout is shown in Fig. 3. The first is
the instrument closing mechanism. When moved in, the external
light path into the instrument is blocked, and instead light from
the Calibration Unit is directed towards the other sub-systems.
Below this unit the height inside the central structure is limited
to 30 cm. This constraint arises in order to avoid the need for
re-imaging optics in front of the instruments, by increasing the
back focal distance of the telescope from 25 cm to 50 cm. The
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Fig. 2. Concept for the optics in the central structure. The light from the
telescope can be blocked by the instrument closing mechanism, which
instead folds in light from the Calibration Unit. The optical path then
goes directly to SPIFFIER, passing only the IR/VIS dichroic that splits
light off to the wavefront sensors. The path can be redirected to NIX
with a movable fold mirror (whose background is kept low via a turret
extension of the SPIFFIER cryostat). The AO optical path is split by
another dichroic that transmits light from the LGS, and reflects the rest
to the NGS wavefront sensor.

most important impact is on the CaF, IR/VIS dichroic, which
picks off the optical wavelengths at 0.4—1.0 pm and directs them
to the wavefront sensors (WFSs). In order to position the WFSs
within the available volume, this dichroic is tilted by 45°. Its rear
surface has a small curvature and wedge to correct the astigma-
tism introduced on the transmitted beam; however, there remains
a small anamorphic magnification, which is seen as a distortion
in the NIX field (see Sect. 4.2). Following the reflected beam,
an additional notch filter allows transmission of the laser light at
the 589 nm wavelength of the NaID line to the LGS WEFS, while
other optical wavelengths are reflected to the NGS WFS. The last
component of the Warm Optics is a selector mirror. When moved
out, light from the telescope enters directly into SPIFFIER, only
passing the IR/VIS dichroic en route. When moved in, the light
is redirected to NIX. In order to avoid additional thermal back-
ground from the central structure being reflected into NIX by
the back side of the IR/VIS dichroic, a cold turret periscope
extension to the SPIFFIER cryostat was added so that NIX sees
instead a cold surface here.

2.1. Adaptive optics

The AO module is described in detail by Riccardi et al. (in prep.),
with an outline of the design given in Riccardi et al. (2018) and
some initial results reported in Riccardi et al. (2022). Only a
brief outline is given here from the observer’s perspective, with
a simple overview of the on-axis performance in Fig. 4. In addi-
tion to the wavefront sensors, the real-time computations make
use of the ESO standard platform for adaptive optics real time
applications, SPARTA (Sudrez Valles et al. 2012). The wavefront
correction is applied to the 1170 actuator deformable secondary

IR/VIS dichroic
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NIX

LGS WFS

Cold
turret

| NGS (HO/LO) WFS

SPIFFIER

Fig. 3. Optical bench of the Warm Optics, which fits into a volume only
30 cm high. The IR/VIS dichroic reflects the visible light to the AO
relay optics. The next element is a notch filter that transmits the laser
light, which is then reflected by a fold mirror to the LGS WEFS. The rest
of the visible light is reflected to the NGS WFS.
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Fig. 4. Simulated and measured on-axis K band performance of the
AO system for NGS and LGS modes as a function of guide star mag-
nitude in a dark sky. At the very faint end, excess background leads to
a lower performance than predicted; significant lunar illumination will
also have an impact. Performance in other wavebands can be inferred
from the associated wavefront error (for estimations of specific situa-
tions and conditions, see the online Exposure Time Calculator). More
information about the AO system and a detailed breakdown of its per-
formance are given in Riccardi et al. (in prep.).

mirror (DSM) that is part of the AOF. Any one of the lasers in
the 4LGSF (Hackenberg et al. 2011) can be used to generate a
LGS when required.

The bandpasses of the acquisition camera and NGS WES are
well matched to the Gaia blue (Ggp) and red (Ggrp) bandpasses
(Gaia Collaboration 2016), respectively. Hence the Gaia Data
Release 3 catalogue (Gaia Collaboration 2023), for which accu-
rate magnitudes, positions, and proper motions are known for a
large number of stars, was selected as the default catalogue from
which to specify AO guide stars for ERIS.
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When working with a natural guide star, the AO system uses
a Shack-Hartmann WEFS sensitive in the range 600-1000 nm. It
is mounted on a linear stage, which is used together with a rotat-
ing periscope, so that the guide star can be picked up anywhere
within a 59” radius patrol field. This allows off-axis guiding,
although the atmospheric anisoplanatism will reduce the perfor-
mance at the science target if it is offset from the guide star.
An acquisition camera, with a 15" field of view and working at
400-580 nm, is mounted in the same unit, and is used to centre
the guide star in the 2.0” field of view of the WFS. The limiting
magnitude for this is set to Ggp = 19 mag in order to avoid overly
long integration times. A 40 X 40 lenslet array in the NGS WFS
is used to enable high-order correction at frequencies of 300—
1000 Hz. In median seeing it can provide a Strehl ratio close
to 80% in K band for guide stars with magnitudes in the range
1 < Ggrp (mag) < 10 with performance tailing off to ~50% at the
set limit of Ggp ~ 13 mag.

Sky coverage is increased significantly when using the LGS
WES. However, use of the LGS is specified to zenith distances
of only 60°. This means that coverage of the 5.4° region around
the south celestial pole is only possible with NGS-AO, which
can be used to the 70° pointing limit of the VLT. The LGS WFS
has a similar design, also with a 40 x 40 lenslet array, but with
a 4.4” field of view. It is limited to on-axis use and has instead
a linear stage to allow for focussing, in order to track the line-
of-sight distance to the mesospheric sodium layer over the range
80-200 km. The LGS WFS is used in conjunction with the NGS
WES which, for this mode, is reconfigured with a 4 x 4 lenslet
array to provide tip-tilt sensing as well as to enable truth sensing
for focus and other low-order terms. The star can be picked up
anywhere within the 59" radius patrol field, although again the
performance for stars that are far off-axis will decrease due to
anisokinetism. In median seeing, and with a nearby tip-tilt star in
the magnitude range 7 < Ggp (mag) < 16, LGS AO can achieve a
Strehl ratio of around 60% in the K band. At fainter magnitudes
the performance falls to about 30% at the set limit of Ggp =
18 mag. The performance at the faint end is dependent on the
lunar illumination, which can add a significant background. In
dark conditions and with good seeing, the loop has been closed
and stable using a star one magnitude fainter than the formal
limit.

The AO system provides two more levels of correction.
Using the LGS WFS without the NGS WFS corresponds to the
seeing-enhancer mode (Davies et al. 2008). In this case, jitter
compensation is provided by the VLT s guiding capability, which
can run at a frequency of up to 30 Hz. Without the truth sen-
sor, the focus term from the telescope’s active optics is instead
used as the feedback for the LGS focus stage tracking to com-
pensate for the changing distance to the sodium layer. With this
mode of operation, a resolution of 0.2-0.3” can typically be
achieved. Finally, seeing-limited operation does not use either of
the WFSs. In this mode, the AO system simply applies a nominal
(flat) shape to the DSM.

In addition to providing high-order correction while field
tracking, the AO system can also operate when differential track-
ing between the NGS WFS and the telescope is required. This
can occur for two reasons. The first is pupil tracking, which
is essential for the high-contrast modes of NIX (described in
Sect. 2.4), where angular differential imaging (ADI; Marois
et al. 2006) is the main technique used to process and combine
the individual exposures. The other case concerns the non-
sidereal modes. If the science target and the AO reference source
are the same object, then this is achieved trivially by adjust-
ing the tracking of the telescope according to an ephemeris file
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Fig. 5. Drawing of the Calibration Unit main bench indicating the
primary components. It is used only in the orientation shown (calibra-
tions are taken with the telescope at zenith). The triplet lens interfaces
to the central structure. Below this, the ISSM enables selection of
the integrating sphere (for flatfield and arclamp calibrations) and the
back-illuminated mask (which allows projection of point and extended
sources, as well as slitlets, across the field).

provided by the observer, and correcting any deviations via the
AO system. If, instead, there is differential motion between the
AO reference source and the science target (most typically the
AO reference is a star, and the science target is a Solar System
object), then the relative NGS WFS pointing must be continually
updated according to an ephemeris file. This relies on precise
calibration of the stages of the NGS WEFS, and correction of any
deviations can only be done during data processing. Verification
of this mode was performed by observations of 216 Kleopatra, a
highly elongated asteroid. During the observations, it was mov-
ing at a non-sidereal speed of about 25" /hr, and the correction
was done with LGS-AO using a tip-tilt star 50" away. The image
was stabilised to a precision of about 10 mas, consistent with
anisokinetism.

2.2. Calibration Unit

The Calibration Unit (CU) enables calibration of the AO system
at optical wavelengths, and of NIX and SPIFFIER at 1-2.5 pum.
In order to avoid compromising its performance at those core
wavelength ranges, and because of opto-mechanical constraints,
it does not provide 3—5 um calibrations for the longer wavelength
camera in NIX. Instead, that camera, including the L-band long-
slit spectroscopy (LSS) mode, must be calibrated on-sky.

The CU main bench, shown in Fig. 5, is opto-mechanically
interfaced to the Warm Optics in the central structure. It consists
of two main sub-units. The first is the integrating sphere, which
can be directly illuminated by two sets of light sources:

(1) a quartz-tungsten halogen lamp for flatfielding the detec-
tors in NIX and SPIFFIER, which can be used with all the
1-2.5 um filter and grating configurations.

(ii) a set of four pencil-ray lamps (Ne, Xe, Kr, and Ar) that
enable wavelength calibration at 1-2.5 wm in SPIFFIER, and
are used in different combinations depending on the grating
configuration.

These can be accessed by inserting the integrating sphere
selector mirror (ISSM), which allows uniform illumination from
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Fig. 6. Drawing of the inside of the SPIFFIER cryostat. The optical path
and locations of the main cryogenic opto-mechanical components are
shown. The cryostat is cooled by liquid nitrogen. In order to illustrate
these better, some parts of the housings and stiffening structure have
been omitted.

the integrating sphere to propagate out of the CU and into the
central structure. When the ISSM is moved out, the other main
sub-unit comes into play. It includes a pupil stop imitating that of
the telescope, and has a mask hosting sets of slits and pinholes.
These are back-illuminated by an Energetiq laser-driven light
source that provides an almost flat spectrum over 0.4-2.4 pm.
It is physically located in one of the electronics cabinets, and the
light is transmitted to the CU with multi-mode and single-mode
fibres. Due to the range of wavelengths that any single fibre can
transmit, different fibres are used for the visible and near-infared
regimes. A variable neutral density filter allows adjustment of
the light intensity across four orders of magnitude. The focussing
stage of this sub-unit allows one to take account of the range of
distances to the sodium layer for LGS calibrations. The mask is
on a stage that allows translational offsets as well as rotation, to
provide maximum flexibility for aligning the various sources or
positioning them anywhere in the focal plane. The mask includes
the following:

(1) two sets of three slits, for calibrating the spectral curvature
and alignment of the slitlets in SPIFFIER. These are aligned per-
pendicular to the slitlets and replace the north—south calibration
of SINFONI;

(ii) a diffraction limited source for aligning the instruments
and wavefront sensors, measuring differential flexure, and deriv-
ing non-common path aberrations between them. These are also
used for AO calibration and testing of the NGS WEFS;

(iii) extended (0.5”, 1.0”, and 1.5” diameter) sources for
AO calibration of the LGS WFS, and also the NGS WFS when
correcting on extended objects.

2.3. SPIFFIER integral field spectropgraph

SPIFFIER is an upgrade and refurbishment of SPIFFI, the inte-
gral field spectrometer in SINFONI, to improve the throughput
as well as the image and spectral quality. Opto-mechanically and
functionally, though, the instrument remains basically the same,

1007
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1500 2000
wavelength (nm)

1000 2500

Fig. 7. Filter throughputs in SPIFFIER for the low-resolution gratings.
The dark dotted lines denote the filters used before the refurbishment;
the thicker solid blue, green, and red lines for the J, H, and K bands
denote the situation afterwards. This change alone leads to increases in
throughput of 5-20%.

Table 1. Basic detector characteristics.

SPIFFIER NIX NIX

slow slow fast

Min. exp.@ e 1.6 1.97 0.034
Gain e /ADU 2.0 5.2 2.6
Full well ke~ 80 85 85
Read noise® e~ 12/7 17/9 50

Notes. ““Minimum exposure time is given for the full frame. ’Read
noise for the slow mode corresponds to exposures of 2 s (correlated
double sampling) and 60 s (up-the-ramp sampling); with the fast mode
it is for single uncorrelated reads.

as shown by the layout in Fig. 6, and is cooled by a liquid nitro-
gen bath. Light enters the instrument from above. The incoming
beam is then collimated before passing first through the filter
wheel to select the waveband and then a ~6 mm cold stop, which
includes a central obscuration. After this, the pre-optics unit
enables selection of the pixel scale and focusses the light on the
image slicer, which re-arranges the square field into a long-slit
format, as described in Eisenhauer et al. (2003). A three-mirror
anastigmat then collimates the beam so that it can be dispersed
by one of the gratings on the grating wheel. The light is finally
re-imaged in the camera and sensed by the detector.
Operationally, the main difference is that the lower resolu-
tion H+K grating has been replaced with a higher resolution
R ~ 10000 grating. This covers half a band at a time, and can
be used in any of three fixed settings in each of the J, H, and
K atmospheric windows. The other three gratings, which each
cover a full single band at R ~ 5000, have also been replaced
in order to improve the spectral line profile. The pre-optics have
been re-coated, but are otherwise unchanged so the three pixel
scales remain the same: 12.5 X 25 mas, 50 x 100 mas, and
125 x 250 mas, where the long side corresponds to the width
of the slitlets and the short side to the size of the detector pix-
els. These provide fields of view of 078 x 0’8, 372 x 3”2, and
870 x 8”0. The filters have been replaced to increase the through-
put, as shown in Fig. 7. The detector has been replaced with a
new 2048 x 2048 pixel Teledyne HAWAII 2RG device, which
has excellent cosmetic quality, having only one small cluster of
bad pixels in slitlet 16. It is used in slow read mode only; the
characteristics are reported in Table 1. Following an exposure
at half of the full well depth, the persistence is only to 2-3 e~
after 10 min and <1 e after 30 min. As such, the persistence
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is compared to that for SINFONI (thinner darker curves for pre-2016, and grey curves for the situation after the upgrade when replacement of the
filters led to an increase in transmission). The data are averaged from several observations of the spectrophotometric standard star LTT 3218 in
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profile or AO performance.
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Fig. 9. Spectral profile of a line near the centre of the J band with the
250 mas pixel scale. Left: as it was in SINFONI. Right: as it is in ERIS,
after replacement of the mirrors and gratings. The profiles have been
normalised to the same total flux, showing that not only is the resolution
improved, but also the sensitivity to unresolved lines. This effect is more
significant at shorter wavelengths and smaller pixel scales.

performance is much better, and more uniform than the previous
detector. The combination of the changes described above has
led to a substantial increase in the total system throughput, as
illustrated in Fig. 8.

Perhaps most importantly the refurbishment of the optics
has vastly improved the image and spectral quality. Previously
the line spectral profiles were rather complex and varied with
wavelength and pixel scale. In the K band this led to wings on
the line profiles, while in the J band it meant the lines were
double-peaked, as shown in the left panel of Fig. 9 (obtained by
combining measurements taken with the grating wheel rotated
slightly each time in order to take ‘baby steps’ and oversample
the profile). The cause of this was reported as a combination of
residual diamond turning marks on the mirrors (George et al.
2016) and cryogenic deformation of the gratings due to their
lightweighting (George et al. 2017). Replacing these optics, in
particular using new gratings based on Zerodur blanks with no
lightweighting, has fulfilled the predictions made in terms of line
profile, which are now well represented by a Gaussian with a full
width at half maximum (FWHM) in the range 1.3—1.9 pixels. As
shown in Fig. 10, there is some variation in line width, with the
strongest dependency on pixel scale. In normal operations the
spectral undersampling of the lines means that the measured res-
olution is slightly lower, and also varies (between that provided
by the grating and that due to Nyquist sampling) depending on
the exact location of the line centre with respect to the pixel
grid. The spectral resolutions achieved for the various grating
configurations are shown in Fig. 11.

The higher mass of the new gratings has led to an increase
in spectral flexure as a function of rotator angle and telescope
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Fig. 10. Spectral profiles in all grating configurations of SPIFFIER, nor-
malised by total flux. Each colour corresponds to a pixel scale (250 mas,
100 mas, and 25 mas in green, red, and blue, respectively) because
this matches the largest variation when measured in pixels. For each
pixel scale (or colour) there are 12 measurements corresponding to band
(J, H, K) and grating (low, short, middle, long). In all cases, the profiles
are smooth and well represented by a Gaussian.

altitude. Measurements indicate that, if uncorrected, this can be
up to several pixels. As a result, the pipeline provides a cor-
rection to the wavelength calibration (which is only done at
zenith, using the arc lamps) based on the atmospheric OH lines.
This follows the method proposed by Davies (2007) and the
implementation done for KMOS (Davies et al. 2013): after a pre-
liminary reconstruction, the offset is measured and applied to
the calibration, and the data is reconstructed again. This avoids
additional interpolations of the science data.

Finally, the motors and instrument control system for ERIS
have also been completely replaced. They are now based on
one Beckhoff Programmable Logic Controller (PLC) for each
sub-system (Kiekebusch et al. 2014). Each PLC hosts various
numbers of analogue inputs (sensor signals) and outputs (control
signals), digital inputs (status signals) and outputs (switch sig-
nals), as well as motion controllers for the motorised functions
(Popovic et al. 2014). These mechanisms include the filter wheel,
pre-optic wheel, and grating wheel, for which new Phytron
motors were selected to provide similar torques to the previous
ones. A Siemens S7 PLC provides the cryogenic and vacuum
control for the cryostats of both NIX and SPIFFIER. Each PLC
uses the Open Platform Communication Unified Architecture
communication protocol with the instrument control software,
and software libraries developed by ESO are used to command
the devices from the user interface.
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Fig. 11. Spectral resolution in SPIFFIER for every band, grating, and pixel scale. The data were measured from arclamp exposures, as reported
by one of the pipeline products. The pixel scale is indicated by colour (250 mas in green, 100 mas in red, 25 mas in blue). The points for each

configuration are fitted as a quadratic function of wavelength.
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Fig. 12. Overview of the NIX camera and mechanisms. Top: illustra-
tion of the light path through NIX. Bottom: Drawing of NIX with the
cryostat cover removed to show the cryogenic mechanisms. The cryostat
is cooled with a closed-cycle cooler, located underneath in an anti-
vibration mount.

2.4. NIX imager

The NIX camera is a compact instrument that weighs only 192 kg
and is 725 mm long and 643 mm wide. It is primarily an imager
that provides the capability for diffraction-limited imaging at 1—
5 wm, with a variety of high-contrast modes and additionally
a simple LSS mode (Pearson et al. 2016). The design is based
around three camera assemblies that can each form an image on
a Teledyne HAWAII-2RG detector with a 5 pm cutoff. As shown
in the top part of Fig. 12, the light enters the cryostat through a
CaF, window before passing through a field stop in the aperture
mask mechanism (Glauser et al. 2018), which is set at the tele-
scope focal plane. It then enters the camera barrel where one of
three cameras can be selected, covering 1-2.5 um at 13 mas and
27 mas pixel scales providing 26”4 and 55”4 fields of view, or
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Fig. 13. Filter profiles in NIX. Top: broad-band filters. The dashed
profile corresponds to the broad L band spectroscopic filter. Bottom:
narrow-band filters. The narrow solid profiles target specific emission
lines. Corresponding continuum filters are shown as dashed lines. The
other intermediate-band filters are shown as dotted lines.

3-5 um at 13 mas over a 26”4 field. Each camera on the wheel
comprises three lenses, which are made from BaF,, ZnSe, or
IRG?2 (a proprietry glass from Schott) and, with only one excep-
tion, have spherical surfaces. After the camera, the light passes
through the filter wheel and pupil wheel, which are mounted in a
single housing (Glauser et al. 2018). The filter wheel contains 17
filters (see Fig. 13), as well as open and block positions, and one
spare slot. The pupil wheel contains various cold stops, as well as
some positions with additional blocking or neutral density filters,
and one that includes a grism. The last mechanism before the
detector is the image selector, which has a deployable fold mir-
ror to reduce the path length for the 27 mas pixel scale camera.
For the 13 mas pixel scale, the longer back focal length is accom-
modated using two other fixed fold mirrors. The detector itself is
also on a focus stage. This was needed for laboratory testing, but
it is left in a static configuration for all observing modes, and
small focus offsets between instrument configurations are com-
pensated for by the AO system. To enable pupil imaging, a pair
of ZnSe lenses can be inserted into the optical path just in front
of the fold mirror of the image selector. Each of the mechanisms
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Fig. 14. Vibrations measured on the attachment flange of ERIS while
suspended, shown as a power spectrum of the normalised accelera-
tion (i.e. force, the product of acceleration measured on the flange and
adopted mass) after subtracting a baseline measurement. The two lines
show the requirement for the continuous fundamental signal and that
acceptable for spikes in the distribution. ERIS is very close to the spec-
ification when suspended in a vertical orientation and if one assumes
that the full mass (including support) of 2523 kg is vibrating as a solid
body. The vibration decreases when the instrument is inclined by 25° in
any direction, or if less than the full mass is actually contributing to the
force derived on the flange.

above can be installed, adjusted, or removed without disturbing
any of the others. The total transmission (including telescope,
atmosphere, and detector quantum efficiency) for ERIS/NIX has
been measured from observations of the spectrophotometric star
EG 274 to be 42%, 61%, and 52% in the J, H, and K bands,
respectively. This is consistent with the estimated throughput of
the instrument alone, which is in the range 70-75% for the three
bands. The corresponding instrument transmission estimated for
the L and M bands is 65-70%.

To ensure that the instrumental background is low enough, a
Leybold 10MD closed-cycle cooler keeps the detector assembly
at a baseline temperature of 35 K and the other optics at 70 K.
A vibration isolation system developed for KMOS (Sharples
et al. 2013) is also implemented for NIX. Following a number
of iterations and tuning of the spring configuration, the vibra-
tion level measured in the laboratory was sufficiently close to
the requirement (Jakob & Lizon 2014), as shown in Fig. 14.
After installation on the telescope, and following adjustment to
properly secure the transport lock open, the vibration level trans-
mitted to the telescope has not led to any reports about adverse
impact on other VLT, and more importantly VLTI, instruments.

In order to work optimally with the very different back-
ground levels in the various bands, the detector has a fast and
a slow read mode, the characteristics of which are reported in
Table 1. The slow read mode is used at 1-2.5 wm, in a similar
way to that done in SPIFFIER, although the read noise is higher
because different pre-amplifiers are used. The fast read mode is
used for the L and M bands, and enables the full frame to be read
out fast enough that the background itself does not saturate the
detector. Additionally, the number of rows read can be reduced,
providing up to a factor of 4 further increase in the frame rate.
To achieve these rates, the detector is read out in single uncorre-
lated mode with a correspondingly high read noise. However, the
background noise is so significant that it will always dominate
in broad-band exposures. Calculations indicate that in L band
the background from sky contributes typically 55% of the total
background, with another 25% from the telescope, and ERIS
(including the Warm Optics, as well as scattered light) making
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Fig. 15. Bad pixels in the NIX detector that are adjacent to other bad
pixels. The greyscale denotes the number of adjacent bad pixels, from O
to 8. This representation highlights regions of clustered bad pixels, and
ignores lone ones that can easily be corrected. To indicate the edge of
the frame, the four rows and four columns of reference pixels all around
the edge of the 2048 x 2048 detector have also been marked as bad
pixels.

up only 20%. For a 10 ms exposure, the detector noise has an
equivalent contribution at the level of around 5%. In M band,
the sky is brighter still, contributing nearly 90% of the total
background.

Unfortunately, the cosmetic quality of the NIX detector is
not optimal, with nearly 3% bad (unusable) pixels. As shown
in Fig. 15, there are two large areas where many bad pixels are
contiguous. However, Sect. 4.2 indicates that the impact of this
on the final data can be mitigated via sufficient dithers or suitable
choice of source position and offsets.

In addition to standard imaging, NIX includes a variety of
other configuration options. These are apparent from the associ-
ation matrix in Fig. 16 that indicates which filters can be used for
each pupil stop or mask, as well as which aperture wheel posi-
tions are available in each case. The first five rows refer to the
imaging configurations, the next five to the high-contrast modes,
and one row more for spectroscopy.

— Short wavelength (1-2.5 pm) imaging is offered with the
small or large field of view. A filter that provides additional
blocking at wavelengths >2.6 um is available. Laboratory tests
indicated that this might have been needed for some filters,
but observations on-sky have not confirmed measurable long
wavelength leakage.

— Long wavelength (3—5 um) imaging is available with the
small field. The default cold stop is a metal plate with an under-
sized circular aperture, which is used with field tracking. A
spider mask that blocks background from the central obscura-
tion and secondary mirror supports is included to minimise the
background when imaging in pupil tracking mode.

— Imaging with a neutral density filter is an additional option
for very bright sources, and is enabled for the small field at short
and long wavelengths.

— A grating vector apodised phase plate (gvAPP; Otten et al.
2014; Doelman et al. 2021) mounted in the pupil wheel provides
coronagraphic suppression for all point sources in the field. For
each star, the gvAPP in NIX generates two coronagraphic images
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Fig. 16. Association matrix for NIX. The crosses indicate the nominal combinations of filters and stops allowed (which may differ slightly from
those offered in a given observing period). The colours denote observing modes: short wavelength imaging (dark blue), long wavelength imaging
(dark green), imaging with a neutral density filter (grey), focal plane coronagraphy (mauve), sparse aperture masking (light blue), focal plane
coronagraphy (orange), long-slit spectroscopy (red), and closed light path (black). Other combinations would have to be set manually from the

engineering panel.

Fig. 17. Monochromatic theoretical PSF of the gvAPP used in ERIS
(from Boehle et al. 2021). It produces two coronagraphic images, each
with a D-shaped dark hole from 2 to 15 A/D. A third non-coronagraphic
PSF 2% leakage term is generated for astrometry and photometry, as
well as other spots for astrometric reference.

of the star with dark D-shaped regions on opposite sides, each
with 10-30% of the flux, depending on the filter. The two dark
holes cover a radial range of about 2—15 A/D, and nearly 360°
when combined. A third 2% leakage term provides a unsatu-
rated non-coronagraphic PSF image of the star that can be used
for precise photometry and astrometry, as shown in Fig. 17. The
gvAPP is used with pupil tracking, and allows for dithering and
beam switching on the detector with no loss in science observing
time. Because the separation of the two APP PSFs scales linearly
with wavelength, the APP is best used with narrow-band filters.

— Three sparse aperture masks (SAMs) in the pupil wheel
provide a second high-contrast mode. They transmit the light
through the specified number of mini-apertures for both non-
redundant and partially redundant interferometric imaging, as
illustrated in Fig. 18. The mask with 7 apertures, providing 21
baselines, is designed to be used on faint targets; the mask with
9 apertures, and therefore 36 baselines, is suited to more complex
systems; and the mask with 23 apertures, and thus 253 baselines
(of which 173 are non-redundant) works best on bright targets
and yields a resolution a factor of 2 better than the diffraction
limit of the telescope. Their throughputs, relative to the JHK
and LM imaging pupil stops, are in the ranges 12-15%, 9—11%,
and 5-6% respectively.
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Fig. 18. Sparse aperture masks in NIX. Top row: drawings of the
masks showing their apertures. Bottom row: an image obtained through
SAM-7 (showing the interferogram caused by combination of the non-
redundant apertures within the Airy disk of a single aperture), and its
Fourier transform.

— Focal plane coronagraphy (FPC) is implemented using an
annular groove (or vortex) phase mask (Mawet et al. 2005), fol-
lowed by a Lyot stop in the pupil plane. There are two masks, one
for each of the L and M bands. The combined throughput (vortex
phase mask and Lyot stop) amount to ~62% in L band and ~51%
in M band. The vortex coronagraph is one of the most efficient
in terms of inner working angle, with a discovery space starting
already at ~1 A/D, and works well with broad bands. To perform
optimally, the star needs to be precisely centred on the mask, in
which case it suppresses the central PSF significantly, leaving
only a ring of residual light, as shown in Fig. 19. The star and
mask are kept aligned during the observation using an automated
algorithm called Quadrant Analysis of Coronagraphic Images for
Tip-Tilt Sensing (QACITS; Huby et al. 2015) that provides an
offset correction every few seconds.

— Long-slit spectroscopy is possible over the 3.05-4.05 um
range at a spectral resolution of R ~ 450. It requires the 12" X
86 mas slit in the aperture wheel to be used with the L-broad fil-
ter and a grism next to the cold stop in the pupil wheel. Standard
nodding techniques are used during operation. The calibration
of the spectral distortion and wavelength solution are considered
static, and as such are updated only occasionally.
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Fig. 19. Improvement of the suppression of the on-axis star with better
centring of the FPC in NIX (images are displayed with a square-root
stretch). The left image has an offset between the star and the coro-
nagraph of about 1 A/D (95 mas), at which point the suppression is
about a factor of 2. The right image shows a well-centred image, where
the rejection of the stellar light is more than a factor 100. The scale is
shown; for reference the FWHM in L’ band is 97 mas and the first Airy
ring has a diameter of 310 mas.
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Fig. 20. Images of the ghost that occurs when using the Pa-b filter. The
ghost moves with respect to the primary source in a well-defined way at
different locations across the detector. The scaling of the images is set
to a low level to emphasise the ghost, which has a peak intensity of only
0.2% that of the primary source.

Finally, as for all cameras, NIX does have optical ghosts,
despite efforts to minimise them. To mitigate inter-optical
ghosts, such as out-of-focus reflections from the detector to the
filters and back again, the 8 mm thick CaF, filters are tilted
by 4°. More difficult to address are the intra-optical reflections,
which create faint ghosts that are more in focus. These can be
reduced by having very high throughputs for the filters, so that
the internally reflected component is minimised. With typical fil-
ter transmissions in NIX of 80-90%, the ghosts generally have a
peak flux ratio of ~0.1% with respect to the primary PSF; for the
narrow-band filters with low transmissions in the range 60-70%,
this ratio increases to 0.5-1%. The ghosts are offset from the
primary PSF by 0.3-0.6", in slightly different directions below
the PSF. The change in relative location of the ghost across the
detector is well defined. An example is given in Fig. 20, and for
the Br-g filter the shift of the ghost 5(x, y)enost With respect to
the source is 0Xghost/ AXsource = OYghost/ AYsource = 0.0258, where
A(X, Y)source 18 the shift of the source on the detector. This means
that in a dithered set of images the impact of the ghost in the
combined product will be reduced to significantly lower levels
than in single exposures.

3. Main science drivers on the instrument design

ERIS is a workhorse instrument optimised for diffraction lim-
ited observations of individual targets, and can be used for a
wide variety of different science cases. As motivation for the
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different observing modes it offers, we begin by outlining three
priority science topics that were identified during the instru-
ment’s design phases. We then use observations based on these
in Sect. 4 to illustrate the instrument’s capabilities and ver-
ify realistic operational regimes that may include unexpected
challenges.

3.1. Galaxy evolution at high redshift

The focus here is on the physical processes driving mass assem-
bly and structural transformations of galaxies at redshifts z ~
1-3, which encompass lookback times around the peak of the
cosmic star formation rate density 8—11 billion years ago. This is
the epoch during which a substantial fraction of the stellar mass
of local massive disk and elliptical galaxies formed (Madau &
Dickinson 2014). As much as 90% of the star formation occurred
in galaxies following a tight relationship in stellar mass versus
star formation rate. These main-sequence galaxies were 5-10
times more gas-rich than their z ~ 0 counterparts, hosted 10-20
times higher star formation activity, and consisted predominantly
of rotating, turbulent disks (Forster Schreiber & Wuyts 2020;
Tacconi et al. 2020). Under these conditions, internal processes
such as gravitational instabilities and efficient inflows promoted
rapid growth of bulges and central black holes, and outflows
driven by star formation and AGN were both energetic and fre-
quent. The signatures of these processes can be seen most clearly
by their imprint on resolved galaxy properties: given the typi-
cal gas fraction and turbulence of high-redshift disks, they occur
spatially on characteristic scales of ~1 kpc (the Toomre scale,
corresponding to 0”1 at z ~ 1-3) and kinematically at levels as
low as ~10-50 kms~! (e.g. Bournaud et al. 2007; Genzel et al.
2011, 2020; Ceverino et al. 2012; Price et al. 2021). Enhanced tur-
bulence and gas transport should further contribute to efficient
mixing of metals within galaxies, alongside infall of pristine gas
and ejection of enriched material via outflows, thus leading to
flattened metallicity gradients (e.g. Cresci et al. 2010; Wuyts
et al. 2016; Curti et al. 2020; Wang et al. 2020).

Observational constraints of the relevant properties on the
relevant scales are scarce. Indeed, the number of distant galax-
ies that have been observed with adaptive optics-assisted integral
field spectroscopy (AO-IFS) is limited, with ~200 at 1 <z < 3
(Forster Schreiber & Wuyts 2020). The largest coherent sam-
ples are modest in size, such as the SINF/zC-SINF AO survey
with 35 objects at z ~ 1.5-2.5 (Forster Schreiber et al. 2018)
or the sHiZELs sample of 34 sources in narrow z = 0.84, 1.47,
2.23, 3.33 intervals (Gillman et al. 2019). Overall, the AO-IFS
samples had diverse primary selection criteria and represent a
heterogeneous collection probing different parts of mass, star
formation rate, and redshift space, with increasing bias towards
higher-than-typical star formation activity at lower masses. In
contrast, seeing-limited IFS samples comprise ten times as many
objects (~2000) and better probe the typical main sequence star-
forming population at z ~ 1-3 and stellar masses M, 2 10'°M,
albeit with coarser resolution of ~5 kpc (Forster Schreiber &
Wuyts 2020). Here, the efficient multi-IFS instrument KMOS at
the VLT greatly facilitated the census of many hundreds of such
galaxies, for example through the KROSS and KMOS?3? surveys
with nearly 800 targets each (Harrison et al. 2017; Wisnioski
et al. 2019).

ERIS is a key instrument for enlarging the AO-IFS samples,
and will go well beyond the determination of kinematics, star
formation, metallicity, and outflow properties on global scales.
With scientific requirements aimed at elucidating the physics
driving galaxy evolution at z ~ 1-3, it has capabilities optimised
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notably to quantify non-circular motions and radial gas transport,
to characterise individual giant star-forming clumps, to detangle
outflows driven by star formation across disks and by AGN in
the nuclear regions, and to map the gas velocity dispersion and
metallicity on the relevant spatial and velocity scales. It will do
so far better and more efficiently than SINFONI or any other
existing ground-based near-infrared AO integral field spectro-
graph thanks to greatly improved Strehl ratio, spectral resolution,
and sensitivity. With a high spectral resolution of R ~ 5000 and
~10000, it will outperform JWST in terms of kinematics, for
which spectroscopic modes are limited to R < 2700. With excel-
lent AO performance and SPIFFIER’s high-resolution gratings,
observations using ERIS will play a key role in probing the phys-
ical mechanisms of galaxy evolution at the heyday of massive
galaxy formation.

3.2. Direct imaging of exoplanets

The 3-5 um wavelength regime, covering the L and M bands,
plays a central role in the discovery and characterisation of exo-
planets through their thermal emission (see e.g. the reviews of
Currie et al. 2022; Bowler 2016). Indeed, exoplanets are usu-
ally much colder than their host star. This leads to the ratio
between the planetary and the stellar flux (i.e. the contrast)
becoming more favourable at longer wavelengths. Theoretical
models of gas giant exoplanets show very red colours over ages
up to 300 Myr, and the fluxes at shorter wavelengths fade at a
faster rate compared to the longer wavelengths; this makes longer
wavelength L- and M-band imaging competitive despite the
higher sky thermal background. This is the reason why, before
the advent of dedicated high-contrast instruments, most detec-
tions of exoplanets were in the L band, for example the discovery
of B Pictoris b, a 4-11 My, planet orbiting at a distance of 9 AU
from the star in a plane close to that of the debris disk at larger
scales (Lagrange et al. 2010). Following the first L-band survey
(Kasper et al. 2007, 2009), several surveys in this band were car-
ried out with first-generation high-contrast instruments such as
NACO and Clio (currently on the Magellan Telescope). They
are sensitive to older or lower mass planets which are colder, and
it remains as the rationale behind the more recent exoplanet sur-
vey reported by Stone et al. (2018). Longer wavelengths are also
competitive for detecting very young proto-planets that are still
highly obscured by circumstellar and circumplanetary dust. The
warm (a few 100 K) circumplanetary material in which they are
embedded provides a large emitting area, making coronagraphy
and sparse aperture masking in the L and M bands efficient tools
for characterising them. In the case of HD 100546, the proto-
planet was detected in both of these bands, but not in K band
(Quanz et al. 2013, 2015). Finally, the Brackett-y and Brackett-a
filters of NIX offer the opportunity to study emission lines cre-
ated by the ionised gas in accretion shocks of forming exoplanets
at wavelengths less subject to extinction than Ha,, which was suc-
cessfully used to detect a forming proto-planet in the gapped disk
of the PDS 70 system (Wagner et al. 2018; Haffert et al. 2019).
In addition to detecting very young and old planets, ERIS
provides a unique probe of the atmospheres of gas giant plan-
ets, particularly in the context of non-equilibrium chemistry and
clouds. Combining detections in the J, H, and K bands with
follow-up observations by ERIS in the L and M bands will vastly
improve the efficacy of the scientific analysis by providing a
longer baseline for fitting atmosphere models. For the case of two
planets in the HR 8799 system (comprising four gas giant plan-
ets of 7-10 Mjy,,) standard cloudless atmosphere models cannot
explain the observed photometry, particularly in the L band.

Instead, patchy cloud prescriptions provide the best match to the
available data (Currie et al. 2011; Skemer et al. 2012). Such work
is in its infancy, and the sensitivity and 3—5 pum capabilities of
ERIS, focussing on high throughput and a small inner working
angle, open the potential for exciting advances that are comple-
mentary to other high-contrast facilities aiming to directly image
exoplanets at optical wavelengths.

The spectrograph SPIFFIER provides a different path to
investigating the chemical composition of the atmospheres of
gas giant exoplanets. For example, the K band offers the oppor-
tunity to study the CO bandhead at 2.3 um (Martin 1997). It will
build on the earlier work done with SINFONI which lead, for
instance, to the detection of CO and H,O in the atmosphere of
the young g Pic b, to the constraint on the isotopologue ratio
13CO/2CO in the accreting planet TYC 8998 760 1 b, and to
the constraint on the atmospheric parameters of HIP 65426 b
(Hoeijmakers et al. 2018; Zhang et al. 2021; Petrus et al. 2021).
With its improved adaptive optics, ERIS is expected to reach
deeper sensitivity limits, ultimately allowing the measurement
of higher S/N spectra for faint well-separated low-mass compan-
ions. However, the number of available high-contrast targets at
small angular separation is limited by the brightness of the host
star, a restriction that can only be overcome by putting the star
outside the field of view, which complicates the image centring
step in the post-processing.

A potential improvement for the future would be the imple-
mentation of pupil tracking for SPIFFIER, for which ADI would
enable the extraction of the full spectra of low-mass compan-
ions on close orbits. Currently, the molecular mapping technique
(Hoeijmakers et al. 2018) yields an alternative way to investigate
the chemical composition of such challenging targets without
the need for ADI. This technique works by removing the contin-
uum of the measured spectra via high-pass filtering, essentially
removing the stellar PSF together with the continuum of the
planet. Due to the major differences between stellar and exo-
planet spectra, the residual light can be cross-correlated with
spectral templates of the exoplanet atmosphere to pick up its
signal.

3.3. Galactic Centre

The vast improvements over the last two decades in spatial
resolution (to 50 mas, equivalent to 0.002 pc) and sensitivity
(of 3-5 mag) made possible by AO on the VLT, have revealed
surprises in the Galactic Centre and challenge theories of star
formation and gas inflow in galaxy nuclei (Genzel et al. 2010).
One of the most high-profile results has come about through
frequent and regular monitoring of the 3D orbits of the stars
closest to Sgr A* via their proper motions and line-of-sight
velocities. Of particular importance are stars on elliptical orbits,
which can cover a large radial range very rapidly and can show
changes in their radial velocity of hundreds to thousands of
km s~ within timescales of months. AO observations that track
these changes have provided exquisite constraints on both the
mass of and distance to the supermassive black hole (Boehle
et al. 2016; Gillessen et al. 2017). They have been exceeded only
by interferometric observations from GRAVITY that achieve
unprecendented precision by combining all four 8-m UTs of the
VLT (GRAVITY Collaboration 2019). The AO spectroscopic
data retain a central role in terms of the precision with which
general relativistic effects can be tested. This is most obvious in
the detection of the gravitational redshift of the star S2, which
is essentially a velocity measurement (GRAVITY Collaboration
2018; Do et al. 2019), but for which the proper motions of the
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Fig. 21. Flux and kinematics maps of the z = 2.19 galaxy ZC406690, comparing LGS-AO integral field spectroscopy between SINFONI (top) and
ERIS (bottom). In both cases the data have been lightly smoothed. Far left: full 10 hr archival SINFONI flux map. Top: 90-min sub-set of those data
(showing flux, velocity, and dispersion), taken in reasonably good conditions. Bottom: 90-min ERIS dataset taken at R ~ 10000 in less optimal
conditions. ERIS data were taken early in commissioning before the AO system was optimised, but already outperform the equivalent R ~ 3500
SINFONI dataset, and show all the structure visible in the full SINFONI integration.

stars are also needed to provide the necessary constraints on
the orbital model. Similarly, the detection of the relativistic
precesssion of S2 is essentially a proper motion measurement
(GRAVITY Collaboration 2020), but the spectroscopic data
(and their uncertainties) are needed to constrain the orbital
model and hence contribute to the measurement.

Other discoveries that have come about via astrometric imag-
ing and integral field spectroscopy — capabilities that lie at the
core of ERIS — include the differing spatial distributions of late-
type stars, early-type stars, and Wolf—Rayet stars, as well as the
various 3D orbital structures they trace. The discovery of a gas
cloud G2 falling towards Sgr A* (Gillessen et al. 2012) generated
considerable interest in the community, as well as numerous the-
ories about what it is and where it came from. While visible at
L band, it has not been detected at K band, putting strong con-
straints on the dust temperature (Phifer et al. 2013). It is very
clearly visible in recombination lines such as Bry, allowing the
change in velocity shear over time to be tracked. That this can
be matched by a simple set of test particles moving in the black
hole potential suggests that the ionised gas is not bound together
(Pfuhl et al. 2015).

In the Galactic Centre, the key science topics include dynam-
ics of the various stellar populations, tracking and characterisa-
tion of infalling gas clouds, the radiative behaviour of Sgr A*
via its flares, and continued monitoring of fainter and closer
stars around Sgr A*. The instrumental requirements to address
these topics are among those for which ERIS is optimised: H-
to L-band astrometric imaging together with H- and K-band
integral field spectroscopy. In all cases a critical criterion is reso-
lution, for which large mirror size and the ability to observe at H
band (at shorter wavelengths extinction is prohibitive) are both
important.

4. Early results from commissioning

A number of the commissioning tasks were performed on sci-
ence targets. The rationale for doing so includes testing every
aspect of the instrument on the types of targets for which it
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will ultimately be used. Because this involves the science team
in preparing the templates that are used for the observations, it
leads to novel configurations and sequences that would not nec-
essarily have been tried out in other circumstances. Similarly, it
allows the data processing pipeline to be tested in realistic situ-
ations. Additional benefits are that external data can be used to
quantify some ERIS parameters or verify the fidelity of ERIS
data by comparison to existing data. While the astrophysical
rationale is strongly present for these observations, we focus here
on technical issues rather than providing detailed scientific anal-
yses of the targets observed. We also do not provide details about
sensitivities since these are strongly dependent on the ambi-
ent atmospheric conditions and AO performance, which is itself
dependent on the magnitude and offset of the guide or tip-tilt
star. Instead, at the end of the paper we provide a link to the
relevant website where potential users can assess the expected
performance for their specific use case.

4.1. Integral field spectroscopy

ZC406690. During one of the early commissioning runs
ERIS was pointed towards ZC406690 at z = 2.195, for which
the He line is redshifted into the K band at 2.097 pum. It
is a M, = 4 x 10'° M, star-forming galaxy close to the main
sequence with a total Ha flux of 3 x 107!¢ ergs™' cm™ that
had previously been targeted with SINFONI (Forster Schreiber
et al. 2018). The line emission in the disk of the galaxy is dis-
tributed in a star-forming ring, broken up into several prominent
clumps, rather than concentrated in the centre. Observations
were performed using SPIFFIER with LGS-AO and a tip-tilt star
of Grp = 14.7 mag that was 19” away. Since the target can-
not be detected in the short exposures used for acqusition, it
provides the opportunity to test some additional operational pro-
cedures, specifically a blind offset from a reference star (in this
case the tip-tilt star), which is also used as a PSF reference. The
observations include a series of dithered 300 s exposures inter-
spersed with offsets to sky. In order to include the full disk of
the galaxy within the field of view, the intermediate pixel scale



Davies, R., et al.: A&A proofs, manuscript no. aa46559-23

SINFONI
120 mins in 0.6” seeing

ERIS SPIFFIER
40 mins in 1.0” seeing

110

100

relative flux

90

80

S2 spectrum S2 velocity
T : T T T T
. b E
Bry minispiral | 4
e
§ L F
s 2
o + T
]
= ’ ERIS
4
12 April—July
o Of E
Hel Hel 5 |
Bry ] _1F 1 - HF E
% +
. . . . -2 . ‘ .
2.10 2.15 2.20 2.25 2018 2020 2022

wavelength [um] year

Fig. 22. Comparison of LGS-AO integral field spectroscopy of the Galactic Centre between ERIS (June 2022) and SINFONI (April 2008). The
quality of the 40 min ERIS data (centre left), which were taken in 170 seeing, are comparable to the very best 210 min SINFONI data taken in
0”6 seeing, as evidenced by the diffraction rings that can be seen around S2 and S4. This relatively short integration is sufficient to show clear
detections of the Hel and Bry absorption lines in S2 (centre right), and hence to measure a precise velocity that closely matches that predicted
from the model of its orbit (far right; adapted and updated from GRAVITY Collaboration 2019).

was used, which precludes reaching the diffraction limit. How-
ever, this early during the commissioning, the AO performance
was not optimised. The aim was instead to perform initial tests
of stability over long integrations, of the offsets to sky, and of
the PSF calibration template, and to assess the spectral flexure
of the new high-resolution grating in SPIFFIER. The spatial res-
olution achieved during the 90 min on-source time was (14 in
average conditions, during which the seeing and coherence time
(both at 500 nm) were 0”81 and 2.9 ms, respectively. In compar-
ison, the resolution for an equivalent set of archival SINFONI
observations of the same object was only 0”19 in better see-
ing and coherence time of 0”67 and 6.2 ms, respectively. Even
at this early stage, Fig. 21 shows that the ERIS data provided
better definition of the clumps in the galaxy disk, which match
up very well with those in the full 10 h SINFONI dataset. This
is particularly important here because the bright clump on the
south-east side of the ring shows clear evidence for an outflow
(high-velocity dispersion), and the ERIS data are better able to
localise where this is occurring through the spatially resolved
velocity dispersion of the emission line. These data demonstrate
the ability of ERIS to characterise in more detail the size, star
formation, local outflows, and other properties of clumps as
key tracers of gravitational instabilities in high-redshift gas-rich
turbulent disks.

Galactic Centre. Integral field spectroscopy of the Galactic
Centre also poses some operational challenges because the field
is very crowded and the stars move relative to each. As such,
for each epoch, the field seen with the smallest pixel scale of
SPIFFIER looks different. This means that the acquisition has to
be done carefully and precisely, a process that provides verifica-
tion of the slightly different centres of the fields covered by the
three pixel scales. In addition the sky exposures require an off-
set of nearly 14 arcmin to reach a sufficiently empty field. And
after remaining at the sky position for 600 s, a time equal to
each on-source exposure, the offset back must return to the same
position with a precision of about 1” in order for the AO loop to
re-close automatically. Achieving this robustly requires switch-
ing back and forth from AO guiding during the object exposures
to telescope guiding (rather than just tracking) during the sky
exposures. The results from these tests, performed using LGS-
AO with a Ggrp = 13.4 star 19” away about halfway through
the commissioning, are shown in Fig. 22, with an image from
SINFONI (far left) for comparison. In the image from SPIFFIER

(centre left), reconstructed from 40 min of on-source exposure,
several of the known younger and late-type stars are marked as
such (purple and green crosses, respectively), and some of the
stars are labelled. Although these data were taken in moderate
seeing of about 1”, diffraction rings can be seen around the
brighter more isolated stars in the field such as those labelled,
indicating the high-quality AO correction. These were only seen
in the best SINFONI data taken in very good seeing.

Measurement of the positions of seven relatively bright and
more isolated stars in the field verified that the pixel scale is pre-
cise to better than 1%. Although SINFONI will be affected by
the anamorphism induced by the tilted dichroic as described in
Sect. 2.3, it corresponds to <0.1 pixel at the edge of the field, and
so is negligible (unlike for NIX, see Sect. 4.2). The orientation
of the field is rotated by ~1.5° anti-clockwise with respect to the
given position angle. This corresponds to half a pixel at the edge
of the field, and so is close to the uncertainty with which it could
be measured during commissioning.

The orbits of the stars around the supermassive black hole
(located just below S2 in the image) were traced previously
using proper motions and line-of-sight velocities. The spectrum
from S2 (centre right) clearly shows the known Hel and Bry
absorption (Habibi et al. 2017). The velocity of this star has been
monitored over nearly two complete orbits, and the wavelength
of the lines can change rapidly when it is close to the black hole.
The measurements lie at the expected locations in the plot of
velocity versus time (far right), in all three cases deviating from
the predicted values by less than 10 kms™!, satisfactory given
their preliminary status. In the same small dataset, the velocities
of more than six other S-stars (including S1 and S4, labelled
in the figure) could be measured with sufficient precision to
improve the constraints on their orbits.

4.2. Imaging

Galactic Centre. Imaging is an important component to
studies of the stellar proper motions in the Galactic Centre. Due
to the high extinction of Ay ~ 30 mag, this can only be done
at wavelengths corresponding to H band or longer. Figure 23
is an image taken through the L’ filter that highlights the warm
dust features as well as the stars. In this respect, the most strik-
ing difference to the K-band image is the star IRS3, a very red
object cocooned in a dusty shell. The data were taken in the fast
uncorrelated read mode of NIX, using the autojitter template to
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Fig. 23. L-band imaging with NIX of the Galactic Centre. Left: adapted from Reid et al. (2007) showing the maser stars within 20" of Sgr A* on
a K-band image, with their velocities in the plane of the sky. Right: central 22.8" of the L-band NIX image obtained using an autojitter sequence,
highlighting stars and warm dust. Diffraction rings can be seen around the brighter more isolated stars, even towards the edge of the field. Six stars
for which the corresponding masers are indicated, allow the orientation and plate scale of the camera to be verified.

Table 2. Basic geometry of data for NIX cameras.

Camera Pix scale Offset East
maspix '@ angle®  direction
JHK-13mas 13.09 +0.4° Right
JHK-27mas 26.92 -1.5° Left
LM-13mas 13.03 +0.4° Right

Notes. @Pixel scale averaged over all directions. The anamorphism
reduces the pixel scale by about 0.2% in the vertical direction and
increases it by the same amount horizontally. ®The offset angle PA g
is defined as the angle (measured east of ‘up’) that corresponds to north
in the detector raw data, for a nominal zero position angle.

create a random set of 50 offsets within a 15" box. The exposure
time was set to 0.2 s to avoid saturation of the high thermal back-
ground; and at each location 140 individual exposures were taken
and averaged together to create a single frame with an equiva-
lent 28 s integration. This reduces the overhead associated with
saving the files, while leaving sufficient exposures to efficiently
remove the background and compensate for the bad pixels.

The same stars and dust feature details are visible as in previ-
ous NACO images taken with a similar configuration. The major
difference is in the technique used for wavefront sensing: the
ERIS data were taken with LGS-AO using an off-axis guide star
while the NACO data were taken with an infrared WFS that used
IRS 7, a K = 6.5 mag star less than 6" from Sgr A*. In this case
the two datasets were of high quality, and there is little difference
between them.

This field was targeted at radio wavelengths to measure the
positions, proper motions, and line of sight velocities of SiO
masers (Reid et al. 2007). These are shown in the left panel of the
figure, and used as an astrometric reference for the infrared imag-
ing. In this case it also enables the plate scale and orientation of
the LM-13mas camera to be verified, as given in Table 2.

w Cen. The equivalent verification of plate scale and ori-
entation for the JHK-13mas and JHK-27mas cameras was done
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Fig. 24. K-band imaging with NIX of the globular cluster w Cen. LGS-
AO was used, and the star indicated by a cross provided tip-tilt and truth
sensing. A total of 158 Gaia sufficiently bright and isolated stars are
indicated in this 5 X 5 mosaic and were used to register the frames as
well as to derive pixel scale and orientation.

using the globular cluster w Cen, but with a different operational
strategy to produce the pipeline reduced image in Fig. 24. The
bright star just above centre (black cross) with Ggp = 11.0 mag
was used as the tip-tilt star in these LGS-AO data. The typical
K-band FWHM is 100 mas rather than the diffraction limited
55 mas because the LGS-AO performance had not been opti-
mised at this stage of the commissioning. With the JHK-13mas
camera a regular grid of 5 X 5 pointings was used, each off-
set by 5” in one axis and 1” in the other axis. Thus, the first
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Fig. 25. Preliminary distortion map of the JHK-27mas camera derived from the w Cen data (which for the JHK-13mas camera is similar). The
dominant term is not from the camera, but comes from the anamorphic magnification due to the high angular tilt of the IR/VIS dichroic. Here only
this linear term was corrected. Higher order terms are a factor of 10 smaller, and below the noise limit of these data. The dotted circle in the right
panel represents a 50" aperture where the RMS residual is only 12 mas even in these noisy data. The centre left region of the map is empty because

of the bad pixel cluster.

and second frames are offset by 5” in right ascension and 1”
in declination, while the first and sixth frames are offset by 1”
in right ascension and 5” in declination. This allows a larger
area to be mosaicked , but also ensures that the same regions
of the cluster are imaged in very different areas of the detec-
tor, enabling an on-sky map of instrumental distortions to be
derived. In addition, applying such large offsets to the object
frames with a crowded field provides a stringent test for the preci-
sion of the offsets as well as for the pipeline in terms of aligning
and combining the data. A parallel reduction was performed
making use of more than 150 stars in the field from the Gaia
catalogue (Gaia Collaboration 2023). Similar observations were
performed with the JHK-27mas camera. Both datasets show that
the offsets between exposures are accurate to better than 1%
and have a rotational offset of <0.1°. In addition, they yield
the pixel scales and orientations of the two cameras reported in
Table 2.

The instrumental distortions are known to be very small: the
NIX camera was specifically designed to have extremely low dis-
tortion in the central region, corresponding to <10 mas over any
25" x 25" region, and <1.5 mas in the central 7" X 7" region (in
both cases, after a linear coordinate transform has been applied).
This is borne out by the ability to register the Galactic Centre
and w Cen frames without needing to apply a distortion correc-
tion. A preliminary analysis of the star positions with reference
to the Gaia catalogue for this cluster produced the distortion
map in Fig. 25. It indicates that the dominant term is not from
the camera, but a correction for the anamorphic magnification
due to the high tilt of the IR/VIS dichroic (see Fig. 2). This
stretches the data along the columns of the detector by 0.4%,
although because our definition of pixel scale is averaged over
all directions, the anamorphism is measured as a vertical stretch
combined with a squeeze of the data horizontally, both by 0.2%
with respect to a nominal square field. After correcting for this
linear term, the residuals in the data analysed here are domi-
nated by noise. Nevertheless the RMS distortion in the central
25" of the JHK-13mas camera is reduced to 10 mas. Similarly,
as illustrated in Fig. 25, within the central 50" aperture of the
JHK-27mas camera the residual RMS distortion is measured to
be 12 mas. Optical modelling of the instrument indicates that
higher order distortion terms are more than a factor of 10 smaller
than the anamorphic magnification.

NGC 1097. This active galaxy was previously targeted with
both NACO (Prieto et al. 2005) and SINFONI (Davies et al.
2009). It has a prominent star-forming circumnuclear ring within
1 kpc of the nucleus. On large scales, a strong bar is channelling
gas into the ring, and on smaller scales a circumnuclear spiral is
driving gas further into the nucleus. It is challenging for adaptive
optics because the nucleus, although point-like and moderately
bright in the optical, is superimposed on a bright background
corresponding to the centre of the galaxy. The NACO obser-
vations were obtained in 2002, closing the high-order adaptive
optics loop on the nucleus itself. Prieto et al. (2005) reported
resolutions of 0”18 x 015 in K band to 0720 x 019 in J band.
These were measured from the nucleus as well as from individual
Hi1 regions in the ring, which were resolved by HST to have sizes
of ~4 pc (0706) and thus do not affect the resolution measure-
ment in NACO. Anisoplanatism over the 10" distance from the
nucleus to the ring is also not expected to have a strong impact on
the resolution measurement (although it would reduce the Strehl
ratio). With ERIS, LGS-AO was used, with the nucleus acting
as the tip-tilt reference. After removing the smooth background
contribution, the resolution was measured from the nucleus to
be 77 mas and 85 mas in J and K band respectively, which is a
factor 2-2.5 better than NACO. In the ring, the 50 brightest HI1
regions were measured to be symmetric and have sizes of 92 mas
in J band and 98 mas in K band. Correcting for their intrin-
sic size leads to resolution estimates of ~70 mas and ~78 mas
respectively, which are comparable to those derived from the
nucleus. The comparison in Fig. 26 illustrates a different regime
from those described earlier, where ERIS can exploit the robust
laser guide star system of the AOF to achieve significantly better
performance than was previously possible with only NGS-AO.

4.3. High-contrast imaging

Among the high-contrast modes, the gvAPP is relatively
straightforward to use because the mask is located in the pupil
plane and so, unlike the FPC, there is no need to provide
feedback from the science image to keep the mask and star
co-aligned. The operation of the FPC is somewhat more com-
plex because reaching optimal performance requires an active
fine-tuning of the pointing of the star onto the vortex mask cen-
tre to correct for slow drift (e.g. due to mechanical flexure or
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Fig. 26. Pseudo-colour images of the circumnuclear ring in NGC 1097, created from J, H, and K images (in blue, green, and red, respectively).
Comparison of the NACO image (Fig. 1 in Prieto et al. 2005; credit: ESO/Prieto et al.) to the ERIS image (credit: ESO/ERIS team) reflects the

improvement in adaptive optics technology over the last 20 yr.
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Fig. 27. On-sky performance of the gvAPP in NIX. Left: image of the PSF obtained with the mask through the Br-a filter, which matches the
theoretical PSF shown in Fig. 17. The image is drawn on a logarithmic scale, and the key elements are labelled. Right: contrast curves for the
narrow Br-a-cont and Br-g filters in the L band and K band, respectively. The Br-a-cont contrast curve is retrieved using a fake planet injection
and recovery test on 45 min of ADI/PCA processed data of HR 8799. The same procedure is applied to a 45 min Br-g dataset of y Gru. The shaded
areas trace the median absolute deviation of the contrast dependent on the parallactic angle of the injected fake planet. The achievable contrast
depends on many factors including star magnitude, filter bandwidth and wavelength, seeing, integration time, and data processing method.

small motions occurring in pupil tracking mode). While contrast
curves for the FPC are still to be finalised, good pointing stability
after QACITS closed-loop control has been achieved with cen-
tring errors below 0.025 A/D at a correction rate of 0.2 Hz. The
preliminary on-sky performance of the FPC show broad-band
raw null depths better than 1:100.

Data from the gvAPP and FPC modes also provide essential
tests for the pupil tracking mode, including the ability to offset
to repeatable locations on the detector while the sky coordinates
are rotating, and for the AO system to compensate the differential
motion between the guide star position and the science camera
pointing. The on-sky image from the gvAPP in the left panel of
Fig. 27 matches the theoretical prediction in Fig. 17 extremely
well in terms of the two half-PSFs with dark holes, the central
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leakage term for photometry, and the two astrometric calibration
spots. This image is of the star HD 203387 (¢ Cap), a variable
G6 to G8 giant with a mass of 3 M, at a distance of 62 pc (Choi
et al. 1995; Henry et al. 1995). It is taken through the Br-a filter
at 4.05 pum using the LM-13mas camera. Two sets of data were
taken on this object, in both cases using 3 s exposures with the
slow read mode. The first set were taken in 0”6 seeing, and com-
prises 12 groups of 25 exposures that were taken in two different
locations on the detector separated by 7”9. During these obser-
vations there was relatively little field rotation. The second set,
shown here, comprises 11 groups of 50 exposures, taken in see-
ing that varied from 0”7 to 1"’ 1. They were also dithered between
two locations on the detector, and the background was derived
simply by subtraction of the opposite positions. The offset used
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was comparable, but since there was 20° field rotation during
the observations, the actual offsets on-sky varied from 372-4"1
in right ascension and 71-7"5 in declination.

Recently, based on analysis of radial velocity and astromet-
ric data, two exoplanets have been reported around HD 203387
(Feng et al. 2022). These have masses of 3.5 Mj and 7.5 M,
and semi-major axes of 30 mas and 80 mas, respectively, and as
such are too close to the primary to image directly in L band.
However, a candidate companion was detected at a projected
distance of 176, which is outside the dark zone. The contrast
is 8.3 mag with respect to the L’ = 2.2 mag primary star, sug-
gesting that it is a low-mass M dwarf. The field rotation during
the observations confirms the detection, but without measure-
ments at other epochs we cannot rule out that this is simply a
background star.

The indicative contrast one might expect to reach with the
gvAPP is shown in the right panel of Fig. 27 for two partic-
ular filters. We note that the achievable contrast depends on
many things including the AO performance (star magnitude and
seeing), the noise (filter bandwidth and wavelength, integration
time, field rotation), and the data processing method applied.
To calculate the contrast curves, the data are first pre-processed
using Pynpoint (Stolker et al. 2019; Amara & Quanz 2012),
where the two dark zones of the gvAPP PSF are stitched together
to form a single science cube. Then, a fake planet injection and
retrieval is performed using the HCI statistics software Applefy
(Bonse et al. 2023) and utilising PCA/ADI for the subtraction
of the stellar PSF. The unsaturated gvAPP PSF is used as a PSF
reference for the fake planet. The number of PCA components is
varied and chosen independently for different separations of the
injected fake planet.

4.4. Sparse aperture masking

The aperture masking mode of ERIS is a convenient tool for
observing systems at very small angular separations. Thanks to
its interferometric nature, it is possible to adjust models of the
targets to obtain spatial information below the limit of diffrac-
tion. HIP 18714 (HD 25402A) was observed in 2017 by Bonavita
et al. (2022) using the SPHERE instrument in the J band.
They found a very close companion at a separation of 44 mas
(2.3 au) and a position angle of 351.6 degrees. They estimated
the mass to be 0.25 solar masses (0.23 in mass ratio). Addition-
ally, HIP 18714 is part of the nss_acceleration_astro Gaia
DR3 archive table (Halbwachs et al. 2023). The proper motion is
69.09 +£0.07 mas in RA, —5.21 + 0.06 mas in Dec. It is a member
of the Tucana-Horologium association according to BANYAN X
classification (Gagné et al. 2018): >80% including the RV, and
>99% without. The acceleration of the star (—1.44 +0.08 mas/yr?
in RA, —0.54 + 0.08 mas yr‘2 in Dec) as well as the derivative of
the acceleration (1.4 + 0.4 mas yr~3 in RA, 7.0 + 0.3 mas yr~3 in
Dec) also point towards the presence of a close companion.
During the night of November 5, 2022, exactly 5 yr after the
SPHERE observations, we observed HIP 18714 on ERIS with
NIX and the SAM-7 pupil mask and the Ks filter. We spent
a total time on target of 30 min, followed by 15min on the
calibrator HD 26072, for a total duration of 1h (including over-
heads and acquisition). The science observation consisted of
eight exposures of 200 frames of 0.8 s. Between two exposures,
the diffraction pattern was nodded to one of four different posi-
tions on the detector. The calibrator was also carefully nodded
to the same positions, and observations consisted of four expo-
sures with the same integration times. The diffraction patterns
were background subtracted using the images at other nodding
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Fig. 28. On-sky performance of the SAM-7 mask. Left: the 5o contrast
curve (solid line) observed on HIP 18714 with the mask and the Ks filter.
The diamond shows the companion detected by SPHERE in the J band
(Bonavita et al. 2022), but not detected by us. The dashed line corre-
sponds to the 5o theoretical dynamic range assuming an accuracy of
0.5 degrees for the closure phase (according to Eq. (2) in Lacour et al.
2011). Right: histograms of the visibility squared and closure phase per
exposure. The standard deviation of the visibity and phase after calibra-
tion are respectively 0.06 and 0.52 degrees.

positions, cropped, and corrected for bad pixels. The data were
reduced using the AMICAL software (Soulain et al. 2020) to
produce oifits files. The HIP 18714 oifits were calibrated using
the HD 26072 oifits (angular diameter of 0.3 mas according to
Cruzalebes et al. 2019).

There is a direct correlation between the dynamic range and
the accuracy of the closure phase. In our dataset, the statisti-
cal deviations observed between frames within one exposure are
approximately 1.0 degree. However, after calibration and averag-
ing over the frames, the deviation to zero is still o(CP) = 0.52
degrees per exposure, which is higher than the expected devi-
ation of less than 0.1 degree if the target was unresolved and
no bias existed. According to Eq. (2) from Lacour et al. (2011),
this accuracy gives an upper limit to the flux ratio of a com-
panion to o(CP) x 2.5 x 1073 = 1.3 x 1073 at 1o The visibility
squares were also reduced, and after calibration, they averaged
at 0.95 £ 0.6.

We fitted a model of a binary star to the closure phase. The
fit output is a y> map as a function of ascension and declination
of the secondary. It shows many local minima, which does not
suggest a significant binary solution. The best solution indicates
a flux ratio of 3 x 107 (6.3 mag) at 43 mas. This solution is
much fainter than the SPHERE prediction, which was 3.62 mag
in the J band. This suggests a non-detection of the companion.
Indeed, it can be demonstrated that the companion would have
been detected at 5o at any separation above 20 mas (as shown
in the left panel of Fig. 28). This means that the stellar com-
panion would have moved south by 24 mas within 5 yr. With
a mass ratio of 0.23 (as per Bonavita et al.), this would result
in a proper motion induced to the star of ~1 masyr~!. With a
derivative to the acceleration of 7 mas yr‘3 in declination, this
is entirely possible. A more rigorous orbital fitting would nev-
ertheless be necessary to confirm this hypothesis. Finally, it is
worth noting that the companion was not detected in 2016 on
the Gemini Multi-Object Spectrograph (GMOS) by Baron et al.
(2018).
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Fig. 29. On-sky data obtained with the long-slit spectrograph in NIX. Left: image of a raw 2D L-band spectrum, with the various features labelled
(the east side of the slit is indicated for an on-sky position angle of 0°). Right: extracted spectrum of the double star HD 36648 together with an
atmospheric transmission profile taken from the Molecfit library. The rapidly varying transmission at <3.5 pum makes it hard to correct the spectrum
in that region. At the long wavelength end, the cutoff is due to the L-broad filter. The blue spectrum in the cleaner part (with atmospheric features
removed and slope normalised), shows the detection of Pfy at 3.74 um and Bra at 4.05 pm as expected given the A5 spectral type of this star.

4.5. Long-slit spectroscopy

The application of slit spectroscopy in ERIS is no different to
the typical operation in many other instruments. Centring of the
PSF in the slit, although a standard procedure, needs to be done
carefully because its FWHM is comparable to the narrow 86 mas
slit width. The steps include imaging the source and subtracting
as background an image of the slit, but it is aided by the fact
that the slit is aligned along the rows of the detector, and the
offsetting directions are defined parallel and perpendicular to the
slit independent of the position angle on-sky to which it is set.

The appearance of the raw data is illustrated in the left panel
of Fig. 29. The 12" slit is oriented horizontally, and the disper-
sion direction is close to vertical. There is some scattered light,
but this is constant and subtracts out well. The central part of the
spectrum can be affected by bad pixels, particularly for locations
to the left side of the slit; and so the nodding positions should be
selected accordingly.

An example spectrum, for which the template was config-
ured to nod the star to four positions along the slit and take
a 20 sec exposure each time, is shown in the right panel of
Fig. 29. The spectrum is of HD 36648, a 6.5 mag double star
with 7" separation, and having AS spectral type (Cannon &
Pickering 1993). Superimposed is the atmospheric transmission
profile taken from the spectral library associated with Molecfit
(Smette et al. 2015). This shows that at 4 < 3.5 um, the transmis-
sion varies strongly and rapidly with wavelength, which makes
it hard to correct, in particular because the spectral profile has
imprinted on it the illumination of the source across the width of
the slit. This varies by a factor two from the edge to the centre of
the 86 mas slit width because the spatial profile of the diffraction
limited PSF has a FWHM of about 90 mas, which is comparable
to the slit width. In the cleaner half of the bandpass, the final
spectrum, for which the slope was normalised, shows that cor-
rection with an atmospheric template works well. It reveals two
absorption features, Pfy at 3.741 um with an equivalent width of
0.8 A, and Bra at 4.052 um with an equivalent width of 1.1 A.
The line widths are measured jointly to be 800 km s~!, consistent
with the spectral resolution indicated in Sect. 2.4.

5. Conclusions

ERIS is a new instrument for the VLT, with adaptive optics capa-
bility that makes use of the Adaptive Optics Facility on UT4, and
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allows diffraction limited observations to be performed using
guide stars currently as faint as Ggp = 18 mag. It replaces, and
enhances the capabilities of, two previous instruments, offering
a variety of observing modes:

— integral field spectroscopy at 1-2.5 um at resolutions of R ~
5000 and R ~ 10000 (not matched by any other ground- or
space-based near-infrared IFU) over a field of view from 0”8
to 870;

— imaging at 1-5 pm over fields of almost 30”and 60”;

— high-contrast imaging using focal and pupil plane masks,
and sparse aperture masks;

— long-slit spectroscopy at 3—4 pm.

The instrument was first offered for open time in the ESO
Observing Period 111, which started in April 2023.

For those planning to observe with ERIS, it is essential
to read the User Manual', which provides up-to-date informa-
tion about the instrument and its operational modes, as well as
more specific information relevant to the preparation of obser-
vations. Similarly, sensitivities of the various modes in differing
atmospheric conditions and AO performance are best assessed
using the online Exposure Time Calculator’. ERIS/SPIFFIER
and ERIS/NIX have advanced data processing pipelines devel-
oped by the ERIS consortia and ESO. Both pipelines make use
of the ESO Reflex user interface environment (Freudling et al.
2013) and are available for download?.

Acknowledgements. The consortium would like to thank the many people who
have contributed to the project in numerous different ways, in some cases ‘behind
the scenes’, both within the partner institutes as well as at ESO in Garching
and at Paranal. The authors would also like to acknowledge the help of J.
Kammerer, E. Huby, T. Stolker, and J. Sanchez for preparing and reducing
the SAM observations of HIP 18714. J.H. gratefully acknowledges the finan-
cial support from the Swiss National Science Foundation under project grant
number 200020_200399. The sparse aperture masking mode has received fund-
ing from the French National Research Agency (ANR-13-JS05-0005) and from
the European Research Council (ERC) under the Horizon 2020 research and
innovation programme (Grant agreement no. 639248). The research of FS lead-
ing to these results has received funding from the European Research Council
under ERC Starting Grant agreement 678194 (FALCONER). Parts of this work
have been carried out within the framework of the National Centre of Compe-
tence in Research PlanetS supported by the Swiss National Science Foundation
under grants SINF40_182901 and 5INF40_205606. S.P.Q. and A.M.G. acknowl-
edge the financial support of the SNSF. The development of the FPC mode

I https://www.eso.org/sci/facilities/paranal/
instruments/eris.html

2 https://www.eso.org/observing/etc

3 https://www.eso.org/sci/software/pipelines


https://www.eso.org/sci/facilities/paranal/instruments/eris.html
https://www.eso.org/sci/facilities/paranal/instruments/eris.html
https://www.eso.org/observing/etc
https://www.eso.org/sci/software/pipelines

Davies, R., et al.: A&A proofs, manuscript no. aa46559-23

has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (grant
agreement no. 819155), and from the Wallonia-Brussels Federation (grant for
Concerted Research Actions). The paper makes use of public data released from
the ERIS commissioning observations at the VLT Yepun (UT4) telescope under
Programmes ID 60.A-9917.

References

Amara, A., & Quanz, S. P. 2012, MNRAS, 427, 948

Arsenault, R., Madec, P. Y., Vernet, E., et al. 2017, The Messenger, 168, 8

Baron, F., Artigau, E., Rameau, J., et al. 2018, AJ, 156, 137

Boehle, A., Ghez, A. M., Schodel, R., et al. 2016, ApJ, 830, 17

Boehle, A., Doelman, D., Konrad, B. S., et al. 2021, J. Astron. Telescopes
Instrum. Syst., 7, 045001

Bonavita, M., Gratton, R., Desidera, S., et al. 2022, A&A, 663, A144

Bonnet, H., Abuter, R., Baker, A., et al. 2004, The Messenger, 117, 17

Bonse, M. J., Garvin, E. O., Gebhard, T. D., et al. 2023, AJ, submitted
[arXiv:2303.12030]

Bournaud, F., Elmegreen, B. G., & Elmegreen, D. M. 2007, ApJ, 670, 237

Bowler, B. P. 2016, PASP, 128, 102001

Cannon, A.J., & Pickering, E. C. 1993, VizieR Online Data Catalog: III/135A

Ceverino, D., Dekel, A., Mandelker, N., et al. 2012, MNRAS, 420, 3490

Choi, H.-J., Soon, W., Donahue, R. A., Baliunas, S. L., & Henry, G. W. 1995,
PASP, 107, 744

Cresci, G., Mannucci, F., Maiolino, R., et al. 2010, Nature, 467, 811

Cruzalebes, P., Petrov, R. G., Robbe-Dubois, S., et al. 2019, MNRAS, 490, 3158

Currie, T., Burrows, A., Itoh, Y., et al. 2011, ApJ, 729, 128

Currie, T., Biller, B., Lagrange, A.-M., et al. 2022, ArXiv e-prints
[arXiv:2205.05696]

Curti, M., Maiolino, R., Cirasuolo, M., et al. 2020, MNRAS, 492, 821

Davies, R. 1. 2007, MNRAS, 375, 1099

Davies, R., Rabien, S., Lidman, C., et al. 2008, The Messenger, 131, 7

Davies, R. 1., Maciejewski, W., Hicks, E. K. S., et al. 2009, ApJ, 702, 114

Davies, R. 1., Agudo Berbel, A., Wiezorrek, E., et al. 2013, A&A, 558, A56

Do, T., Hees, A., Ghez, A., et al. 2019, Science, 365, 664

Doelman, D. S., Snik, F., Por, E. H., et al. 2021, Appl. Opt., 60, D52

Eisenhauer, F., Abuter, R., Bickert, K., et al. 2003, SPIE Conf. Ser., 4841, 1548

Feng, F., Butler, R. P, Vogt, S. S., et al. 2022, ApJS, 262, 21

Forster Schreiber, N. M., & Wuyts, S. 2020, ARA&A, 58, 661

Forster Schreiber, N. M., Renzini, A., Mancini, C., et al. 2018, ApJS, 238, 21

Freudling, W., Romaniello, M., Bramich, D. M, et al. 2013, A&A, 559, A96

Gagné, J., Mamajek, E. E., Malo, L., et al. 2018, ApJ, 856, 23

Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, Al

Gaia Collaboration (Vallenari, A., et al.) 2023, A&A, 674, Al

Genzel, R., Eisenhauer, F., & Gillessen, S. 2010, Rev. Mod. Phys., 82, 3121

Genzel, R., Newman, S., Jones, T., et al. 2011, ApJ, 733, 101

Genzel, R., Price, S. H., Ubler, H., et al. 2020, ApJ, 902, 98

George, E. M., Griff, D., Feuchtgruber, H., et al. 2016, SPIE Conf. Ser., 9908,
99080G

George, E. M., Griff, D., Hartl, M., et al. 2017, J. Astron. Telescopes Instrum.
Syst., 3, 035002

Gillessen, S., Genzel, R., Fritz, T. K., et al. 2012, Nature, 481, 51

Gillessen, S., Plewa, P. M., Eisenhauer, F., et al. 2017, ApJ, 837, 30

Gillman, S., Swinbank, A. M., Tiley, A. L., et al. 2019, MNRAS, 486, 175

Glauser, A. M., Bachmann, W., Patapis, P., et al. 2018, SPIE Conf. Ser., 10702,
1070230

GRAVITY Collaboration (Abuter, R., et al.) 2018, A&A, 615, A15

GRAVITY Collaboration (Abuter, R., et al.) 2019, A&A, 625, A10

GRAVITY Collaboration (Abuter, R., et al.) 2020, A&A, 636, A5

Habibi, M., Gillessen, S., Martins, F., et al. 2017, ApJ, 847, 120

Hackenberg, W., Bonaccini Calia, D., Lewis, S., et al. 2011, in Second Interna-
tional Conference on Adaptive Optics for Extremely Large Telescopes, Online
athttp://aod4elt2.lesia.obspm. fr, 56

Haffert, S. Y., Bohn, A. J., de Boer, J., et al. 2019, Nat. Astron., 3, 749

Halbwachs, J.-L., Pourbaix, D., Arenou, F., et al. 2023, A&A, 674 , A9

Harrison, C. M., Johnson, H. L., Swinbank, A. M., et al. 2017, MNRAS, 467,
1965

Henry, G. W., Fekel, F. C., & Hall, D. S. 1995, AJ, 110, 2926

Hoeijmakers, H. J., Schwarz, H., Snellen, I. A. G., et al. 2018, A&A, 617, A144

Huby, E., Baudoz, P., Mawet, D., & Absil, O. 2015, A&A, 584, A74

Jakob, G., & Lizon, J.-L. 2014, SPIE Conf. Ser., 9147, 91474W

Kasper, M., Apai, D., Janson, M., & Brandner, W. 2007, A&A, 472, 321

Kasper, M., Amico, P., Pompei, E., et al. 2009, The Messenger, 137, 8

Kiekebusch, M. J., Lucuix, C., Erm, T. M., et al. 2014, SPIE Conf. Ser., 9152,
915207

Lacour, S., Tuthill, P., Amico, P., et al. 2011, A&A, 532, A72

Lagrange, A. M., Bonnefoy, M., Chauvin, G., et al. 2010, Science, 329, 57

Lenzen, R., Hartung, M., Brandner, W., et al. 2003, SPIE Conf. Ser., 4841, 944

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Marois, C., Lafreniere, D., Doyon, R., Macintosh, B., & Nadeau, D. 2006, ApJ,
641, 556

Martin, S. C. 1997, ApJ, 478, L33

Mawet, D., Riaud, P., Absil, O., & Surdej, J. 2005, ApJ, 633, 1191

Oberti, S., Kolb, J., Madec, P.-Y., et al. 2018, SPIE Conf. Ser., 10703, 107031G

Otten, G. P. P. L., Snik, F., Kenworthy, M. A., Miskiewicz, M. N., & Escuti, M. J.
2014, Opt. Express, 22, 30287

Pearson, D., Taylor, W., Davies, R., et al. 2016, SPIE Conf. Ser., 9908, 99083F

Petrus, S., Bonnefoy, M., Chauvin, G., et al. 2021, A&A, 648, AS59

Pfuhl, O., Gillessen, S., Eisenhauer, F., et al. 2015, ApJ, 798, 111

Phifer, K., Do, T., Meyer, L., et al. 2013, ApJ, 773, L13

Popovic, D., Brast, R., Di Lieto, N., et al. 2014, SPIE Conf. Ser., 9152, 915209

Price, S. H., Shimizu, T. T., Genzel, R., et al. 2021, ApJ, 922, 143

Prieto, M. A., Maciejewski, W., & Reunanen, J. 2005, AJ, 130, 1472

Quanz, S. P,, Amara, A., Meyer, M. R, et al. 2013, ApJ, 766, L1

Quanz, S. P., Amara, A., Meyer, M. R, et al. 2015, ApJ, 807, 64

Reid, M. J., Menten, K. M., Trippe, S., Ott, T., & Genzel, R. 2007, ApJ, 659, 378

Riccardi, A., Esposito, S., Agapito, G., et al. 2018, SPIE Conf. Ser., 10703,
1070303

Riccardi, A., Puglisi, A., Grani, P., et al. 2022, SPIE Conf. Ser., 12185, 1218508

Rousset, G., Lacombe, F., Puget, P., et al. 2003, SPIE Conf. Ser., 4839, 140

Sharples, R., Bender, R., Agudo Berbel, A., et al. 2013, The Messenger, 151,
21

Skemer, A.J., Hinz, P. M., Esposito, S., et al. 2012, ApJ, 753, 14

Smette, A., Sana, H., Noll, S., et al. 2015, A&A, 576, A77

Soulain, A., Sivaramakrishnan, A., Tuthill, P., et al. 2020, SPIE Conf. Ser., 11446,
1144611

Stolker, T., Bonse, M. J., Quangz, S. P, et al. 2019, A&A, 621, A59

Stone, J. M., Skemer, A. J., Hinz, P. M., et al. 2018, AJ, 156, 286

Sudrez Valles, M., Fedrigo, E., Donaldson, R. H., et al. 2012, SPIE Conf. Ser.,
8447, 84472Q

Tacconi, L. J., Genzel, R., & Sternberg, A. 2020, ARA&A, 58, 157

Wagner, K., Follete, K. B., Close, L. M., et al. 2018, ApJ, 863, L8

Wang, X., Jones, T. A., Treu, T., et al. 2020, ApJ, 900, 183

Wisnioski, E., Forster Schreiber, N. M., Fossati, M., et al. 2019, ApJ, 886, 124

Wauyts, E., Wisnioski, E., Fossati, M., et al. 2016, ApJ, 827, 74

Zhang, Y., Snellen, I. A. G., & Molliere, P. 2021, A&A, 656, A76

A207, page 19 of 19


http://linker.aanda.org/10.1051/0004-6361/202346559/1
http://linker.aanda.org/10.1051/0004-6361/202346559/2
http://linker.aanda.org/10.1051/0004-6361/202346559/3
http://linker.aanda.org/10.1051/0004-6361/202346559/4
http://linker.aanda.org/10.1051/0004-6361/202346559/5
http://linker.aanda.org/10.1051/0004-6361/202346559/5
http://linker.aanda.org/10.1051/0004-6361/202346559/6
http://linker.aanda.org/10.1051/0004-6361/202346559/7
https://arxiv.org/abs/2303.12030
http://linker.aanda.org/10.1051/0004-6361/202346559/9
http://linker.aanda.org/10.1051/0004-6361/202346559/10
http://linker.aanda.org/10.1051/0004-6361/202346559/11
http://linker.aanda.org/10.1051/0004-6361/202346559/11
http://linker.aanda.org/10.1051/0004-6361/202346559/12
http://linker.aanda.org/10.1051/0004-6361/202346559/13
http://linker.aanda.org/10.1051/0004-6361/202346559/14
http://linker.aanda.org/10.1051/0004-6361/202346559/15
http://linker.aanda.org/10.1051/0004-6361/202346559/16
https://arxiv.org/abs/2205.05696
http://linker.aanda.org/10.1051/0004-6361/202346559/18
http://linker.aanda.org/10.1051/0004-6361/202346559/19
http://linker.aanda.org/10.1051/0004-6361/202346559/20
http://linker.aanda.org/10.1051/0004-6361/202346559/21
http://linker.aanda.org/10.1051/0004-6361/202346559/22
http://linker.aanda.org/10.1051/0004-6361/202346559/23
http://linker.aanda.org/10.1051/0004-6361/202346559/24
http://linker.aanda.org/10.1051/0004-6361/202346559/25
http://linker.aanda.org/10.1051/0004-6361/202346559/26
http://linker.aanda.org/10.1051/0004-6361/202346559/27
http://linker.aanda.org/10.1051/0004-6361/202346559/28
http://linker.aanda.org/10.1051/0004-6361/202346559/29
http://linker.aanda.org/10.1051/0004-6361/202346559/30
http://linker.aanda.org/10.1051/0004-6361/202346559/31
http://linker.aanda.org/10.1051/0004-6361/202346559/32
http://linker.aanda.org/10.1051/0004-6361/202346559/33
http://linker.aanda.org/10.1051/0004-6361/202346559/34
http://linker.aanda.org/10.1051/0004-6361/202346559/35
http://linker.aanda.org/10.1051/0004-6361/202346559/36
http://linker.aanda.org/10.1051/0004-6361/202346559/36
http://linker.aanda.org/10.1051/0004-6361/202346559/37
http://linker.aanda.org/10.1051/0004-6361/202346559/37
http://linker.aanda.org/10.1051/0004-6361/202346559/38
http://linker.aanda.org/10.1051/0004-6361/202346559/39
http://linker.aanda.org/10.1051/0004-6361/202346559/40
http://linker.aanda.org/10.1051/0004-6361/202346559/41
http://linker.aanda.org/10.1051/0004-6361/202346559/41
http://linker.aanda.org/10.1051/0004-6361/202346559/42
http://linker.aanda.org/10.1051/0004-6361/202346559/43
http://linker.aanda.org/10.1051/0004-6361/202346559/44
http://linker.aanda.org/10.1051/0004-6361/202346559/45
http://ao4elt2.lesia.obspm.fr
http://linker.aanda.org/10.1051/0004-6361/202346559/47
http://linker.aanda.org/10.1051/0004-6361/202346559/48
http://linker.aanda.org/10.1051/0004-6361/202346559/49
http://linker.aanda.org/10.1051/0004-6361/202346559/49
http://linker.aanda.org/10.1051/0004-6361/202346559/50
http://linker.aanda.org/10.1051/0004-6361/202346559/51
http://linker.aanda.org/10.1051/0004-6361/202346559/52
http://linker.aanda.org/10.1051/0004-6361/202346559/53
http://linker.aanda.org/10.1051/0004-6361/202346559/54
http://linker.aanda.org/10.1051/0004-6361/202346559/55
http://linker.aanda.org/10.1051/0004-6361/202346559/56
http://linker.aanda.org/10.1051/0004-6361/202346559/56
http://linker.aanda.org/10.1051/0004-6361/202346559/57
http://linker.aanda.org/10.1051/0004-6361/202346559/58
http://linker.aanda.org/10.1051/0004-6361/202346559/59
http://linker.aanda.org/10.1051/0004-6361/202346559/60
http://linker.aanda.org/10.1051/0004-6361/202346559/61
http://linker.aanda.org/10.1051/0004-6361/202346559/61
http://linker.aanda.org/10.1051/0004-6361/202346559/62
http://linker.aanda.org/10.1051/0004-6361/202346559/63
http://linker.aanda.org/10.1051/0004-6361/202346559/64
http://linker.aanda.org/10.1051/0004-6361/202346559/65
http://linker.aanda.org/10.1051/0004-6361/202346559/66
http://linker.aanda.org/10.1051/0004-6361/202346559/67
http://linker.aanda.org/10.1051/0004-6361/202346559/68
http://linker.aanda.org/10.1051/0004-6361/202346559/69
http://linker.aanda.org/10.1051/0004-6361/202346559/70
http://linker.aanda.org/10.1051/0004-6361/202346559/71
http://linker.aanda.org/10.1051/0004-6361/202346559/72
http://linker.aanda.org/10.1051/0004-6361/202346559/73
http://linker.aanda.org/10.1051/0004-6361/202346559/74
http://linker.aanda.org/10.1051/0004-6361/202346559/75
http://linker.aanda.org/10.1051/0004-6361/202346559/76
http://linker.aanda.org/10.1051/0004-6361/202346559/76
http://linker.aanda.org/10.1051/0004-6361/202346559/77
http://linker.aanda.org/10.1051/0004-6361/202346559/78
http://linker.aanda.org/10.1051/0004-6361/202346559/79
http://linker.aanda.org/10.1051/0004-6361/202346559/79
http://linker.aanda.org/10.1051/0004-6361/202346559/80
http://linker.aanda.org/10.1051/0004-6361/202346559/81
http://linker.aanda.org/10.1051/0004-6361/202346559/82
http://linker.aanda.org/10.1051/0004-6361/202346559/82
http://linker.aanda.org/10.1051/0004-6361/202346559/83
http://linker.aanda.org/10.1051/0004-6361/202346559/84
http://linker.aanda.org/10.1051/0004-6361/202346559/85
http://linker.aanda.org/10.1051/0004-6361/202346559/85
http://linker.aanda.org/10.1051/0004-6361/202346559/86
http://linker.aanda.org/10.1051/0004-6361/202346559/87
http://linker.aanda.org/10.1051/0004-6361/202346559/88
http://linker.aanda.org/10.1051/0004-6361/202346559/89
http://linker.aanda.org/10.1051/0004-6361/202346559/90
http://linker.aanda.org/10.1051/0004-6361/202346559/91

	The Enhanced Resolution Imager and Spectrograph for the VLT
	1 Introduction
	2 Instrument description
	2.1 Adaptive optics
	2.2 Calibration Unit
	2.3 SPIFFIER integral field spectropgraph
	2.4 NIX imager

	3 Main science drivers on the instrument design
	3.1 Galaxy evolution at high redshift
	3.2 Direct imaging of exoplanets
	3.3 Galactic Centre

	4 Early results from commissioning
	4.1 Integral field spectroscopy
	4.2 Imaging
	4.3 High-contrast imaging
	4.4 Sparse aperture masking
	4.5 Long-slit spectroscopy

	5 Conclusions
	Acknowledgements
	References


