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Abstract: Many of the major advances in astrophysics have been driven by progress at the frontier
of high-angular resolution imaging. Looking beyond the ELT, a key question emerges: what
transformative science could be enabled by surpassing the milliarcsecond limit and achieving
angular resolutions of tens of microarcseconds in the optical domain? This paper summarises the
outcomes of a series of community workshops that explored the scientific opportunities unlocked
by such capabilities, spanning exoplanets, planet formation, stellar, Galactic, and multimessenger
astrophysics, strong gravity, and cosmology.

Introduction: Over the past four decades, ESO was a driving force in visible/infrared high-angular
resolution astronomy (HARA) - starting with enabling diffraction-limited imaging with single
apertures through active optics with the NTT (1987), the first adaptive optics (AO) with the ESO 3.6m
(1989), laser-guide stars (2006), and multi-conjugated adaptive optics in the visible (2016). Arguably,
ESO’s proudest achievement in HARA has been the interferometric combination of the VLTI unit
telescope array. Realising concepts around fringe tracking, dual-field interferometry, and wide-field
interferometry has opened the window into the milli-arcsecond universe, while maintaining the light-
collecting power afforded by 8m apertures (Eisenhauer+ 2023). This has opened new realms for the
study of faint objects (with Gravity being offered in service mode to K=20 mag), while achieving
angular resolutions 10-20 times higher than any other 8m-class telescope operating at visible and
near-infrared wavelengths. These wavebands are particularly important, as key astrophysical
objects—such as exoplanets, stars, and galaxies—emit much of their energy in this regime, offering
the prospect to serve the broadest possible user community.

The European HARA community organised a series of meetings that explored future science
drivers throughout 2024/25, including a (a) Royal Astronomical Society Specialist Meeting, London,
UK; (b) MPE workshop, Ringberg, Germany; (c) “Horizons for optical long-baseline interferometry”,
Paris, France; (d) “Long-term future for optical interferometry”, Nice, France; and (e) EAS
symposium S6, Cork, Ireland. In this whitepaper we outline science cases discussed at these
workshops that could be addressed with an interferometric array with baselines around B=10 km
and operating wavelengths A=1pum - in the following referred to as “Physics Frontiers
Interferometer” (PFIl, tentative concept working title) — corresponding to angular resolution
M2B=10 parcsec and astrometric precision 0.1 parcsec. The diameters and number of apertures,
precise baseline lengths and observing wavebands (1-20 pm) are to be determined. As primary
observables we assume astrometry and visibility-fitting for objects with limited complexity, so these
science cases could be realised with few apertures in the low single-digit numbers. The existing VLTI
would serve as a ‘compact array’ to provide short-baselines complementing PFI’s long baselines.

Science Drivers: We point PFl towards objects further and further out in the Universe, quoting the
physical scale that can be resolved at typical distance for each object class:

(1) few parsecs: Resolving directly-imaged exoplanets, e.g. Proxima Cen b (beam size
2000 km @ 1.3 pc): Planets around nearby stars will be spatially resolved, including non-transiting
rocky planets in the habitable zone, such as Proxima Cen b (diameter ~12,000 km, compared to PFI’s
beam size 2000 km). This will allow measuring diameters and planetary oblateness, and facilitate
the search for ring systems. Phase-dependent photocenter shifts in reflected light or in molecular
features might reveal surface structures, such as pronounced continents and weather patterns,
while constraining also the planetary rotation period and rotation axis orientation.

(2) few parsecs: Exomoons and exoplanet habitability: The ELT is destined to discover
hundreds of directly imaged exoplanets, possibly including biosignature candidates. Dual-field
interferometry will enable ultra-precise orbitography, enabling full orbital characterization even from
tracing small orbital arcs. Residuals in the orbital motion will reveal unseen components (Lacour+
2021), allow establishing resonances in multi-planet systems, and enable the astrometric detection
of exomoons (Winterhalder+ 2025). The ability to detect/exclude double-planet or planet+moon
scenarios will be critical once the first biosignatures candidates are detected, as undetected moons



can result in false-positive detections of biosignatures (Rein+ 2014), while the first detection of
exomoons will challenge our concept of habitability in general.

(3) few parsecs: White dwarfs, e.g. Sirius b (beam size 4000 km @ 2.6 pc): White dwarfs are
a unique astrophysical laboratory, whose internal structure is determined by electron degeneracy
pressure and the Pauli exclusion principle, making them macroscopic quantum objects. For
instance, Sirius B’s diameter has been inferred as ~6000 km, and would therefore be resolvable with
PFI’s beam size of 4000 km.

(4) ~100pc: Circumplanetary accretion, e.g. PDS70c (beam size 1.6 R,,, @ 113 pc): The
accretion geometry that feeds young, forming planets is still unknown, with scenarios ranging from
spherical infall, magnetospheric accretion, to accretion through a circumplanetary disk. Kilometric
baselines would allow resolving the gas kinematics down to the point where the infalling material
hits the surface of the protoplanet. Different diagnostic lines would allow tracing the velocity field at
different regions of the circumplanetary environment, tracing infalling gas, outflowing gas, and the
accretion shock. Besides providing the ultimate test for planet formation models, this will provide
the protoplanet masses that are needed to calibrate evolutionary models (Kraus+ 2016).

(5) ~100pc: Exoplanet demographics and system architectures: The protoplanet sample
accessible with ELT will be limited by source confusion from extended disk emission, where complex
disk substructures can either cause false positives or dilute the emission of the embedded
protoplanets. Kilometric baselines will be extremely effective at resolving out extended disk
emission, allowing us to take a census of the giant planet population in star-forming regions over the
age range from ~0.1 to tens of million of years, when planets are still dynamically interacting with the
disk (migration) and with other bodies in the system (eg. planet-planet scattering). Tracing the planet
population over this critical age range will allow calibrating exoplanet population synthesis models.

(6) fewkiloparsecs: Microquasars,e.g. SS433 (beam size 0.05 au @ 5 kpc): Microquasars are
binary systems that host compact objects, including stellar-mass Black Holes. Much like quasars,
we can study strong gravity and how mass is accreted from the donor star onto the compact object
and ejected in relativistic jets. PFl will enable new insights on the jet launching and natures of known
and new Gaia-detected microquasars, and should allow us to trace the jet precession back to its
launching point in the inner region of the accretion disk and to reconstruct the astrometric orbit.

(7) few kiloparsecs: Stellar-mass/intermediate-mass Black Holes, e.g. in the Galactic
bulge @ 8 kpc: PFl astrometry will reveal compact objects in close binary systems, characterizing
and expanding on the small number of systems detected with Gaia. However, these systems form
likely only the tip of the iceberg of the Galactic population of stellar-mass/intermediate-mass Black
Holes, where a population of ~100 million isolated stellar-mass Black Holes in our own galaxy might
remain completely unexplored, leaving uncertainties for models on the end-product of massive star
evolution and the physics of core-collapse supernovae. Time-domain facilities, such as Rubin, will
be highly efficient at revealing microlensing events that can trace this dormant Black Hole
population. Resolving these microlens events with PFl out to kiloparsec distance will allow
determining the lens parameters and thus the properties of the lensing object. In Globular Clusters,
such as Omega Cen, the search for intermediate-mass Black Holes will be facilitated through sub-
microarcsecond precision astrometry of cluster members.

(8) few kiloparsecs: Galactic Center (beam size 0.08 au =1 Rs @ 8 kpc): Gravity’s landmark
results on Sgr A* (e.g. GravityColl+ 2018) are limited by the baseline length of the existing VLTI unit
telescope array. PFI’s beam size would match the size of the Event Horizon itself, providing the
ultimate toolto measure the shape and motion of the flares, and the spin of the Super-Massive Black
Hole. With its extreme astrometric precision, the Lens Thierring effect predicted by General Relativity
could be measured directly from the orbits of the known S-stars, while the current VLTI array will rely
on a by-chance detection of additional stars closer in to achieve this breakthrough.

(9) few kiloparsecs: Observing orbits of Gravitational Wave (GW) emitters: LISA will observe
low-frequency GW emitters, where either both sources are luminous (e.g. double white dwarf



binaries, massive stellar binaries) or where the dark companion can be traced by disk emission.
Spatially resolving the systems will allow breaking degeneracies on the sky orientation, inclination,
distance, and provide absolute mass measurements. This will allow refining binary evolution models
leading to GW mergers, and testing theories of Modified Gravity that predict that the observed orbital
evolution of the binary might deviate from the energy-angular momentum loss predicted by GR
through Gravitational radiation back-reaction, e.g. through GW polarization, dipole radiation, or
massive graviton effects.

(10) ~30...100 kpc: Metal enrichment / Galactic Archaeology: Microarcsecond observations of
novae and massive stellar winds will trace the geometry, clumping, and expansion of metal-rich
ejecta in real time. Time-resolved interferometry will measure expansion parallaxes and mixing
scales, while spectral line tracers will map velocity fields and chemical stratification in outflows. In
nearby galaxies, interferometric studies of star-forming regions and galactic nuclei would link
feedback from massive stars and explosions to metal transport into the interstellar medium,
providing direct constraints on enrichment efficiency and feedback-driven chemical evolution.

(11) ~100 kpc and beyond: Transients / Tidal Disruption Events (beam size 0.005pc @
100 Mpc): Measuring the geometry of TDEs will allow to distinguish the contributions from the
compact accretion disks, stream-stream shocks, and extended reprocessing envelopes. Time-
resolved interferometry will track structural evolution and photocenter shifts driven by debris
fallback, winds, or jets. Spectral line observations will constrain disk rotation, outflows, and system
inclination, providing direct geometric and dynamical insight into stellar disruption and Black Hole
accretion physics.

(12) z~4: Geometric distances for Cosmology: Combining time lags measured with
reverberation mapping with spatially resolved observations of Active Galactic Nuclei allows inferring
geometric distances. For supernovae, angular expansion rates measured interferometrically,
combined with spectroscopic velocities, provides expansion parallaxes. These techniques deliver
distance measurements independent of the cosmic distance ladder, anchoring cosmological
parameters with reduced systematics.

(13) z~10: Galaxy evolution & Black Hole growth across cosmic ages (beam size 0.08 pc @
z=10): Resolving the kinematics in the broad-line-region of AGNs beyond cosmic noon will enable
direct, high-precision measurements of Black Hole masses and host galaxy dynamics. By linking
black hole activity to circumnuclear star formation and stellar dynamics, such observations provide
critical constraints on co-evolution, feedback mechanisms, and the role of mergers, informing
models of galaxy assembly across cosmic time.

Strategic considerations: ELT provides a significant advancement over the current 8m-class
telescopes both in collecting area (factor 23) and angular resolution (factor 4.8). Going forward,
similar gains will be impossible to achieve with single-aperture telescopes, which makes itinevitable
to break the HARA barrier with interferometric arrays, opening an untapped realm of parameter
space that will facilitate the science cases listed above, while leaving also the possibility for many
unplanned discoveries.

Building on its world-leading expertise in AO and optical interferometry, and its existing
unique infrastructure on Paranal, ESO is the only player world-wide capable of realizing this science
vision. PFI will be the precision machine needed to follow up the discoveries made with the ELT at
25-times higher angular resolution, while serving at the same time the rapidly growing community in
time-domain and multi-messenger astrophysics, enabling us for the first time to observe these
astrophysical processes on the actual scales where they occur.
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