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One of the primary goals of the
GRAVITY+ upgrade is to significantly
improve the sky coverage of GRAVITY
and the Very Large Telescope Interfer-
ometer. With the successful commis-
sioning and start of operations of the
GRAVITY-Wide mode and the new
Beam Compressor Differential Delay
Lines, GRAVITY+ has opened up the
sky to deep interferometric observa-
tions. These include the first dynamical
black hole mass measurements at
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cosmic noon, vastly increased observa-
ble samples of microlensing events, and
a step towards the first detection of an
intermediate-mass black hole through
stellar orbits.

Introduction

The GRAVITY+ project will bring the next
revolution in near-infrared interferometry
through a phased upgrade of both the
GRAVITY beam combiner instrument and
the Very Large Telescope Interferometer
(VLTI) infrastructure itself. A unique fea-
ture of GRAVITY is its dual-field mode,
which allows for simultaneous observa-
tions of a faint science target and a
nearby bright star. The star is then used
to correct for the fast-changing optical
paths of each telescope induced by the
atmosphere during long exposures of
the science target. A critical limitation of
GRAVITY and the VLTI was the requirement
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that the fringe-tracking star and science
target be within 2 arcseconds of each
other for the Unit Telescopes (UTs). This
severely constrained the sky coverage,
especially for faint extragalactic targets
that are primarily located away from

the Galactic plane. To improve the sky
coverage, the first phase of GRAVITY+
was to implement wide-angle off-axis
fringe tracking and allow for separations
between the fringe-tracking star and the
science target out to the atmospheric
limit (~ 30 arcseconds) as well as to
upgrade the beam compressors (BCs)
and differential delay lines (DDLs). The
GRAVITY-Wide upgrade was carried out
in two steps: first with the activation of
wide-angle off-axis fringe tracking using
the pre-existing PRIMA DDLs and second
with the installation and commissioning
of a new combined system (BCDDL).
Both steps have now been completed
with the successful commissioning of the
BCDDL system at the end of April 2024.

Phase 1: GRAVITY-Wide

The light from the 8-metre UTs or the 1.8-
metre Auxillary Telescopes (ATs) is routed
via a long optical train down to the VLTI
laboratory. In fact, the light undergoes
more than 20 reflections before even
entering the instrument. Within this chain
are the VLTI main delay lines that com-
pensate for Earth’s rotation and, as a
result, the optical path between the
observed science object and the tele-
scope changes with time. Mirrors
mounted on carts travel along some
100-metre-long rails constantly and very
precisely throughout each observation.
Bringing the full field of view of the tele-
scopes down to the laboratory would
have required prohibitively large optics.
Instead, a 2-arcsecond cutout is picked
up at the telescopes and propagated
along the long delay lines under the VLT
platform until they finally are directed to
the VLTI laboratory. The beam diameter is
about 80 millimetres, and the first optical
system encountered by this light in the
VLTI Lab comprises the beam compres-
sors, which turn those into 18-millimetre
beams with a three-mirror system. After
two more reflections, the light enters, for
instance, GRAVITY. GRAVITY was built
with a dual feed capability. So instead of
observing just one object through four
telescopes, it is able to observe two
objects simultaneously. A brighter object
(star) is used to track the motions of the
fringe pattern inside GRAVITY. Fast pie-
zo-driven mirrors inside the instrument
then allow for the stabilisation of the pat-
tern, such that the second, much fainter,
object can be observed with long expo-
sure times.

Unfortunately, nature was not kind
enough to place sufficiently bright
fringe-tracking stars in the vicinity of all
interesting science objects. This severely
limits the ability of GRAVITY to observe,
for example, faint and highly redshifted
active galactic nuclei (AGN) or microlens-
ing targets. This limitation was, however,

Figure 1. The four-fold periscope that overlaps the
beams of the fringe tracking object with those of the
science object (a). As the optical bench was already
quite crowded, the prism-based mirrors (b) from two
motorised bridges that allow the periscope to be
moved in and out of the beams to switch atutomati-
cally between on-axis and off-axis operation (c) were
suspended hanging upside down.



Figure 2. The left panel shows the enclosure of the
beam compressor delay line optical bench; the right
panel shows a bird’s-eye view with the protective
panels removed. The eight newly activated beam
compressors can be seen towards the right of the
images; they stretch, however, the entire length of
the bench. The two grey laser heads on the top feed
the laser distance metrology system that monitors
the optical path length to better than 2 nm precision
at all times.

foreseen since the early days of the

VLTI, which was designed to bring two
2-arcsecond field cutouts per telescope
to the interferometric laboratory. This
capability was implemented under

the umbrella of the Phase-Referenced
Imaging and Micro-arcsecond Astrometry
(PRIMA) project which delivered star sep-
arators (STS) and DDLs to the VLTI.
Although this dual-field capability never
succeeded in transitioning to science
operations, the DDLs and STSs remained
in place, largely unused.

To implement the first phase of GRAVITY-
Wide, in a close collaboration between
ESO, the Max Planck Institute for
Extraterrestrial Physics (MPE), and the
University of Cologne, our team first reac-
tivated the PRIMA dual-field infrastruc-
ture. A minor optical modification had to
be carried out on the DDLs to project the
optical pupil at the correct location for
GRAVITY. Secondly, periscopes were
installed (see Figure 1) on the optical
bench of the VLTI switchyard to merge
the two beams of each of the respective
four telescopes and feed the GRAVITY

instrument. The STSs can pick up two
targets more or less arbitrarily inside a
2-arcminute field of view. But atmospheric
turbulence sets a limit on the separation
to around 30 arcseconds when operating
in the K band. This is 15 times larger than
the 2 arcseconds of an individual beam
and consequently increases the probabil-
ity of finding a sufficiently bright fringe-
tracking star by a factor of 225. In return,
the number of observable targets multi-
plies by the same factor, significantly
increasing the science grasp of GRAVITY.

GRAVITY-Wide was commissioned in
December 2021 and, since period P110,
has been offered to the community. A full
description of phase 1 of GRAVITY-Wide
was given by GRAVITY+ Collaboration et
al. (2022a).

Phase 2: BCDDL

We mentioned above the large number of
reflections that the light path undergoes
before entering the science instruments.
Reintroducing the PRIMA DDLs added
five further reflections to the beam path.
Any such reflection inevitably results in
the loss of light. Also, while the optical
path length between telescopes and the
science object varies very slowly and
smoothly with time, the VLTI optical train
is subject to a number of different sources
of vibration such as compressors from
other cryogenic instruments. These vibra-
tions ultimately affect the fringe contrast.

The vibrations from the telescopes’ pri-
mary, secondary and tertiary mirrors are
measured with accelerometers and then
partially compensated in open-loop by
forwarding appropriate correction signals
to fast actuators in the main delay lines.
This MANHATTAN vibration control sys-
tem is upgraded as part of the GRAVITY+
project with additional vibration sensors
on the other mirrors of the coudé train,
and with improved control algorithms that
compensate for these vibrations in a very
similar fashion as noise-cancelling head-
phones. But this requires fast actuators
that can be driven directly by MANHATTAN.

The second phase of GRAVITY-Wide
(see Figure 2) removed the PRIMA DDLs
entirely and instead moved their function-
ality directly to the aforementioned beam
compressors. These formerly statically
mounted three-mirror systems were
placed on 2-metre-long rails that ride on
top of high-precision, directly driven linear
stages for low frequency but larger stroke
corrections (+/— 35 millimetres, which
corresponds to the maximum differential
optical path length difference over a
24-hour period). The secondary mirror of
the system is now mounted on a piezoe-
lectric stage that we took over from the
PRIMA DDL system. We also transferred
and augmented the laser metrology sys-
tem from the PRIMA DDLs to these newly
activated beam compressors, called
BCDDLs, which provides a very precise
feedback signal for the closed-loop con-
trol of the optical path length.
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A direct bypass feed from MANHATTAN
to the BCDDLs allows us to take advan-
tage of the full bandwidth of the piezo
system and to correct for vibrations.

The new BCDDLs were commissioned
in April 2024 by a collaboration of ESO,
MPE, and the University of Cologne (see
Figure 3). They saw first light on the ATs
on 17 April and then on the UT on

22 April. The change to this new system
is entirely transparent to the user and
available to the community immediately.

Exploring black holes across cosmic
time and mass range

Quasars at cosmic noon

One of the first science cases achievable
with GRAVITY-Wide involved deep obser-
vations of quasars at high redshift. Direct
measurements of the broad line region
(BLR) and ultimately the supermassive
black hole (SMBH) mass are impossible
with single-dish facilities, but the VLTI
with GRAVITY+ can achieve the neces-
sary spatial and astrometric accuracy for
these unique observations. Black hole
mass measurements at cosmic noon

(z ~ 1-3) are particularly important for
tracking and testing the co-evolution of
SMBHSs and their host galaxies, as sug-
gested by the strong correlations
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between SMBH mass and host galaxy
properties in the local Universe.

GRAVITY+ Collaboration et al. (20223,
2022b) showed the potential of GRAVITY-
Wide observations to measure the SMBH
mass at z = 2 with the first observations
of a cosmic noon quasar and a clear
detection of the coherent flux and differ-
ential phase across the redshifted H-alpha
line. Since then, the GRAVITY+ AGN team
has published the first z = 2 dynamical
SMBH mass measurement of the quasar
J0920 (Abuter et al., 2024). Combined
with complementary measurements of
the host galaxy mass from the Northern
Extended Millimeter Array (NOEMA) inter-
ferometer, J0920’s SMBH was found to be
undermassive compared to the expectation
from the z = 0 Mgp—Mgo, relationship.

Following the first successful detection,
the team has been using the GRAVITY-
Wide mode and the BCDDL as a work-
horse for building a sizable sample of

z = 2 quasars with combined high-
precision SMBH masses and host galaxy
masses. Two more BLR signals have now
been detected (Figure 4) and deep obser-
vations have been completed on a total of
five quasars. This allows both for testing
the use of local scaling relations (i.e., the
BLR radius-luminosity relation) for quick
SMBH masses and for establishing a
dynamically based Mg—Mg1 relation-
shipatz = 2.

Figure 3. Left: The installation of the new BCDDLs
was completed on 16 April by the combined team
from ESO, MPE and the University of Cologne.
Right: The occasion of first light on 17 April.

Gravitational Microlensing

Isolated dark objects such as stellar-
mass black holes or free-floating planets
are thought to be abundant throughout
the Galaxy. Detecting and measuring
their masses is critical for understanding
the formation mechanisms, mass func-
tions, and evolution of their full popula-
tion. Because they are isolated, however,
the only way to find them is through grav-
itational microlensing when a foreground
object (star, planet, black hole, etc.)
passes in front of a more distant star.
Lensing due to the gravitational potential
of the foreground object then magnifies
the star and causes a rapid brightening
of its light. These microlensing events are
therefore found through constant, wide-
field monitoring of Milky Way stars.

However, the light curve by itself does not
measure the mass of the lens because it
is also dependent on the lens—-source
relative parallax and proper motion. One
method to recover these parameters is

to spatially resolve the two microlensed
images of the source star and measure
the Einstein radius. For Galactic micro-
lensing events, the Einstein radius is on



the order of a milliarcsecond and there-
fore only interferometry has the power to
resolve the microlensed images. Dong et
al. (2019) showed the power of GRAVITY
and near-infrared interferometry by meas-
uring the Einstein radius of a bright and
nearby microlensing event for the first
time using the single-field on-axis mode
(see Figure 5, left panel).

The majority of microlensing events,
though, are much fainter and require off-
axis fringe tracking and increased sensi-
tivity. GRAVITY-Wide has therefore pro-
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vided a revolution in the number of
microlensing events that can be followed
up with interferometry, from a few per
year to several dozen per year (see Fig-
ure 5, middle panel). Taking advantage

of target-of-opportunity observations, the
GRAVITY microlensing team, a collabora-
tion between astronomers primarily at
ESO, Peking University, and the Univer-
sity of Warsaw, have already observed
four microlensing events with GRAVITY-
Wide. The first GRAVITY-Wide event
measured a lens mass of ~ 0.5 M,

(i.e., likely a main sequence star) with
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an unprecedented precision of 2.5% (see
Figure 5, right panel). It is therefore only
a matter of time before the first black
holes are discovered.

Figure 4. GRAVITY-Wide has now been used to
detect the broad-line region differential phase signal
in three z > 2 quasars. This allows us to measure the
supermassive black hole mass with unprecedented
precision and helps to disentangle the coevolution
of black holes and the galaxies they live in at a time
when the Universe was only two billion years old.
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Figure 5. Left: First resolved microlensed images
from Dong et al. (2019). Middle: Cumulative distribu-
tion of microlensing events in 2023 as a function of
K-band magnitude (blue curve) along with their
potential fringe-tracking stars (red curve). With
GRAVITY-Wide, ~ 100 events were available to be
followed up, compared to only a few in the single-
field on-axis mode. Right: First resolved microlensed
images using GRAVITY-Wide. This event was observed
in two epochs showing the motion of the images.

o Cen and the search for IMBHs

While many black holes in the stellar and
supermassive black hole mass ranges
have been discovered, only a few candi-
dates in the so-called ‘intermediate-
mass’ range (102 — 10° M) exist. Finding
intermediate mass black holes (IMBHs)
would provide strong constraints on the
seeding and formation of SMBHSs.
Extrapolating from the well-studied black
hole mass — bulge mass relation, one
possible location of IMBHs is at the cen-
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K-band magnitude

tres of stellar clusters. Recently, Haberle
et al. (2024) discovered fast-moving stars
at the centre of the globular cluster w Cen
that provide strong evidence for an IMBH
with a mass of at least 8200 M. Definitive
proof of an IMBH and a precise measure-
ment of its mass would come from astro-
metric monitoring of these fast stars to
determine their orbits, similarly to what
has been done for the Galactic centre.

However, no bright stars are available for
fringe tracking within 2 arcseconds of the
centre of m Cen — but there are several
brighter than K = 11 within 11 arcseconds.
During the commissioning of the BCDDLs,
we tested the performance and sensitivity
of GRAVITY-Wide by observing several
stars within 1 arcsecond of the proposed
location of the IMBH including the bright-
est fast-moving star (K = 18.1 mag) from
Haberle et al. (2024). We could for the
first time detect interferometric fringes

Visibility amplitude

05 r

0.0 r

-0.5

00 -05 -1.0 -15
East (mas)

from the star and measure the visibility
(see Figure 6). Absolute astrometry is cur-
rently not possible with GRAVITY-Wide
owing to the lack of a metrology system
but will be investigated in the near future
to permit the measurement of the accel-
eration of the central fast-moving stars of
o Cen and other globular clusters simi-
larly to the discovery and characterisation
of the Galactic centre SMBH.

With the next phases of GRAVITY+ that
include the adaptive optics systems and
laser guide stars, the sensitivity will be

Figure 6. Hubble Space Telescope images of the
nearby globular cluster w Cen showing successively
zoomed-in views of the central region. The middle
panel highlights the fringe-tracking star used for the
GRAVITY-Wide observations during BCDDL com-
missioning. The right panel highlights the expected
location of the IMBH with an inset showing the
detected fringes and visibility amplitude of one of the
fast-moving stars discovered by Héberle et al. (2024).

uv distance (M3)



greatly improved and it will be possible to
rapidly assemble fainter and larger sam-
ples for all three science cases pre-
sented. Even higher redshift quasars will
be accessible (out to z ~ 7 with the Mgl
line), the first isolated stellar-mass black
hole through microlensing will be
detected, and more IMBH detections will
become possible in the local Universe.
This is an exciting time for GRAVITY+ and

the VLTI and we look forward to the unex-
pected science that will be done once
GRAVITY+ is completed.
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This drone image from June 2024 shows progress in
the construction of ESO’s Extremely Large Tele-
scope (ELT), located on Cerro Armazones in the
Atacama Desert, Chile. The white lattice structure
under construction is a support structure that will
eventually hold the ELT’s primary mirror, M1. Notice
the cranes and vehicles at the bottom, which illus-
trate just how enormous the ELT is!
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