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ABSTRACT

GRAVITY+ is the upgrade for GRAVITY and the Very Large Telescope Interferometer (VLTI) with wide-separation fringe track-
ing, new adaptive optics, and laser guide stars on all four 8 m Unit Telescopes (UTs) to enable ever-fainter, all-sky, high-contrast,
milliarcsecond interferometry. Here we present the design and first results of the first phase of GRAVITY+, known as GRAVITY
Wide. GRAVITY Wide combines the dual-beam capabilities of the VLTI and the GRAVITY instrument to increase the maximum
separation between the science target and the reference star from 2 arcseconds with the 8 m UTs up to several 10 arcseconds, lim-
ited only by the Earth’s turbulent atmosphere. This increases the sky-coverage of GRAVITY by two orders of magnitude, opening up
milliarcsecond resolution observations of faint objects and, in particular, the extragalactic sky. The first observations in 2019-2022
include the first infrared interferometry of two redshift z ~ 2 quasars, interferometric imaging of the binary system HD 105913A, and
repeat observations of multiple star systems in the Orion Trapezium Cluster. We find the coherence loss between the science object
and fringe-tracking reference star well described by the turbulence of the Earth’s atmosphere. We confirm that the larger apertures of
the UTs result in higher visibilities for a given separation due to the broader overlap of the projected pupils on the sky and provide

predictions for visibility loss as a function of separation to be used for future planning.

Key words. instrumentation: interferometers — instrumentation: high angular resolution — quasars: supermassive black holes —

stars: individual: Orion Trapezium Cluster

1. Introduction

Shao & Colavita (1992) described, for the first time, an optical
interferometer simultaneously observing two widely separated
targets contained inside the atmospheric turbulence isopistonic
patch. The Palomar Testbed Interferometer (PTI; Colavita et al.
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1999) represents the first implementation of this dual-field
technique, where star separators are located at the focus of the
telescope and deliver two independent beams, which allow for
the simultaneous operation of two interferometric instuments.
At the time, however, the emphasis was primarily focused on
astrometry, namely, measuring the angular distance between
the two targets in preparation for NASA’s space astrometry
missions for exoplanets. The possibility to use the technique
to observe much fainter targets was tentatively explored and
presented in Lane & Colavita (2003), but remained within the
limiting magnitudes of the PTI around mg = 5. On the VLTI
(Beckers 1990), the dual-field instrument PRIMA (Delplancke
2008) was foreseen to deliver astrometric and phase-referencing
capabilities. The emphasis remained on astrometry, rather
than pushing the sensitivity of the interferometer, until the
project was discontinued in face of the competition with Gaia
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(Perryman et al. 2001), however the dual-field capability
of the infrastructure was preserved. The first dual-field
phase-referenced observations to demonstrate a sensitivity
improvement were carried out by the ASTRA instrument
(Woillez et al. 2014) of the Keck Interferometer (Colavita et al.
2013), reaching a magnitude of mg = 12.5, which was about
ten times fainter than contemporaneous direct observations. The
scientific exploitation of this nascent capability was, however,
cut short by the early demise of this facility in July 2012.

The sensitivity revolution was finally delivered by the
GRAVITY instrument (GRAVITY Collaboration 2017) at the
VLTI It has transformed high angular resolution astronomy
with the first interferometric instrument to routinely offer
milliarcsecond (mas) resolution imaging for objects as faint as
mg = 19-20, a sensitivity increase by more than a factor of a
thousand over previous interferometers, 30—-100 microarcsecond
(unas) astrometry, and microarcsecond differential spectro-
astrometry. The key to success are technical breakthroughs on
several fronts, including the development of quasi-noiseless
infrared detectors (Finger et al. 2019), infrared single-mode
waveguides and integrated optics (Perraut et al. 2018), robust
fringe tracking (Lacour et al. 2019), infrared adaptive optics
(Scheithauer et al. 2016), and laser metrology (Gillessen et al.
2012), as well as performance improvements all over the VLTI
observatory (Woillez et al. 2018). GRAVITY is also the first
interferometer to routinely offer dual-field interferometry,
for which a bright reference star is used to stabilize and
phase-reference the interferogram of the science object.

In the first five years of science operation, GRAVITY
brought groundbreaking results covering a broad range of astro-
physical science: It has provided the strongest experimental
evidence that the compact mass in the Galactic Center (Sgr A*)
is a black hole, including the first detection of the gravitational
redshift (GRAVITY Collaboration 2018a) and the Schwarzschild
precession (GRAVITY Collaboration 2020a) in the orbit of the
star S2 around the black hole. Further, GRAVITY has detected
orbital motion of hot gas close to the innermost stable orbit of
the black hole (GRAVITY Collaboration 2018b), and performed
the most precise measurement of the black hole’s mass and
distance (GRAVITY Collaboration 2019a), surrounding mass
distribution (GRAVITY Collaboration 2022b), and tests of the
Einstein equivalence principle (Amorim et al. 2019). GRAVITY
has provided high resolution spectra of the atmosphere of sev-
eral exoplanets, including HR8799¢ (GRAVITY Collaboration
2019b) and B Pic b (GRAVITY Collaboration 2020e). On the
latter, the measured C/O ratio indicates that this planet has under-
gone substantial core accretion and planetesimal enrichment.
Additionally, GRAVITY has delivered the first direct detection
of a radial velocity planet 8 Pic ¢ (Nowak et al. 2020) and the
measurement of the mass of an exoplanet from the astrometry
of a second planet (Lacour et al. 2021). GRAVITY was also the
first instrument to spatially resolve a quasar broad line region
(BLR, GRAVITY Collaboration 2018d) and to image at milliarc-
second resolution the dust sublimation region around a Seyfert 2
active galactic nucleus (AGN, GRAVITY Collaboration 2020f).
It has also provided a comprehensive dataset of spatially resolved
disks of young stellar objects (GRAVITY Collaboration 2019c,
2021b,c,d,e,f) and spatially resolved the magnetospheric accre-
tion onto a T Tauri star (GRAVITY Collaboration 2020d).
Furthermore, GRAVITY resolved for the first time the two
images produced by gravitational microlenses (Dong et al.
2019).

Until now, the number of observable targets with the dual-
feed mode is limited by the requirement that the fringe-tracking
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(FT) source and the science target (SC) have to be within the
field of view of the VLTI, which is 2 arcseconds (arcsec) in
diameter for the Unit Telescopes (UTs) and 4 arcsec in diam-
eter for the Auxiliary Telescopes (ATs). This requirement can
be overcome by implementing wide-angle off-axis fringe track-
ing, where we enlarge the separation between FT and SC up to
about 30 arcsec, limited by the atmospheric turbulence. To break
the limitation in separation between the two fields of GRAVITY,
they are separated at the telescope level and finally overlapped at
the entrance of GRAVITY. This implementation, which we refer
to as GRAVITY Wide, is one of the primary components of the
ongoing upgrades to the VLTI and GRAVITY. This improved
instrument is called GRAVITY+ (Eisenhauer 2019). Besides
GRAVITY Wide, GRAVITY+ also includes the implementation
of new deformable mirrors and state-of-the-art adaptive optics
(AO) wavefront sensors, an improved instrument throughput and
vibration control, as well as laser guide stars on all four 8 m
UTs. These upgrades will enable fringe tracking on objects as
faint as mg = 13 and, together with GRAVITY Wide, enable all-
sky interferometry with high resolution imaging at milliarcsec
accuracy with a limiting magnitude of mg = 22.

The increased FT-SC angular separation will make it
possible to observe faint targets with fringe tracking on a nearby
bright source that can be picked from a much larger area. This
will open up observations and discoveries in different areas of
astronomy, such as: spatially resolving young stellar objects in
their embedded phase; studying the multiplicity of massive stars
in the Small and Large Magellanic Cloud; constraining, for the
first time, intermediate mass black holes with accurate motions
of stars in globular clusters; discovering single stellar-mass
black holes and free floating planets via microlensing; and
probing supermassive black holes in active galactic nuclei out to
beyond z ~ 2 (Eisenhauer 2019) and in nearby inactive galaxies
with transient tidal disruption events.

The enlargement of the FT-SC separation, however, brings
along a challenge. In ground-based optical and infrared interfer-
ometry, atmospheric turbulence plays an important role (Fried
1966). Local changes in the temperature and humidity in the
atmosphere lead to changes in the refractive index of air. When
an initially flat wavefront from a distant science object enters
the atmosphere, it gets distorted. Adaptive optics and the fringe
tracker are able to correct these distortions. However, when
the separation between SC and FT increases, the correction
degrades on the SC due to residual wavefront errors in the
direction of the SC. This effect is called anisoplanatism (Fried
1982) and it becomes more severe for larger off-axis separations.
Thus, it is important to understand the behaviour of the atmo-
sphere and investigate the influence of atmospheric turbulence
on large-separation fringe tracking.

In this paper, we present the first wide-angle interferomet-
ric observations with four telescopes performed with GRAVITY
Wide. We describe the instrumental changes of GRAVITY to
GRAVITY Wide in Sect. 2. Section 3, we present the GRAV-
ITY Wide data, and demonstrate first GRAVITY Wide science.
From observations of multiple star systems in the Orion Trapez-
ium Cluster, we derive a new orbit for 8' Ori B, and refine the
orbits of #' Ori C and 6' Ori D. We present the separation and
flux ratio of the binary HD 105913A, and the successful detec-
tion of fringes across the Ha line for two z > 2 quasars, SDSS
J161513.84+084914.4 (z = 2.33, hereafter SDSS1615) and LAM-
OST J092034.16+065717.9 (z = 2.46, hereafter, LAMOST09). In
Sect. 4, we discuss the influence of atmospheric turbulence on
the new large separation fringe tracking mode with 17 observed
FT-SC pairs with separations up to 32 arcsec. Finally, we give
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Fig. 1. Modifications made to the VLTI switchyard in December 2021
to implement the first phase of GRAVITY Wide. Located in the VLTI
laboratory underneath the VLTI platform, the switchyard receives the
light from the main VLTI delay lines and directs the light to the various
downstream instruments such as GRAVITY, MATISSE, and PIONIER.
Typically, the light first enters the beam compressors to convert the
beam diameters from 80 mm down to 18 mm. To allow for simultane-
ous observations of FT targets separated by more than 2 arcsec from
the SC we enabled the use of the B beams from the VLTI. We added a
four-fold periscope consisting of eight flat fold mirrors to merge the A
(black) and B (blue) beams with a 2 arcsec separation. For this it was
also necessary to rearrange four of the eight main switchyard mirrors,
and reactivated the original PRIMA differential delay lines.

a summary and an outlook for future GRAVITY+ science in
Sect. 5.

2. GRAVITY Wide upgrade
2.1. Instrumental changes

The original design of the VLTI incorporates dual-field interfer-
ometric capability. Two subsections of the telescopes’ fields of
view, each about 2 arcsec wide (4 arcsec for the ATs) and sep-
arated by up to 60 arcsec are picked up by the star separators
(STS) located at the coudé focus of each telescope and prop-
agated through the VLTI delay lines into the VLTI laboratory.
The two beams are generally referred to as the A and B beams,
where commonly only the A beams are used in non-dual-field
applications.

To enable wide-mode observations we introduced new optics
that merge the A and B beams on the VLTI switch yard
before feeding them to GRAVITY. This is achieved through four
periscopes that pick up the B beams and translate them later-
ally to bring them into overlap with the A beams (see Fig. 1).
These periscopes are implemented through flat mirrors hang-
ing upside down from two bridges, which are motorized and
integrated into VLTI’s ARAL (Morel et al. 2004) system for
automated removal if not in use. The mirrors all ensure a peak-to-
valley wavefront error of better than 1/20 (4 = 632.8 nm) within
the footprint of the beam and were coated simultaneously to
minimize differential polarization between the beams.

The main optical delay lines do not compensate for the dif-
ferential optical path length (OPD) changes that result from the
up to several 10 arcsec wide on-sky separation of the A and B
beams. To correct for this, PRIMA (Delplancke 2008) originally

Fig. 2. Photographs of the added or modified hardware for the imple-
mentation of GRAVITY Wide. Panel a: newly added periscopes merge
the A and B beams of the respective four UT or ATs. Due to space con-
straints they were mounted hanging down from two motorized bridge
structures. Panel b: to compensate for the differential optical path length
between the A and B-beams, we now use the differential delay lines for-
merly belonging to PRIMA. Panel c: these DDLs, however, needed to
be modified to relay the pupil to the appropriate location for GRAVITY.
The PRIMA DDLs consist of a three mirror cat’s eye with five optical
reflections. We replaced the tertiary mirrors to adjust the pupil relay.
Our beam path design allowed us to choose identical radii of curvature
for all tertiary mirrors.

introduced the differential delay lines (DDLs, Launhardt et al.
2005). After the discontinuation of the PRIMA project the
DDLs were turned off. We reactivated the DDLs for the use
in GRAVITY Wide. This however required a modification to
relay the pupil at the correct distance for the pickup by GRAV-
ITY. The DDLs (see Fig. 2) consist of a three-mirror cat’s eye
system with five optical reflections (it’s primary and secondary
mirrors are passed twice). The tertiary mirror is located in the
focus of the system and its radius of curvature directly controls
the distance of the output pupil plane. We replaced the M3s
with new mirrors with appropriately modified radii of curvature.
The differential delay between the SC and FT is stabilized on
the internal laser metrology of the PRIMA DDLs. The current
GRAVITY Wide implementation does not propagate the GRAV-
ITY laser metrology up to the telescope and, therefore, it does
not yet provide the absolute phase and astrometry between the
SC and FT. The upgrade with a full optical path length cover-
age by the GRAVITY metrology is foreseen for the next project
phase.

With two beams entering GRAVITY, two sets of pupil bea-
cons would appear in the acquisition camera pupil tracking
images. Hence, in April 2022, we installed a narrow-band filter
blocking the pupil beacon light from the A beam, such that only
one set of pupil beacons appears in the acquisition camera from
which to measure the lateral and longitudinal offsets. These off-
sets can then be used to adjust the pupil for both beams A and B.
Finally, the VLTI switchyard itself required a reconfiguration to
allow for this new beam routing. For this four of eight motorized
flat mirrors were re-positioned.

All these modifications were carried out in December 2021
and concluded the hardware part of the first phase of the
GRAVITY Wide implementation. We have begun to work on
the second phase as part of the GRAVITY+ project which will
remove the PRIMA DDLs entirely and save five optical reflec-
tions for the B beams. For this, in the second phase we will
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Fig. 3. Detector noise of GRAVITY for a sky frame with an integration
time of 30s. The noise is shown with the metrology laser on (in grey)
and the laser turned off (in red).

motorize the beam compressors of the VLTI (see again Fig. 1)
to take over the differential optical path length compensation.
The updated mechanics will ensure that the original optical
specifications of the DDL system are met.

2.2. Software changes

Along with the instrumental changes, a number of software
changes had to be made to bring GRAVITY Wide into operation.
One general modification is to use the VLTI field selector mirrors
(FSMs) and variable curvature mirrors (VCMs) as the actuators
in all control loops instead of GRAVITY’s internal mirrors. In
particular, the field tracking and fringe tracker beam optimiza-
tion loops are now controlled through FSM A and lateral pupil
tracking is controlled through VCMs A and B. Furthermore,
during the acquisition of the FT and SC targets, only FSMs
A and B are moved in order to properly align them with the
fibres.

We additionally developed and implemented a new “SC
Tracking” control loop which is similar to the current field track-
ing loop. Here, we measure the SC target position through Gaus-
sian fitting directly from the acquisition camera field images. The
separation between the target position and SC fibre position is
calculated and translated into the necessary FSM B offsets to
bring the SC target back to the fibre. To help facilitate this for
faint SC targets (my < 17), we added the option for a longer
detector integration time (DIT) (2.8s) on the acquisition camera
such that the SC target would be reliably detected on the field
images.

2.3. Metrology OFF mode

When using GRAVITY Wide to observe extremely faint targets,
it is important to reduce existing noise sources as much as pos-
sible. The dominant instrumental noise source in GRAVITY is
the scattering of the metrology laser in the instrument. While the
metrology laser wavelength lies outside the science wavelength,
Raman scattering and backscattering from rare-earth elements
in the optical fibers create a broad noise peak in the blue part of
the K-band, as well as a constant background flux over the full
detector (Lippa et al. 2018). The detector noise of GRAVITY is
shown in Fig. 3. The direct back scattering is the dominant noise
source from 2.0 to 2.1 um and a diffuse background from the
laser contributes to the noise above 2.1 pm.
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The metrology system is only necessary for astrometric
observations in the GRAVITY dual-beam mode. For observa-
tions where the science target is within a single beam, such
as observations in GRAVITY on-axis or GRAVITY Wide, the
metrology system is not needed. To avoid unnecessary noise
in those observations, we developed a new instrument mode:
the Metrology OFF mode. In this mode the laser amplifier of
the metrology laser is turned off during the observation. This
removes the back scattering of the laser on the detector. The
resulting noise for a 30s sky frame is shown in Fig. 3. The
noise decreases by a factor of eight in the blue part of the spec-
trum (from 2.0 to 2.1 wm) and on average by a factor of 2.5.
The remaining dominant noise sources are the read-out noise
from the detector as well as the thermal background from the
telescopes, beam relay and sky.

3. First GRAVITY Wide observations
3.1. Data

The first wide-angle interferometric observations were per-
formed in five runs. The first two runs were executed between
November 2019 and March 2020 with a prototype implementa-
tion of GRAVITY Wide (no proper pupil relay to GRAVITY).
Third and fourth runs were performed in December 2021 and
January 2022, followed by a fifth run in April 2022. We used
both the UTs and ATs. The ATs were mounted in the config-
uration A0-G1-J2-KO in November 2019 and December 2021,
and on the stations A0-G1-J2-J3 in March 2020. In November
2019 we carried out observations with the ATs on the Orion
Trapezium Cluster. With the UTs, we performed GRAVITY
Wide observations with the prototype implementation on the
binary star HD 105913A in March 2020, and with the proper
implementation of GRAVITY Wide on the quasars LAMOSTO09
in December 2021 and January 2022, and SDSS1615 in April
2022. We provide a detailed list of the observations and their
parameters in Appendix A.l for the prototype implementation of
GRAVITY Wide. In Appendix A.2 we present the data for the
later runs.

In total, we observed 36 FT-SC pairs with angular separa-
tions between 2 arcsec and 32 arcsec. The observations were
performed in one of the three spectral resolutions offered: low
with R = 1/AA = 20, medium with R ~ 500, and high with R
~ 4500. Furthermore, the light of the FT and SC was measured
in either combined or split linear polarization. The integration
time on the science spectrometer was between seconds and min-
utes, depending on the magnitude of the science target. The data
allow us to demonstrate the performance of GRAVITY Wide
on the one side, and evaluate the coherence loss for increasing
off-axis separations due to atmosphere anisoplanatism on the
other side. Further, the FT-SC pairs include faint objects that
were observed to explore the current limit of the new observing
mode. We used the GRAVITY pipeline (Lapeyrere et al. 2014;
GRAVITY Collaboration 2017) to reduce the data.

3.2. Binaries in the Orion Nebula

One of the main targets for science demonstration of GRAVITY
Wide with the ATs is the Orion Trapezium Cluster. The clus-
ter is located in the heart of the Orion Nebula at a distance
of 414 + 7 pc (Menten et al. 2007) from Earth. It is one of
the closest regions of massive star formation (Genzel & Stutzki
1989; Hillenbrand 1997; Menten et al. 2007; Muench et al. 2008)
and the best-studied cluster of massive stars. An interferomet-
ric study of the cluster stars was carried out with GRAVITY in
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Fig. 4. Summary of three observed multiple systems in the Orion Trapezium Cluster. Middle: Orion nebula in the background and zoom on the
Orion Trapezium Cluster (6') stars in the inset. Blue arrows mark the separation between FT and SC. Upper: orbit of ' Ori B¢ around the eclipsing
binary #' Ori B, 5 at the center. We use #' Ori A at a separation of 8.85 arcsec as the FT. Note that 8' Ori B¢ has completed more than one orbital
revolution between 2017 and 2021. Left: orbit of 8! Ori C, around the primary star §' Ori C; at the center. §' Ori C, has completed more than
two orbital revolutions. Literature data points are measurements taken from Weigelt et al. (1999), Schertl et al. (2003), Kraus et al. (2007, 2009),
Patience et al. (2008), and Grellmann (2013). The observation was performed with ' Ori A at a separation of 12.86 arcsec as the FT. Right: orbit
of 8! Ori D3 around the primary star ' Ori D, at the center. We use #' Ori C at a separation of 13.41 arcsec as the FT. #' Ori D5 has revolved 20
times between the first and last data point. Background image and zoom from ESO/M. McCaughrean et al. (AIP) 2001.

single-field mode between November 2016 and January 2018 and
it revealed that most of the massive stars are not single stars,
but multiple star systems (GRAVITY Collaboration 2018c). This
finding is expected for massive O-type stars, as they are found
more often in multiple systems than low mass stars (Sana et al.
2014).

These systems are good targets for GRAVITY Wide for sev-
eral reasons. First, the binaries are located within the field of
view of GRAVITY. Additionally, many of the main components
of the cluster can be used as FT targets, since they all are sep-
arated by <20 arcsec from each other. And lastly, the former
GRAVITY observations provide orbits for some of the stars. This
provides the unique opportunity to test and verify GRAVITY’s
new wide-field mode. We observed three principal components
of the cluster, 8! Ori B, 8! Ori C, and 6" Ori D. Compared to
GRAVITY single-field mode, where one multiple system serves
as both FT and SC, in GRAVITY Wide, we use one multiple
system as the FT and another multiple system as the SC. This
is shown in the lower middle panel in Fig. 4. For the observa-
tion of @' Ori B and 6" Ori C, we used 6' Ori A at a separation
of 8.85 arcsec and 12.86 arcsec, respectively, as the FT. For the
observation of ! Ori D, the FT was 6' Ori C at a separation of
13.41 arcsec. For details about each multiple system we refer to
GRAVITY Collaboration (2018c). Here, we present the results
from the observations with GRAVITY Wide, namely, the
measured separation and flux ratio of the binary components,

Table 1. Binary separation and flux ratio for 6! Ori B, 6' Ori C and
6' Ori D.

Object Date Sep. [mas] f

' OriB  Nov.1,2019  4.65+0.07 0.3224 + 0.0006
Dec. 15,2021 15.66 + 0.01  0.3504 + 0.0022

' OriC  Nov.1,2019 2339 +0.14 0.3099 + 0.0021

' OriD  Nov.2,2019 141 £0.02  0.3419 + 0.0064

Notes. Here, we give the binary separation (sep.) and flux ratio (f) for
the multiple star systems observed with GRAVITY Wide in November
2019 and December 2021.

as well as orbital parameters for each of the systems, which were
derived as described in Appendix B.

We observed the multiple system 6' Ori B on the nights
of November 1, 2019 and December 15, 2021 with GRAVITY
Wide. The measured separation and flux ratio between 6' Ori
Bg and 6' Ori By 5 is given in Table 1. We use the measurements
from GRAVITY single-field mode in 2017/18 (GRAVITY
Collaboration 2018c) and the new measurements from GRAV-
ITY Wide to determine orbital parameters. Figure 4 presents
the new orbit. The corresponding orbital parameters are shown
in Table 2. We found a total system mass of Mp, ;5 = 14.93 +
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Table 2. Orbital parameters for 8' Ori B, ' Ori C and ' Ori D.

This work (1)

6! Ori B
a [mas] 12.982 + 0.018 -
e 0.67326 + 0.00037 -
il°] 69.233 + 0.063 -
w [°] 133.48 + 0.13 -
Q [°] 282.860 + 0.028 -
P [yr] 3.22571 + 0.00056 -
tp [yr] 2019.3935 + 0.0019 -
Mo [Ms] 14.928 + 0.057 -

6' Ori C
a [mas] 44.47 + 0.19 45 +2
e 0.5908 + 0.0034 0.59 + 0.04
i[°] 98.702 + 0.050 98.6 + 0.6
w[°] 283.70 £ 0.14 283 +2
Q [°] 27.516 + 0.055 279 + 0.7
P [yr] 11.4426 + 0.0097 11.4 + 0.2
tp [yr] 2002.304 + 0.019 2002.2 £ 0.2
Mo [M5] 4770 + 0.61 464 +59

6' OriD
a [mas] 1.94 + 0.014 1.86 = 0.06
e 0.391 + 0.011 0.43 +0.03
i[°] 155.19 = 0.70 160 + 12
w [°] 156.40 + 12.03 166 + 27
Q [°] 339.56 +9.52 346 + 24
P [yr] 0.1449059 + 0.0000086  0.1452 + 0.0002
tp [yr] 2017.1004 + 0.0015 2017.101 + 0.001
Mo [M5] 2491 + 0.54 21.68 = 0.05

Notes. a is the semi-major axis, e the eccentricity, i the inclination, w
the argument of periastron of the secondary’s orbit, Q the longitude of
ascending node, P the period, p the time of periastron passage, and M,y
the total system mass assuming a parallax of 2.415 + 0.040 mas (Menten
et al. 2007).

References. (1) GRAVITY Collaboration (2018c).

0.06 M. This result is consistent with the sum of the masses
of Mp, =7 My (Weigelt et al. 1999), Mp, ~ 2 M, (GRAV-
ITY Collaboration 2018c) and the upper limit of GRAVITY
Collaboration (2018c), which is Mg, ~ 6 Mo.

In a second observation with GRAVITY Wide, we observed
' Ori C in the night of November 1, 2019. Table 1 provides
the measured separation and flux ratio of the binary compo-
nents 6' Ori C; and 8' Ori C,. We fit the orbit of ' Ori C with
the new GRAVITY Wide measurement and with measurements
from GRAVITY single-field and the literature. The orbit is pre-
sented in Fig. 4. In Table 2, we compare our results with the
results from GRAVITY Collaboration (2018c). We found that
they agree with each other and that our fit result supports the
large mass of the binary #' Ori C. Further, we obtain more con-
strained values for the orbital parameters, and a slightly larger
total system mass, which is, nonetheless, within the uncertainties
from GRAVITY Collaboration (2018c¢).

Finally, we observed 6! Ori D in the night of November
2, 2019 with GRAVITY Wide. We give the measured sepa-
ration and flux ratio between 8! Ori D; and 6' Ori Ds in
Table 1. We used the measurements from GRAVITY single-field
observations (GRAVITY Collaboration 2018c) and the new mea-
surement with GRAVITY Wide and fit the orbit of 8' Ori D3
around the primary 6' Ori D;. We present the orbit in Fig. 4.
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Fig. 5. Observation of the binary HD 105913 A on March 9th, 2020.
Upper: observed (color) and fitted (black) visibility squared, and lower:
observed (color) and fitted (black) closure phases. The binary system
Aa,Ab was observed with the UTs. The separation to the fringe tracker,
HD 105913B, is 5.11 arcsec.

We compare the fit results with the results from GRAVITY
Collaboration (2018c¢) in Table 2. We note that the uncertainties
are smaller for a, e, i, w, and Q. Additionally, we found a larger
total system mass.

The results presented above improve the results of previous
observations of multiple star systems in the Trapezium. This
verifies the functionality of GRAVITY Wide with the ATs and
demonstrates that the new data points are of equal quality than
the GRAVITY single-field points.

3.3. HD 105913A

We highlight the first GRAVITY Wide observation with the
8 m UTs. The binary HD 105913A was observed with GRAV-
ITY Wide in the night of March 9th, 2020. A third companion
star, HD 105913B, is located at a separation of 5.11 arcsec from
HD 105913A (Gaia Collaboration 2018) and was used as the
FT. The binary components in HD 105913A, Aa and Ab, have a
period of 211.59 days and a mass ratio of ¢ = 0.874. The triple
system HD 105913 Aa,Ab,B is of spectral type K1 and located at
34 pc from the Sun (Tokovinin 2019).

In Fig. 5, we show the observed and fitted visibility squared
and closure phases, respectively. We find the position of the sec-
ondary star at (dRA, dDec) = (-5.83 = 0.002, 24.11 + 0.002)
mas, with respect to the primary star fixed at the center; there-
fore, the measured binary separation is 24.8 + 0.002 mas. The
error on the position, thus separation, is statistical and does not
include systematics. We observe a flux ratio f = 0.64 + 0.039,
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Fig. 6. Image of the binary HD 105913A, reconstructed with the imag-
ing code GR (GRAVITY Collaboration 2022a). We indicate the FWHM
of the corresponding dirty beam in the bottom left corner. The flux is
normalized to the star Aa at the center.

thus Aa at the center is the brighter star. We show an image of
the binary reconstructed with the imaging code G¥ (GRAVITY
Collaboration 2022a) in Fig. 6, which is obtained from imaging
with closure phases and visibility amplitudes.

3.4. Broad line region of redshift two quasars

GRAVITY has spatially resolved the broad-line region of low-
redshift AGNs (GRAVITY Collaboration 2018d, 2020b, 2021a).
This is achieved by measuring the differential phase of the BLR
referenced to the continuum emission from the hot dust closely
surrounding the BLR. Before GRAVITY Wide, however, only
the brightest and therefore nearby AGN could be observed with
GRAVITY because it is nearly impossible to find a bright FT star
within 2 arcsec of extragalactic objects. Therefore, only on-axis
GRAVITY observations were possible, which imposed a mg <
10.5 limit to enable fringe tracking on the AGN.

With GRAVITY Wide, we are able to observe fainter quasars
at higher redshift given the increased sky coverage and ability to
find off-axis FT stars. In particular, quasars at z ~ 2—3 are ideal
targets, as the bright He line is redshifted into the K band. This
line is very strong compared to the continuum which boosts the
observed differential phase by a factor of >10 compared to
the z < 0.1 AGN. z =~ 2 is often called “cosmic noon”,
namely, the epoch in galaxy evolution when both star forma-
tion and SMBH accretion peaked (Madau & Dickinson 2014).
Since SMBHs and their host galaxies are thought to co-evolve
together (e.g., Heckman & Best 2014), measuring SMBH masses
throughout the history of the Universe and especially at cosmic
noon is critical for understanding galaxy evolution.

We selected two quasars, LAMOSTO09 (z = 2.33, mg = 15.1)
and SDSS1615 (z = 2.46, mg = 15.6), and observed them with
the UT array and GRAVITY Wide. LAMOSTO09 has a FT star
at a separation of 12.8 arcsec with mg = 10.4 while SDSS1615’s
FT star is 7.5 arcsec away with mg = 10.45. Observations took
place on 18 December 2021, 19 January 2022, and 25 January
2022 for LAMOSTO09 and 17 April 2022 for SDSS1615 in
MEDIUM spectral resolution. Atmospheric conditions ranged
from poor to moderate over the three nights for LAMOSTO09,
resulting in difficulties maintaining fringe tracking (especially
on 18 December). Nonetheless, each night we were able to
acquire, fringe-track, and detect fringes with the QSO-star pair

resulting in 96 min of useable data. For SDSS1615, we had
very good weather conditions for the single night of observing
and were able to consistently fringe-track and integrate on the
QSO over 1 hour. The left panel of Fig. 7 shows an example
acquisition camera field image containing both the FT star and
SDSS1615 demonstrating successful acquisition.

The raw data were reduced through the GRAVITY pipeline
to produce complex visibilities for every DIT (60s for LAM-
OST09 and 100s for SDSS1615). Due to the low flux level,
significant fringe jumps, and a slow drift in the OPD, we chose
not to use the standard coherent integration within the pipeline
and instead manually ran our own post-processing. This involved
first running a 2D Discrete Fourier Transform on each individual
night’s dataset to determine an overall group delay accounting
for the OPD drifts for each baseline. The drifts were removed
for each DIT individually with the self-reference method from
Tatulli et al. (2007); Millour et al. (2008), whereby the phase
reference for each spectral channel is constructed from all other
spectral channels. This post-processing significantly increased
the coherent flux for each baseline. We note that once the cause
of the drift can be identified and potentially fixed, even longer
DITs will be possible to further increase the sensitivity of QSO
observations.

In the middle panel of Fig. 7, we plot the average coherent
flux overlaid on the total flux in the wavelength range of the
expected He line for SDSS1615. The detected Her line averaged
over all four telescopes peaks around 2.28 um and has a FWHM
of 4300 km s~!. The coherent flux is averaged over two of the
longest baselines, UT4-UT1 and UT3-UT1 where we expect the
strongest differential phase signal. We clearly detect coherent
flux across the entire spectrum, which represents the first near-
infrared interferometric fringes of a high redshift object. The
right panel shows the average differential phase for the same
two baselines. Within the FWHM of the Ha line (gray shaded
region), we measure an RMS noise of approximately 1-2°and
observe a tentative “S-shaped” signal indicative of a rotating
BLR. SDSS1615 is a high luminosity quasar with an estimated
BLR size of ~1.1 pc and SMBH mass of 10°° M, based on
the [CIV] line profile (Rakshit et al. 2020). Using these values,
the differential phase peak should be between 3—6°, depending
on the inclination and position angle on-sky of the BLR which
matches well the emerging signal in Fig. 7.

4. Role of atmospheric seeing for wide-angle fringe
tracking

4.1. Atmospheric coherence loss

Similarly to classical ground-based observations in the opti-
cal and near-infrared, atmospheric turbulence also plays an
important role in near-infrared interferometry. Turbulence in the
atmosphere of Earth leads to a blurred image of an astronomi-
cal object with a typical diameter of around 1 arcsec. The full
width at half maximum (FWHM) of the blurred image is the so-
called seeing, €. It depends on the individual conditions at the
observational site, and is given by (Kornilov et al. 2007)

€= 0.98£, @)
To

where 1 is the Fried parameter, and A the observed wavelength.

For interferometry, especially with off-axis fringe tracking

as it is done in GRAVITY Wide, atmospheric effects are cru-

cial. In this context, the isoplanatic angle becomes an important

parameter, which defines how far from the SC the FT can be
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Fig. 7. Observation of the z = 2.46 quasar SDSS1615. Left: acquisition camera field image during observations of SDSS1615, showing successful
acquisition and detection of the quasar. Middle: average total flux spectrum (red) over all four telescopes showing the detection of the broad Ha
line at 2.28 pum consistent with a redshift of z = 2.46. In blue is the average coherent flux spectrum using the UT4-UT1 and UT3-UT1 baseline
and the post-processing explained in the text. Coherent flux is significantly detected across the entire spectrum. Right: average differential phase
spectrum using the UT4-UT1 and UT3-UT1 baselines overlaid on the normalized total flux spectrum. With an RMS of ~1-2° within the FWHM
of the line (gray shaded region), we tentatively detect the rotating disk signal of the BLR.

without losing coherence on the SC. Angular anisoplanatism
occurs when the light from two targets separated by an angle 6
experiences different phase variations as it travels through differ-
ent parts of the atmosphere (Quirrenbach 2000). The disturbed
wavefront of the on-axis star can be corrected by AO, whereas
the off-axis star has residual wavefront errors. Thus, the wave-
front correction degrades if the science target is further away
from the fringe tracking star, which leads to a loss in coherence,
thus a loss in the signal-to-noise ratio (S/N). We therefore try to
understand the effects of the isoplanatic angle on the observa-
tions to estimate which atmospheric conditions are best suited
for observations with GRAVITY Wide.
The isoplanatic angle is given by (Quirrenbach 2000):

8y = 0.314(cos z)%, )

where z is the zenith angle, and H the mean effective turbulence
height which can be expressed as

H [fdh cwm”)” G
[ dnC3(h) ’
where C2N is the strength of refractive index fluctuations, and &
the height in the atmosphere.

Elhalkouj et al. (2008) and Esposito et al. (2000) developed
a model that describes visibility reduction for off-axis fringe
tracking as expected from atmosphere anisoplanatism. Figure 8
illustrates the geometrical elements considered for the calcula-
tion. Here, we consider a two-aperture interferometer, each with
an aperture diameter D, with a baseline length A. The science
object and the phase-reference star are separated by 6, and P,
P, and P/l, P'2 are the pupils projected onto a single turbulent
layer at height A. Further, d}, and d5; are the distances between
the pupils Py and P, as well as P, and P, respectively.

Assuming that angular anisoplanatism is the only effect that
reduces the visibility, the loss of visibility as a function of FT-SC
separation can be approximated (following Maréchal) as:

2,
Vaverage(e) =Vexp —?0'17(9) P 4)

where V is the instant visibility for a delay time 7 between
the two optical paths, and 0'2(6) is the anisopistonic error vari-
ance, which is the variance of the differential piston error. The
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Fig. 8. Two-aperture interferometer with baseline length A, and pro-
jected pupils onto a single turbulent layer at altitude 4. The aperture
diameter is D and science object and phase-reference star form an angle
0. Image adapted from Esposito et al. (2000).

expression for o2(8) is derived in Elhalkouj et al. (2008) under
the following assumptions: In long-baseline interferometry, the
product /6 is in general much smaller than the baseline length
A: for h =~ 10 km, € =~ 15 arcsec, the product results in hf =
0.75 m, which is small compared to Ayri—yr4 = 130 m. Thus,
the distances dj, and d,; can be approximated by A ~ dj, ~ d»;.
Furthermore, the outer scale of turbulence L is assumed to be
infinity (Buscher & Longair 2015), following the Kolmogorov
model. A full treatment taking into account the effect and statis-
tics of the outer scale of turbulence can be found in Boskri et al.
(2021). Elhalkouj et al. (2008) considered two different scenarios
for deriving the isopistonic angle error. The decisive parame-
ter for this is the fraction 7#D/Ly, which in our case is much
smaller than one. Thus, we follow the “small-aperture case,”
which assumes that the apertures are small compared to the outer
scale of turbulence L. Finally, the product (h6)n,x is equivalent
t0 NmaxBo.

The expression for the isopistonic angle error in Eq. (4) is
given by:

D\ ¢
o p(0) ~ 0.127r'/3/1(—) — for Ly — 0. 5)
) 6o
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Fig. 9. Observed (color) and modeled (black) visibility for the star
HD 48543B. The FT, HD 48543A, is located at 7.90 arcsec from the
SC. During the observation, the MASS-DIMM measured a seeing € of
0.41 arcsec and an isoplanatic angle 6, of 1.7 arcsec (at 500 nm), which
is 10.0 arcsec in K-band. AT1-AT2-AT3-AT4 correspond to the stations
A0-G1-J2-KO0. The model by Elhalkou;j et al. (2008) is able to explain
the visibility loss from atmosphere anisoplanatism.

Under the assumptions described above, the anisopistonic error
variance o ,(#) in Eq. (5) only depends on two geometrical ele-
ments, aperture diameter D and FT-SC separation 8, on two
atmospheric parameters, the height of the turbulent layer H and
the seeing €, as well as on the wavelength A when r( and 6, are
replaced by Eqgs. (1) and (2). For observations with the VLTI the
atmosphere profiler MASS-DIMM (Haguenauer et al. 2020) at
the Paranal observatory measures 6, and €, while D, 6, and A
are given by the telescopes, the FT-SC pair used, as well as the
K-band wavelength observed with GRAVITY. We can therefore
calculate the expected visibility of the SC for a given observation
with GRAVITY Wide with Eq. (5).

4.2. Visibility as a function of FT-SC separation

To show how well the model for the visibilities matches the
observed data, we provide an example in Fig. 9 for the science
target HD 48543B observed with the ATs. We compare the mea-
surement to the modeled visibilities from Eqs. (4) and (5). At the
time of observation, the seeing is 0.41 arcsec (at 500 nm), and the
isoplanatic angle is 1.7 arcsec (at 500 nm), which corresponds to
10.0 arcsec in K-band. We use HD 48543A at a separation of
7.90 arcsec as the FT.

Figure 9 shows that the modeled visibility from atmosphere
anisoplanatism matches the observed visibility very well. The
visibility loss ranges from approximately 0.2-0.4, depending on
the wavelength, in accordance with what is predicted by the
model. The data presented in Fig. 9 are calibrated for instrumen-
tal effects inside GRAVITY, but not for atmospheric coherence
loss in the main delay lines and coherence loss of optics in
the beam train from the telescopes to the VLTI lab. Therefore,
we can say that the visibility loss observed in this exposure
comes mostly from atmosphere anisoplanatism. Just as in Fig. 9,
we compute the atmospheric visibility loss at a wavelength of
2.2 um of 60 GRAVITY Wide AT observations. In Fig. 10, we
display each observation by either a cross (for observations from
2019) or a filled circle (for observations from 2021). Further, we
sort the data in three groups based on their isoplanatic angle
measured. The first group contains the highest values of 6y with

3.12 arcsec < 6y < 3.3 arcsec. The second group spans 2.02 arc-
sec < By < 2.7 arcsec, and the third group 1.23 arcsec < 6y <
1.93 arcsec. Per group, we determine the mean value for both
isoplanatic angle and seeing from the exposures and calculate
the visibility loss with Eq. (4) for off-axis separations up to
30 arcsec, represented by the solid orange, blue and green curve,
respectively. Additionally, we color the area of the minimum
and maximum visibility reduction, given by the minimum and
maximum seeing and isoplanatic angle per group, respectively.

We find that the coherence loss with increased FI-SC sepa-
ration is well described by atmosphere anisoplanatism for a large
outer scale of turbulence following Elhalkou;j et al. (2008). We
note two important aspects. Firstly, we find that the visibility is
higher for larger isoplanatic angles. The reason for this is that a
larger isoplanatic angle means a lower turbulent layer, and there-
fore a larger overlap of the projected pupils from the SC and FT
target. This results in a better correction for wavefront aberra-
tions by AO, as well as correction for the fringe motion of the
SC. Secondly, we find that the model is more sensitive to the
isoplanatic angle than to the seeing. A large isoplanatic angle
is crucial for being able to observe at large off-axis separations.
Until now, seeing and coherence time are taken into account for
scheduling service mode observations. Based on our findings, we
point out that the isoplanatic angle should be taken into account
as well when executing GRAVITY Wide observations.

4.3. Atmospheric conditions on Paranal

In Fig. 10, we see that while the overall trend is well matched
by the model by Elhalkouj et al. (2008), only a few observa-
tions match the expected visibility exactly. We discuss possible
reasons in the following.

First, the model assumes the outer scale of turbulence to be
infinity, following the Kolmogorov model. However, this scale
ranges from 12 to 50 m at all major astronomical sites (Ziad
2016), and is about 22 m (Martinez et al. 2010) in the atmosphere
model of Paranal. This leads to an underestimation of the maxi-
mum visibility in our calculations for large telescopes (Elhalkouj
et al. 2008; Boskri et al. 2021), but does not affect much the visi-
bility estimates for the comparably small ATs (Fig. 10). Another
point is that the model might be too simple to describe the full
effects. For example, it does not take parameters such as DIT,
total exposure time, coherence time, airmass, or magnitude of
the SC and FT into account. The target HD 10257 at 19.77 arc-
sec separation in Fig. 10 was observed with a sequence of DITs
between 0.13s and 10s to investigate the influence of the DIT
on the visibility. In the analysis, we omitted the shortest DITs of
0.13 s and 0.3 s, because they might be short enough to “freeze”
the turbulence and thus artificially increase the measured visibil-
ities. The 60 GRAVITY Wide observations (presented in Fig. 10)
were performed with the ATs. For observations with the UTs we
expect a higher visibility due to a larger overlap of the projected
pupils on sky for given FT-SC separation. Table 3 presents the
seeing categories for the median seeing and isoplanatic angle,
respectively, for the percentiles of 10, 25, and 50% measured by
the MASS-DIMM at the Paranal platform. Based on these val-
ues, we computed the visibility reduction for both UTs and ATs
for separations up to 30 arcsec; we present the result in Fig. 11.
We can see that for the same values of seeing and 6y, the UTs
provide a higher visibility.

We conclude that the predictions from the model of
Elhalkouj et al. (2008) are in good agreement overall with the
coherence loss we observe with GRAVITY Wide. This gives
a good starting point to plan and execute observations. It also
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Fig. 10. Observed contrast loss at 2.2 um versus off-axis separation for the ATs. The three curves indicate the typical contrast loss for different
seeing and isoplanatic angle values as expected from atmospheric turbulence following Elhalkouj et al. (2008). Crosses represent data from GRAV-
ITY Wide observations with the prototype implementation in November 2019, while circles represent data from GRAVITY Wide commissioning
in December 2021. Seeing and isoplanatic angle values are measured by the MASS-DIMM at the Paranal observatory, and are defined at 500 nm.

Table 3. Statistics of seeing and isoplanatic angle 6, at Paranal.

Percentile 10% 25% 50%
Seeing [arcsec] at 500nm  0.52  0.62  0.76
6o [arcsec] at 500 nm 3.01 2.48 1.96
6y [arcsec] at 2.2 um 17.81 14.68 11.60

Notes. The seeing is given at 500 nm and the isoplanatic angle 6, at
500 nm and at 2.2 pm. Both parameters are measured by the MASS-
DIMM at the Paranal observatory.

shows that it is not enough to check the seeing conditions and
coherence time, but that we also need to take the isoplanatic
angle into account. Considering the performance as theoretically
predicted and observationally confirmed (see Figs. 9 and 10),
for GRAVITY Wide operations we suggest a maximum separa-
tion of 30 arcsec, as for larger distances, the coherence loss is
considered too large. Figure 10 also demonstrates that especially
observations at the largest separations should be done at atmo-
spheric conditions with a large isoplanatic angle and with a small
zenith angle.

5. Summary and outlook

GRAVITY Wide has provided another breakthrough in near-
infrared interferometry with the first observations using wide-
angle separation fringe tracking up to about 30 arcsec across
four telescopes. GRAVITY Wide significantly expands the sky
coverage of GRAVITY and opens up near-infrared interferome-
try to new fields. In particular we demonstrate first near-infrared
fringes of a z = 2.46 quasar. At mg = 15.6, this is now the
faintest extragalactic object observed by a factor of a hundred
along with the highest redshift. In addition, we demonstrated
interferometric imaging with this new observing mode on the
binary system HD 105913 A, and derived new and updated orbits
for several binary stars in the Orion Trapezium Cluster.
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Fig. 11. Visibility at a wavelength of 2.2 um versus off-axis separation
for different seeing and isoplanatic angle values given in Table 3. Solid
lines represent the visibility loss for the UTs, and dashed lines for the
ATs, respectively.

We investigate here the influence of atmospheric turbulence
on the new wide-angle fringe tracking mode and find that
atmosphere anisoplanatism well describes the contrast loss in
the GRAVITY Wide observations following Elhalkouj et al.
(2008). In particular, we note higher visibilities for observations
with the 8 m UTs compared to the 1.8 m ATs due to a larger
overlap of the projected pupils on sky. Because wide-angle
separation observations are more sensitive to the isoplanatic
angle than to the seeing, we propose including the isoplanatic
angle in future planning for GRAVITY Wide observations.

GRAVITY Wide is just the beginning of the full GRAV-
ITY+ upgrade (Eisenhauer 2019). The main limitation now
is the performance of the adaptive optics which has a two-
fold effect in both reducing the SC target light and preventing
fringe tracking on fainter stars. The next phases of GRAVITY+
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Fig. 12. Sky coverage for laser guide star adaptive optics supported off-
axis fringe tracking with a fringe tracking star as faint as mg = 13, and
a maximum allowed separation of 30 arcsec.

therefore will install a new state-of-the-art adaptive optics sys-
tem in 2024 and laser guide stars on all four UTs in 2025.
The combination will allow us to push to even fainter targets
across the whole sky (Fig. 12). Together with enhanced vibra-
tion control for the telescopes and performance improvements
of the GRAVITY instrument itself, we then expect fringe track-
ing on stars as faint as mg = 13 both on-axis and off-axis,
and observations of objects with a magnitude up to mg ~ 22.
The performance improvements from GRAVITY+ will open up
key advances in many fields of astrophysics: for instance, the
possibility to measure the spin of the Galactic Center black
hole, to study SMBH growth and coevolution with galaxies
over cosmic time, to directly detect exoplanets that are out
of reach for traditional coronographs, to measure their atmo-
spheric composition and orbital architecture to unprecedented
precision, and to spatially resolve stars and planetary systems
in formation. The leaps and bounds with regard to near-infrared
interferometric AGN science can be best seen in the numbers
of AGN that GRAVITY can observe at each step. GRAVITY
with its original performance could observe ~10 AGN at z ~ 0
(GRAVITY Collaboration 2020c). GRAVITY Wide provides
the same 10—20 but now at z = 2. GRAVITY+, with its full
expanded capabilities, will make the jump to over 1000 AGN
across cosmic time.

The first GRAVITY Wide results presented in this paper
prove the functionality of the new large-separation fringe-
tracking mode, which will be offered to the community through
ESO from October 2022 onwards'. These results provide a
glimpse into the exciting future of near-infrared interferometry
with GRAVITY+.
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Appendix A: GRAVITY Wide data
Appendix A.1: Data from GRAVITY Wide prototype implementation

Here, we list the observations performed with the prototype implementation of GRAVITY Wide, i.e. no pupil relay, in the runs in
November 2019 and March 2020.

Table A.1. Observations with the GRAVITY Wide prototype implementation in November 2019 and March 2020.

SC FT Sep. [arcsec] Date [UTC] Pol. Res. Baseline Conf. DIT [s] NDIT
GJ 65B GJ 65A 2.08 2019 Nov 01 S MED A0GI1J2KO0 5.0 30
2019 Nov02 C MED A0GI1J2KO 0.3 300
HD 105913A HD 105913B 5.11 2020Mar09 S MED Ul1U2U3U4 1.0 128
HD 24071 HD 24072 8.16 2019 Nov03 C MED A0GI1J2KO0 5.0 16
HD 218268 HD 218269 8.83 2019 Nov 01 S MED A0GI1J2KO0 1.0 32
2019 Nov02 C MED A0GI1J2KO 0.3 300
2019 Nov 03 S MED A0GI1J2KO0 1.0 64
2019 Nov03 C MED A0GI1J2KO 1.0 64
HD 10257 HD 10268 19.77 2019 Nov 01 S MED A0GI1J2K0 5.0 30
2019 Nov 01 C MED A0GI1IJ2KO0 0.13 500
2019 Nov02 C MED A0GI1J2KO 0.3 300
2019 Nov02 C MED A0GI1J2KO 1.0 64
2019 Nov02 C MED A0GI1J2KO0 2.0 32
2019 Nov02 C MED A0GI1J2KO 5.0 32
2019 Nov02 C MED A0GI1J2KO0 10.0 32
GJ1048B HD 16270 12.06 2019 Nov 03 S MED A0GI1J2KO0 10.0 32
LEDA 1264801 TYC 274-754-1 22.14 2020Mar04 S MED Ul1U2U3U4 30.0 10
[VV96] J095516.0 2MASS 09551512 23.93 2020Mar04 S MED Ul1U2U3U4 30.0 10
-251732 -2517108
QSO B0435-300 HD 29514 25.99 2019 Nov 01 C MED A0GI1J2KO0 10.0 32
2019 Nov 01 C MED A0GI1J2KO0 30.0 16
TYC 8071-854-1 HD 26404 29.89 2019 Nov02 C MED A0GI1J2KO 10.0 30
TCC 59 6" Ori A 4.23 2019 Nov02 C MED A0GIJ2KO0 10.0 32
2019 Nov 03 S MED A0GI1J2KO0 10.0 16
6' Ori E 6! Ori A 4.51 2019 Nov 01 C MED A0GI1J2KO0 5.0 32
2019 Nov02 C MED AO0GI1J2KO 10.0 32
2019 Nov 03 S MED A0GI1J2K0 10.0 16
6' Ori F 6" Ori C 4.52 2019 Nov02 C MED A0GI1J2KO 10.0 32
2019 Nov 03 S MED A0GI1J2K0 10.0 16
TCC 43 6' Ori B 6.82 2019 Nov02 C MED A0GI1J2KO 10.0 32
6' Ori G 6" Ori C 7.38 2019 Nov02 C MED A0GI1J2KO 10.0 32
6' Ori H 6' Ori A 8.19 2019 Nov02 C MED A0GIJ2KO0 10.0 32
6' Ori B 6! Ori A 8.85 2019 Nov 01 C MED A0GI1J2KO0 5.0 32
2020 Mar 03 S MED A0G1J2J3 10.0 16
2020Mar03 S MED A0GI11J2]3 10.0 32
6' Ori C 6" Ori A 12.86 2019 Nov 01 C MED AO0GI1J2KO0 5.0 32
2020 Mar 03 S MED A0G1J2]J3 10.0 32
6! Ori D 8! Ori C 13.41 2019 Nov02 C MED A0GI1J2KO 10.0 32

Notes. The first block of SC-FT pairs are single and binary stars, the second block indicates a brown dwarf, three AGN, and a faint star with
mg = 9.91 (Cutri et al. 2003) (from top to bottom). Finally, the third block lists single and binary stars within the Orion Trapezium Cluster.
Columns from left to right: name of the SC, name of the FT, separation (Sep.) between SC and FT in arcsec, date of observation night in UTC,
polarization (Pol.) mode in combined (C) or split (S) linear polarization, resolution (Res.) in low (LOW), medium (MED) or high (HIGH), baseline
configuration (Baseline Conf.), detector integration time (DIT) in seconds and number of DITs (NDIT).
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We list the observations during GRAVITY Wide commissioning in December 2021 and January 2022.

Table A.2. Observations from GRAVITY Wide commissioning in December 2021, January 2022 and April 2022.

SC FT Sep. [arcsec] Date [UTC] Pol. Res. Baseline Conf. DIT [s] NDIT
HD 83368A HD 83368B 3.28 2021 Dec 16 S MED A0GI1J2KO0 10.0 12
2021 Dec 16 C MED A0GI1J2KO0 10.0 12
TYC6018-535-1 TYC6018-1742-1 3.91 2021 Dec18 C HIGH UlU2U3U4 1.0 200
2021 Dec19 C HIGH Ul1U2U03U4 3.0 30
2MASS 09325130  IRAS 09312-5534 4.83 2021 Dec 17 S MED A0GI1J2KO0 30.0 4
-5548206
HD 28255A HD 28255B 5.52 2021 Dec 13 S MED A0GI1J2KO0 10.0 12
SDSS J161513.84 2MASS 16151430 7.50 2022 Apr17  C MED Ul U2U3 U4 100.0 6
+084914 .4 +0849167
HD 48543B HD 48543A 7.90 2021 Dec15 C MED A0GI1J2KO0 10.0 12
2021 Dec 15 S MED A0GI1J2KO0 10.0 12
“fEri A *fEri B 8.19 2021 Dec 16 S MED A0GI1J2KO0 10.0 4
2021 Dec 16 S MED A0GI1J2KO0 10.0 12
2021 Dec 16 S MED  A0GI1J2KO0 3.0 12
#' Ori B 6! Ori A 8.85 2021 Dec 15 S MED  A0GI1J2KO0 10.0 32
2021 Dec 15 S MED A0GI1J2KO0 30.0 12
HD 34750 HD 34749 10.65 2021 Dec 14 C MED A0GI1J2KO0 30.0 4
“pEri A *“pEriB 11.46 2021 Dec15 C HIGH A0GI1J2KO0 3.0 32
*pEriB “pEri A 11.46 2021 Dec14 C HIGH A0GIJ2KO0 10.0 16
2021 Dec 14 S MED A0GI1J2KO0 3.0 32
2021 Dec15 C HIGH A0GI1J2KO0 3.0 32
6! Ori C 6! Ori A 12.85 2021 Dec 14 C MED A0GI1J2KO0 10.0 32
LAMOST Gaia 586750639 12.86 2021 Dec 18 S MED Ul U2U3 U4 30.0 12
J092034.16 +065 2466652 2022 Jan 19 S MED Ul U2U3 U4 30.0 12
2022 Jan 25 S MED U1U2U03U4 30.0 12
2MASS 05165352  HD 34708 13.80 2021 Dec 14 S MED A0GI1J2KO0 30.0 8
-4811412 019
2021 Dec 16 S MED A0GI1J2KO0 30.0 12
2021 Dec 16 S MED A0 GI1J2KO0 3.0 4
* gam01 Vol * gam(2 Vol 14.14 2021 Dec 13 S HIGH A0GI1J2KO0 10.0 12
HD 10268 HD 10257 19.77 2021 Dec 14 S MED A0GI1J2KO0 10.0 12
RMC 141 W6l 7-8 21.58 2021 Dec15 C MED A0GI1J2KO0 30.0 12
PKS0435-300 HD 29514 25.99 2021 Dec 14 S MED A0GI1J2KO0 30.0 12
2021 Dec15 C MED A0GI1J2KO0 30.0 12
2MASS J07300800 HD 59867 29.11 2021 Dec 15 S MED  A0GI1J2KO0 3.0 32
-3939086
HD 42092 HD 42111 29.17 2021 Dec 15 S MED A0GI1J2KO0 10.0 12
BAT99 113 W6l 7-8 31.92 2021 Dec 15 S LOW  A0GI1J2KO0 30.0 12
2021 Dec15 C MED A0GI1J2KO0 30.0 12

Notes. Columns from left to right: name of the SC, name of the FT, separation (Sep.) between SC and FT in arcsec, date of observation night in
UTC, polarization (Pol.) mode in combined (C) or split (S) linear polarization, resolution (Res.) in low (LOW), medium (MED) or high (HIGH),

baseline configuration (Baseline Conf.), detector integration time (DIT) in seconds and number of DITs (NDIT).
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Appendix B: Analysis of binary star systems

The analysis of binary star systems detailed in Sect. 3.2 proceeds
in two steps. First, we use LITpro (Tallon-Bosc et al. 2007)
to fit a binary model to our data. In the second step, we use
orbitize! (Blunt et al. 2020) for 6' Ori B and ' Ori C, and
the fitting code from Gillessen et al. (2009) for 8' Ori D to
determine orbital parameters from our separation measurements
and measurements from the literature.

Appendix B.1: Binary Fitting with LITpro

For fitting a binary model to our data, we use the model
fitting software LITpro which is based on the modified Lev-
enberg—Marquardt Algorithm (Dennis & Schnable 1983) and
includes a Trust Region Method (Moré & Sorensen 1983). It
was developed by the Jean-Marie Mariotti Center JMMC) 2, the
french center for optical interferometry. LITpro uses the same OI
Exchange format as the GRAVITY pipeline, thus we can directly
upload our data and fit observables, such as squared visibilities,
closure phases or visibility amplitudes.

We can choose the types of data to be fitted and take
the interferometric observables visibility squared, visibility
amplitude, or closure phase (or a combination of the three). The
visibility squared for a binary model is
Vl%inary = V;inaryvbinar)’

V2 + fzvi + 2 fvallvplcosCr(uAa + vAB))

(1 + f)?
V24 272 + 2fvalvplcos(27B - Spinary/A)
(1+f)2 ’

where v, and v, are the primary star and companion star’s
visibility, respectively, A, is the wavelength, f = f;/f,, is the
flux ratio between both stars, B, is the baseline and Spinary
= (Aa, AB) is the position of the companion star with respect to
the primary star in dRA and dDEC.

The closure phase is determined by taking the argument from
the bispectrum

B.1)

_ . measured  measured  measured
B 123 = V1) V23 v

= |F| |[Fale" @ Py . |Fy| |Fale P2 P)yhe.

. ] (B.2)
|F3| |Fyle @ P0yiie
= [F1P IFo? |F3P vy - vige v
between three telescopes 1,2 and 3:
$1-2-3 = arZ(Vbinary,1-2 Vbinary.2-3 Vbinary,3-1) » (B.3)

where Vpinary 18 computed with Eq. (B.1).

From Eqgs. (B.1) and (B.3), the parameters Aa and AB give
the distance from the primary star located at (dRA, dDec) =
(0, 0) mas to the companion star, and are together with the flux
ratio, f, and a background, fpackground. the parameters to be fitted.
The latter variable represents the effect of visibility loss from
atmospheric turbulence. We give a starting value for the com-
panion star position, and let LITpro’s fitting engine iteratively
find the minimum y? value. At the end of the fitting procedure,
we obtain the final )(2, values and standard deviations for the
fitted parameters, and covariance and correlation matrices for
outlining possible parameter degeneracies.

2 Available at https://www. jmmc. fr/english/tools/
data-analysis/litpro/

Appendix B.2: Orbit modeling with orbitize!

orbitize! is an open-source Python package for orbit fitting of
directly imaged exoplanets, which can also be applied to binary
star systems. orbitize! is comprised of a parallel-tempered
Affine-invariant Markov Chain Monte Carlo (MCMC) algorithm
(Vousden et al. 2016; Foreman-Mackey et al. 2013), and is based
on Bayesian statistics. In orbitize! the input data used in the
orbit-fitting includes the date of the observation in MJD, and
the dRA and dDec offsets from the primary star at (0,0) mas
with corresponding uncertainties of the secondary star in mas.
The posterior distribution over the orbital parameters are then
computed using Bayes’ theorem.

The MCMC algorithm in orbitize! represents an efficient
sampling method to explore the likelihood over a multidimen-
sional parameter space and to determine expectation values of
the model parameters, i.e. the orbital parameters. Further, it
is possible to use several Markov chains, called "walkers," in
parallel to fully explore the parameter space at different “temper-
atures”. A higher temperature helps the walkers not to become
stuck in regions of local minima. A larger number of walkers
increases the samples used, but also increases the computation
time.

We use 20 temperatures, 1000 walkers, and 1 million steps to
ensure convergence. Further, we impose a Gaussian prior on the
measurement for the mass, and we use the parallax of 2.415 +
0.040 mas from Menten et al. (2007), which is fixed in our anal-
ysis. If we have an initial guess for best-fit orbital parameters, for
example from the literature, we use lower and upper bounds of a
uniform prior around this value. This was done for the orbit of 6'
Ori C (see Sect. 3.2), where we set bounds around orbital param-
eters that were already determined in the literature (GRAVITY
Collaboration 2018c). In the case of 8! Ori B (see Sect. 3.2), there
are no previously determined orbital parameters, and therefore
we let orbitize! find the best-fit orbit without giving an initial
guess.
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