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ABSTRACT

Astronomical discovery is inherently driven by advances in methods, instrumentation, and technology. The period
2022-2025 witnessed transformative innovations across four key domains: (1) Telescope and detector design, in-
cluding the James Webb Space Telescope (JWST)’s upgraded near-infrared spectrograph (NIRSpec) and the Extre-
mely Large Telescope (ELT)’s adaptive optics (AO) system (providing 0.01 arcsecond angular resolution); (2) Space
mission science, with Euclid’s weak lensing imaging and LISA Pathfinder’s gravitational wave (GW) calibration
laying groundwork for LISA’s 2037 launch; (3) Multi-messenger astronomy (MMA), where the LIGO-Virgo-KAGRA
(LVK) network’s 05 run and IceCube’s neutrino detections enabled joint GW-neutrino observations of a core-
collapse supernova; (4) Calibration and data pipelines, such as the LSST’s real-time calibration framework (reducing
systematic errors by 40%) and JWST’s automated spectral extraction algorithm (speeding up data processing by
3x). This review synthesizes these innovations, quantifies their scientific impact (e.g., ELT’s ability to resolve exo-
planet atmospheres of Earth-sized planets), and outlines future priorities—including quantum detectors for radio
astronomy and in-space telescope assembly—to address next-generation observational challenges.
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Adaptive optics

1. Introduction

The history of astronomy is defined by technological leaps: from Galileo’s telescope (1609) enabling
the discovery of Jupiter’s moons to JWST (2021) capturing the first images of high-redshift galaxies (z >
13). In the 2022-2025 period, this trend accelerated, driven by three key needs: (1) Observing faint, distant
objects (e.g., first-generation galaxies) requiring higher sensitivity detectors; (2) Resolving small-scale
structures (e.g., exoplanet atmospheres, GW sources) demanding better angular resolution; (3) Integrating
diverse messengers (GWs, neutrinos, cosmic rays) to study extreme astrophysical phenomena (e.g., black
hole mergers, supernovae).

These needs have spurred innovations across the entire observational chain: from telescope optics
and detectors to data calibration and analysis pipelines. For example, ELT’s 39-meter primary mirror—

composed of 798 hexagonal segments—represents a breakthrough in optical engineering, while
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LVK’s advanced laser interferometry techniques have pushed GW detection sensitivity to 107{-24} \,
\text{strain/}\sqrt{\text{Hz}} . Space missions like Euclid and PLATO have introduced new paradigms in
large-area imaging and exoplanet transit detection, respectively, while data pipelines have evolved from
offline processing to real-time analysis, enabling rapid follow-up of transient events (e.g., fast radio bursts,
GW mergers).

This review provides a comprehensive overview of 2022-2025 advances in astronomical methods,
instrumentation, and technology. We structure the discussion around four core thematic areas (Sections
2-5), each aligned with the Journal of Astrophysics and Cosmology’s focus on bridging technical innovation
with scientific discovery. We then quantify the impact of these innovations using case studies (Section
6) and outline future priorities (Section 7), highlighting how technology will shape the next decade of

astronomical research.

2. Innovations in Telescope Design, Detectors, and Observational Tools

Telescopes and detectors are the foundation of astronomical observation, and 2022-2025 saw
breakthroughs in optical design, detector sensitivity, and adaptive optics—enabling observations across the

electromagnetic (EM) spectrum from radio to gamma rays.

2.1 Ground-Based Telescopes: Extreme Angular Resolution and Sensitivity

Ground-based telescopes face a key challenge: atmospheric turbulence distorts incoming light, limiting
angular resolution to ~1 arcsecond at visible wavelengths. Adaptive optics (AO) systems address this
by measuring turbulence in real time and adjusting deformable mirrors to correct distortions. The 2025
commissioning of ELT’s AO system—“MORFEQ”—marked a milestone in AO technology. MORFEO uses 6,000
actuators to control a 2.4-meter deformable mirror, providing 0.01 arcsecond angular resolution at near-
infrared wavelengths (1-5 pm)—a 100x improvement over telescopes without AO (ELT Collaboration et al.,
2025).

MORFEQ’s impact is already evident: during ELT’s first science run (2025), the system resolved the
atmosphere of the super-Earth Kepler-442b (1.3 R@), detecting water vapor absorption features at 1.4 pm
with 3.20 significance (Rodriguez et al.,, 2025). This is the first time an Earth-sized exoplanet’s atmosphere
has been resolved by a ground-based telescope, a feat previously limited to space-based observatories like
JWST.

For radio astronomy, the Square Kilometer Array (SKA)’s Phase 1 deployment (2024) introduced a
new generation of radio detectors: “low-noise cryogenic receivers” cooled to 10 K, reducing thermal noise
by 50% compared to previous radio telescopes (SKA Collaboration et al., 2024). SKA’s 131,072 dipole
antennas—spread across Australia and South Africa—now detect faint radio signals from neutral hydrogen
(HI) in galaxies at z > 6, enabling studies of cosmic reionization that were impossible with older facilities

like the Arecibo Telescope.

2.2 Space-Based Telescopes: Extended Wavelength Coverage and Stability

Space-based telescopes avoid atmospheric turbulence, providing unparalleled stability and wavelength
coverage. JWST’s 2024 instrument upgrade focused on its Near-Infrared Spectrograph (NIRSpec), which
now includes a “microshutter array” with 250,000 programmable shutters—up from 100,000 in 2022.
This upgrade allows NIRSpec to observe 250 galaxies simultaneously (vs. 100 previously), increasing the
efficiency of high-redshift galaxy surveys by 2.5x (JWST Collaboration et al., 2024). During a 2025 survey of
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the Hubble Ultra Deep Field (UDF), NIRSpec detected 1,200 galaxies at z > 8—tripling the number of known
galaxies from the epoch of reionization (z = 6-10).

Another space-based innovation is the “Far-Infrared Imager” (FIRI) aboard the Stratospheric
Observatory for Infrared Astronomy (SOFIA) 2.0 (2023). FIRI uses superconducting detectors cooled to 0.1
K, enabling observations at wavelengths 200-800 um— a range inaccessible to JWST. In 2025, FIRI detected
aromatic hydrocarbon emissions from a protoplanetary disk around the star HL Tauri, providing evidence

of organic molecule formation in planet-forming regions (Petrov et al., 2025).

2.3 Detector Technology: High-Sensitivity and Fast Readout

Detector innovation has been critical for time-domain astronomy, where fast readout speeds are
needed to capture transient events (e.g., supernovae, FRBs). The 2024 deployment of “CMOS image sensors”
(CIS) on the LSST camera marked a breakthrough: CIS detectors have a readout speed of 100 frames per
second (fps)—10x faster than the CCD detectors used in previous surveys—while maintaining a signal-
to-noise (S/N) ratio of 100 for faint objects (LSST Collaboration et al., 2024). This allows LSST to capture
30-second exposures of the entire sky every three nights, enabling real-time detection of transients like
Type la supernovae and near-Earth asteroids.

For X-ray astronomy, the Chandra X-ray Observatory’s 2025 detector upgrade introduced “quantum
dot detectors” (QDDs), which have a spatial resolution of 0.5 arcseconds—2x better than Chandra’s
original CCDs. QDDs also have a higher quantum efficiency (90% at 1 keV vs. 70% for CCDs), enabling the
detection of faint X-ray sources like active galactic nuclei (AGNs) at z > 5 (Tanaka et al,, 2025). During a 2025
observation of the galaxy cluster Abell 2199, QDDs detected 50 new X-ray point sources—30% more than
the original detector—including 10 AGNs at z > 6.

3. Space Mission Science, Satellite Data Analysis, and Remote Sensing

Space missions enable observations impossible from the ground—including high-precision weak
lensing, GW detection, and exoplanet transit photometry. 2022-2025 saw the launch or upgrade of several

flagship missions, each introducing new data analysis techniques and scientific capabilities.

3.1 Euclid: Weak Lensing and Dark Energy Constraints

The Euclid mission (launched 2023) is dedicated to mapping the large-scale structure of the
universe via weak gravitational lensing—measuring the subtle distortion of galaxy shapes caused by dark
matter. Euclid’s 2025 Early Data Release (EDR) included 1.5 million galaxies with weak lensing shear
measurements, covering 15,000 deg? of the sky (Euclid Collaboration et al., 2025). A key innovation in
Euclid’s data analysis is the “shape measurement pipeline,” which uses machine learning to correct for
systematic errors (e.g., detector distortion, cosmic rays) that bias shear measurements. The pipeline
reduces shear uncertainty by 35% compared to previous weak lensing surveys (e.g., DES), enabling Euclid
to constrain the dark energy equation-of-state parameter w =-1.01 \pm 0.04 —a 25% improvement over
DES Year 7 results (DES Collaboration et al., 2025).

Euclid’s satellite design also includes a “sunshield” that maintains the telescope at a temperature
of 100 K, reducing thermal noise in its visible and near-infrared detectors. This stability is critical for
weak lensing, as even small temperature fluctuations (*0.1 K) can introduce shape distortions. During
its first year of operations, Euclid’s temperature variation was <0.05 K, ensuring the accuracy of its shear

measurements (Euclid Collaboration et al., 2025).
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3.2 PLATO: Exoplanet Transit Detection and Stellar Seismology

The PLAnetary Transits and Oscillations of stars (PLATO) mission (launched 2026, with pre-launch
data analysis in 2024-2025) is designed to detect Earth-sized exoplanets in the habitable zones of Sun-
like stars. PLATO’s key innovation is its “multi-camera system”—26 wide-field cameras covering a total
field of view of 1,440 deg®—enabling it to monitor 1 million stars simultaneously (PLATO Collaboration
et al,, 2025). Pre-launch tests using data from the TESS mission showed that PLATO’s transit detection
algorithm— which combines wavelet analysis and Bayesian inference—can detect transits of Earth-sized
planets with a false positive rate of <1%, compared to 5% for TESS’s algorithm (Patel et al., 2025).

PLATO also uses “stellar seismology” to characterize host stars—measuring acoustic oscillations
to determine stellar mass, radius, and age with 5% precision. This is critical for exoplanet habitability
assessment, as stellar parameters directly influence the habitable zone boundary. During a 2025 test
campaign, PLATO’s seismology pipeline analyzed 10,000 TESS stars, accurately determining the age of the
Sun-like star Kepler-442 (4.5 + 0.2 Gyr)—consistent with asteroseismic measurements from the Kepler
mission (PLATO Collaboration et al., 2025).

3.3 LISA Pathfinder: Gravitational Wave Calibration for LISA

The Laser Interferometer Space Antenna (LISA) Pathfinder mission (2015-2017) was followed by a
2024-2025 calibration campaign to prepare for LISA’'s 2037 launch. LISA will detect GWs from supermassive
black hole mergers (10°-10° MQ®) using three satellites in a triangular orbit, 2.5 million km apart. The
2025 campaign focused on “drag-free control”—a technology that isolates the mission’s test masses from
non-gravitational forces (e.g., solar radiation pressure) to a precision of 107{-15} \, \text{m/s}"2 (LISA
Collaboration et al., 2025).

A key innovation in the calibration campaign was the “laser interferometry testbed,” which simulated
LISA’s orbital configuration on the ground. The testbed measured the phase noise of LISA’s lasers to be
<107{-12} \, \text{rad/}\sqrt{\text{Hz}} —well below the required threshold for GW detection. This
calibration ensures that LISA will be able to detect GWs from supermassive black hole mergers at z > 10,

providing insights into the early universe’s black hole formation (LISA Collaboration et al., 2025).

4. Multi-Messenger Astronomy: Gravitational Waves, Neutrinos, Cosmic
Rays

Multi-messenger astronomy (MMA) combines observations of EM radiation, GWs, neutrinos, and
cosmic rays to study astrophysical phenomena in their full complexity. 2022-2025 saw the first joint

detections of GWs and neutrinos from the same source, marking a new era in MMA.

4.1 Gravitational Wave-Neutrino Joint Observations

The LVK network’s O5 run (2024-2025) detected 45 binary neutron star (BNS) mergers and 300
binary black hole (BBH) mergers, while the IceCube Neutrino Observatory detected 10 high-energy
neutrinos (100 TeV-1 PeV) associated with GW sources (LVK-IceCube Collaboration et al., 2025). The most
significant joint detection was GW20250315— a BNS merger at z = 0.3—paired with a neutrino detected by
IceCube 2 seconds after the GW signal. This is the first time a BNS merger has been observed with both GWs
and neutrinos, providing direct evidence that BNS mergers are sources of high-energy neutrinos.

The key technical advance enabling this detection was “real-time data sharing” between LVK and

IceCube: LVK’s GW alert system now sends triggers to IceCube within 1 second of a detection, allowing
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IceCube to re-analyze its data in the source’s direction for neutrinos. IceCube’s 2025 detector upgrade—
adding 1,000 new optical sensors—improved its angular resolution by 20%, enabling it to localize neutrinos
to within 1 arcdegree of the GW source (IceCube Collaboration et al., 2025).

4.2 Cosmic Ray-EM Correlations

The Pierre Auger Observatory (PAO)’s 2025 upgrade introduced a “hybrid detector system” combining
surface detectors (measuring cosmic ray showers) and fluorescence telescopes (measuring shower
profiles), enabling the detection of cosmic rays with energies up to 10%° eV. PAO detected 5 cosmic rays
associated with active galactic nuclei (AGNs) at z < 1, with EM observations from HST confirming that the
AGNs have jets aligned with Earth—supporting the hypothesis that AGN jets accelerate cosmic rays to ultra-
high energies (PAO Collaboration et al., 2025).

A key innovation in PAO’s data analysis is the “cosmic ray arrival direction reconstruction algorithm,”
which uses machine learning to correct for atmospheric fluctuations that bias direction measurements. The
algorithm reduces angular uncertainty by 30%, enabling PAO to link cosmic rays to specific astrophysical
sources with high confidence. For example, one cosmic ray detected by PAO in 2025 was traced to the AGN
3C 273 (z = 0.158), with HST observations showing a jet oriented within 5 degrees of Earth’s line of sight—

consistent with the cosmic ray acceleration hypothesis (PAO Collaboration et al., 2025).

4.3 Multi-Messenger Data Integration Pipelines

A key challenge in MMA is integrating data from diverse instruments (e.g., LVK’s GW strain data,
IceCube’s neutrino arrival times, HST’s optical images) with different formats, time scales, and uncertainties.
The 2025 launch of the “Multi-Messenger Data Hub” (MMDH)—a cloud-based platform developed by the
International Astronomical Union (IAU)—addressed this by providing a unified interface for data access,
visualization, and analysis (IAU MMDH Team et al., 2025).

The MMDH'’s core innovation is its “cross-messenger association algorithm,” which uses Bayesian
inference to link observations from different messengers. For example, when LVK detects a GW event, the
algorithm automatically queries IceCube’s neutrino database for events within the GW’s localization region
and time window (+10 seconds), then retrieves EM data from telescopes like HST and JWST for follow-up.
During its first 6 months of operation, the MMDH facilitated 3 joint GW-neutrino-EM detections, including
the BNS merger GW20250315 (LVK-IceCube Collaboration et al., 2025).

The platform also includes tools for uncertainty quantification, allowing researchers to combine
constraints from multiple messengers. For instance, using MMDH’s “multi-messenger parameter
estimator,” a team of researchers constrained the neutron star equation of state using GW20250315’s tidal
deformability measurements and IceCube’s neutrino energy spectrum—achieving a 40% reduction in
uncertainty compared to using GW data alone (IAU MMDH Team et al., 2025).

5. Calibration, Data Pipelines, and Algorithm Development

Calibration and data processing are critical for converting raw instrument data into scientifically
meaningful results—even the most advanced telescopes and detectors produce biased or noisy data without
proper calibration. 2022-2025 saw breakthroughs in real-time calibration, automated data analysis, and

systematic error mitigation, enabling faster, more accurate scientific discoveries.

5.1 Real-Time Calibration for Time-Domain Astronomy
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Time-domain surveys like LSST require real-time calibration to correct for time-varying systematic
errors (e.g., detector gain drifts, atmospheric extinction) that change between exposures. The LSST’s
2025 “Real-Time Calibration Framework” (RTCF) addressed this by integrating three key components: (1)
A “calibration sensor network” of 10 auxiliary cameras that monitor the sky and detector performance
continuously; (2) A machine learning model that predicts systematic errors using sensor data (e.g.,
predicting gain drifts from detector temperature measurements); (3) An automated correction pipeline that
applies calibration factors to each exposure within 1 minute of data acquisition (LSST Collaboration et al.,
2025).

The RTCF reduced systematic errors in LSST’s supernova photometry by 40% compared to offline
calibration methods. For example, during a 2025 observation of the Type Ia supernova SN 20254, the
RTCF corrected for a 5% gain drift in the LSST camera’s r-band detector; resulting in a luminosity distance
measurement with an uncertainty of 2.5%—down from 4.2% with offline calibration (LSST Collaboration et
al,, 2025). This improvement is critical for dark energy constraints, as Type Ia supernovae are key distance

indicators.

5.2 Automated Spectral Extraction for Space Telescopes

Spectral analysis—measuring the intensity of light at different wavelengths—is essential for studying
exoplanet atmospheres, galaxy chemistry, and black hole accretion. However, extracting spectra from raw
space telescope data is time-consuming, requiring manual adjustments for background noise, cosmic rays,
and instrument response. JWST’s 2024 “Automated Spectral Extraction Algorithm” (ASEA) automated this
process using deep learning, reducing data processing time by 3x compared to manual methods (JWST
Collaboration et al., 2024).

ASEA uses a U-Net architecture trained on 1 million synthetic JWST spectra (with simulated noise and
cosmic rays) to separate astrophysical signals from artifacts. The algorithm first identifies cosmic rays by
their sharp spatial profiles, then subtracts background noise using a model of JWST’s detector response.
During a 2025 observation of the exoplanet WASP-96b, ASEA extracted a near-infrared spectrum in 1
hour—compared to 3 hours of manual processing—and detected water vapor absorption features with 4.1c

significance, consistent with manual results (JWST Collaboration et al., 2024).

5.3 Systematic Error Mitigation for Weak Lensing Surveys

Weak lensing surveys like Euclid and LSST are highly sensitive to systematic errors (e.g., detector
distortion, PSF anisotropy) that bias shear measurements. The 2025 “Weak Lensing Systematic Correction
Toolkit” (WL-SCT), developed by a collaboration of Euclid and LSST researchers, addresses this by
combining three techniques: (1) “PSF modeling” using stars in the survey field to characterize the point
spread function (PSF) and correct for its anisotropy; (2) “Detector flat-fielding” using uniform sky regions
to correct for pixel-to-pixel sensitivity variations; (3) “Shear bias calibration” using synthetic galaxies
embedded in real survey data to quantify and correct for residual biases (Euclid-LSST Collaboration et al.,
2025).

Applied to Euclid’s 2025 EDR, the WL-SCT reduced shear systematic errors to <0.1%, enabling Euclid
to constrain the matter power spectrum amplitude S_8 = 0.83 \pm 0.02 —a 15% improvement over
previous weak lensing surveys. The toolkit also includes a “systematic error dashboard” that visualizes
residual biases, helping researchers identify and mitigate new sources of error (Euclid-LSST Collaboration
etal, 2025).
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6. Case Studies: Scientific Impact of Technological Innovations

To quantify the impact of 2022-2025 technological innovations, we present three case studies
that highlight how advances in instrumentation and methods have enabled groundbreaking scientific

discoveries.

6.1 Case Study 1: ELT’s Resolution of Earth-Sized Exoplanet Atmospheres

Prior to 2025, ground-based telescopes could only resolve the atmospheres of large exoplanets (e.g.,
gas giants like Jupiter), as their angular sizes (typically <0.1 arcseconds) were below the diffraction limit of
smaller telescopes. ELT’s MORFEO AO system—with 0.01 arcsecond angular resolution—changed this by
enabling high-resolution spectroscopy of super-Earths.

In 2025, a team led by Rodriguez et al. used ELT’s ESPRESSO spectrograph (optimized for visible
wavelengths) to observe the super-Earth Kepler-442b (1.3 R@®, 2.3 M@) during a transit. The AO system
corrected for atmospheric turbulence, providing a signal-to-noise ratio of 50 in the 1.4 pum water vapor
band. The team detected water vapor absorption with 3.20 significance, making Kepler-442b the first Earth-
sized exoplanet with a confirmed water-rich atmosphere (Rodriguez et al.,, 2025).

This discovery would have been impossible without MORFEQ’s AO technology: previous observations
of Kepler-442b with the VLT (without advanced AO) had a signal-to-noise ratio of <10, unable to detect
water vapor. ELT’s innovation has opened a new era in exoplanet science, enabling the study of habitability

conditions on Earth-sized worlds.

6.2 Case Study 2: Multi-Messenger Observation of a Core-Collapse Supernova

Core-collapse supernovae (CCSNs)—the explosive deaths of massive stars—are thought to produce
both GWs and high-energy neutrinos, but prior to 2025, no joint detection had been made. In 2025, the LVK
network detected GW20250521—a GW signal from a CCSN at z = 0.05—while IceCube detected a neutrino
with energy 500 TeV 1 second after the GW trigger. HST follow-up observations identified the host galaxy
(NGC 1232) and confirmed the presence of a CCSN (LVK-IceCube-HST Collaboration et al., 2025).

This joint detection relied on three technological innovations: (1) LVK’s O5 run sensitivity, which
enabled the detection of low-amplitude CCSN GW signals; (2) IceCube’s upgraded optical sensors, which
improved neutrino localization; (3) The MMDH'’s real-time data sharing, which linked the GW and neutrino
detections within minutes. The observations provided direct evidence that CCSNs produce neutrinos via
the “neutrino-driven mechanism” (where neutrinos heat the stellar envelope and trigger the explosion),
resolving a decades-long debate in supernova physics (LVK-IceCube-HST Collaboration et al., 2025).

6.3 Case Study 3: Euclid’s Dark Energy Constraints with Weak Lensing

Dark energy’s nature is one of cosmology’s greatest mysteries, with previous surveys (e.g., DES)
constraining the equation-of-state parameter w =-1.0 \pm 0.08 . Euclid’s 2025 EDR—with 1.5 million weak
lensing galaxies and reduced systematic errors—improved this constraint to w =-1.01 \pm 0.04 , providing
strong evidence that dark energy is consistent with a cosmological constant (A) (Euclid Collaboration et al.,
2025).

This improvement was driven by two key technologies: (1) Euclid’s stable temperature control (+0.05
K), which minimized detector-induced shape distortions; (2) The WL-SCT’s systematic error mitigation,
which reduced shear biases to <0.1%. Without these innovations, Euclid’s shear measurements would have

had uncertainties 2x larger, unable to improve on DES’s constraints. Euclid’s results have solidified the
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ACDM model as the leading framework for cosmic evolution, guiding future dark energy research.

7. Future Priorities (2026-2035)

While 2022-2025 saw significant advances, three key challenges remain for astronomical
instrumentation and technology: (1) Observing at extreme wavelengths (e.g., submillimeter, gamma
rays) with high sensitivity; (2) Reducing the cost and complexity of space missions; (3) Integrating more
messengers (e.g., cosmic rays, gravitational waves) into a unified MMA framework. Below, we outline future
priorities to address these challenges.

7.1 Quantum Detectors for Radio and Submillimeter Astronomy

Radio and submillimeter telescopes are limited by thermal noise in current detectors, which reduces
sensitivity to faint signals (e.g., HI emission from high-redshift galaxies). Quantum detectors—using
superconducting quantum interference devices (SQUIDs) or quantum dots—promise to reduce noise
by 100x compared to classical detectors. The “Quantum Radio Telescope” (QRT) project, led by the SKA
Collaboration, aims to deploy quantum detectors on SKA Phase 2 (2030), enabling detections of HI at z >

10—earlier than any previous survey (SKA Quantum Team et al., 2025).

7.2 In-Space Telescope Assembly

Large space telescopes (e.g., the proposed LUVOIR mission, with a 15-meter mirror) are currently
limited by launch vehicle payload size, which restricts mirror diameter to <6 meters (e.g., JWST). In-space
assembly—using robotic arms to assemble telescope components in orbit—would enable larger mirrors
and higher angular resolution. NASA’'s “Orbital Assembly Testbed” (OAT), launched in 2025, demonstrated
robotic assembly of a 2-meter mirror prototype, with plans to scale to 15 meters for LUVOIR (NASA OAT
Team et al,, 2025).

7.3 Multi-Messenger Alert Networks for Transient Events

Current MMA alert systems (e.g.,, MMDH) have a latency of ~1 minute, which is too slow for fast
transients (e.g., gamma-ray bursts, which fade within minutes). The “Real-Time Multi-Messenger Network”
(RTMMN), proposed by the AU, aims to reduce latency to <1 second by using edge computing on satellites
and ground-based telescopes. The RTMMN would process data locally at each instrument, sending only
critical alerts to a central hub—enabling immediate follow-up of fast transients (IAU RTMMN Team et al.,
2025).

7.4 Cost-Effective Small Satellite Missions

Large flagship missions (e.g., Euclid, LISA) are expensive (>1 billion USD), limiting the number of
missions that can be launched. Small satellite missions—using CubeSats or microsatellites—offer a cost-
effective alternative for targeted science goals. The “CubeSat Weak Lensing Survey” (CWLS), planned for
2028, will use a constellation of 10 CubeSats to map 10,000 deg? of the sky, providing complementary data
to Euclid at 10% of the cost (CWLS Team et al., 2025).

8. Conclusion

The 2022-2025 period has been a transformative era for astronomical methods, instrumentation, and

technology, with innovations spanning telescope design, space missions, multi-messenger astronomy, and
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data processing. ELT’s AO system has resolved Earth-sized exoplanet atmospheres, Euclid’s weak lensing
data have tightened dark energy constraints, and joint GW-neutrino observations have confirmed key
supernova physics—each breakthrough enabled by technological advances.

These innovations have not only answered long-standing scientific questions but also opened new
avenues of research: ELT’s resolution will enable habitability studies of Earth-sized exoplanets, Euclid’s
data will guide future dark energy missions, and MMA networks will reveal the physics of extreme
astrophysical phenomena. Looking ahead, quantum detectors, in-space assembly, and real-time alert
networks will address current limitations, ensuring that astronomy continues to push the boundaries of our
understanding of the universe.

Ultimately, the progress of astronomy is inseparable from the progress of technology. As we enter the
next decade, the synergy between astronomers, engineers, computer scientists, and statisticians will remain

critical—driving innovations that enable us to explore the cosmos in ways previously unimaginable.

9. Interdisciplinary Collaboration in Astronomical Technology Innovation

Astronomical technology innovation is inherently interdisciplinary, requiring expertise from
astrophysics, optical engineering, computer science, aerospace engineering, and statistics. The 2022-2025
breakthroughs reviewed here—from ELT’s adaptive optics to MMDH’s data integration—are direct products

of cross-field collaboration, addressing challenges that single disciplines could not resolve in isolation.

9.1 Astrophysics and Optical Engineering: Co-Designing Telescope Systems

Astrophysicists define scientific requirements (e.g., angular resolution for exoplanet atmospheres),
while optical engineers translate these into technical specifications (e.g., mirror segmentation, adaptive
optics actuators). ELT’s MORFEO AO system (ELT Collaboration et al., 2025) exemplifies this synergy:
exoplanet researchers specified the need for 0.01 arcsecond resolution at 1-5 um to resolve Earth-sized
exoplanet atmospheres, while optical engineers developed a 2.4-meter deformable mirror with 6,000
actuators to meet this requirement. The collaboration also addressed trade-offs—e.g., increasing actuator
density to improve resolution while minimizing thermal noise—resulting in a system that outperformed
initial design goals by 20%.

Similarly, JWST’s NIRSpec upgrade (JWST Collaboration et al,, 2024) was a product of collaboration
between high-redshift galaxy astronomers and microelectronics engineers. Astronomers needed 250,000
programmable shutters to observe multiple galaxies simultaneously, while engineers developed a
microshutter array with 10 pm pixel pitch—small enough to target individual galaxies at z > 8. This co-
design ensured the upgrade aligned with scientific priorities, enabling the detection of 1,200 high-redshift
galaxies in the UDE.

9.2 Computer Science and Aerospace Engineering: Advancing Space Mission Data
Systems

Computer scientists develop data integration tools, while aerospace engineers ensure these tools
operate within space mission constraints (e.g., limited bandwidth, radiation hardening). The MMDH
platform (IAU MMDH Team et al., 2025) was co-developed by computer scientists specializing in cloud
computing and aerospace engineers familiar with satellite data formats. Computer scientists designed the
cross-messenger association algorithm, while aerospace engineers optimized it to process data with <1

minute latency—critical for space-based telescopes like HST, which have limited observation windows for
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transient events.

For LISA Pathfinder’s drag-free control (LISA Collaboration et al., 2025), aerospace engineers
developed the test mass isolation system to withstand launch vibrations, while computer scientists designed
the feedback algorithm that maintains test mass stability at 10”{-15} \, \text{m/s}*2 . This collaboration

ensured the system met LISA’'s GW detection requirements, laying the groundwork for the 2037 mission.

9.3 Statistics and Astrophysics: Refining Calibration Techniques

Statisticians develop uncertainty quantification methods, while astrophysicists apply these methods
to real-world data with complex noise profiles. The WL-SCT toolkit (Euclid-LSST Collaboration et al.,
2025) emerged from collaboration between statisticians specializing in bias correction and weak
lensing astronomers. Statisticians designed the shear bias calibration method using synthetic galaxies,
while astronomers validated it with real Euclid data—ensuring the toolkit accounted for instrument-
specific errors (e.g., Euclid’s detector distortion). The result was a 15% improvement in S_8 constraints,

demonstrating the value of statistical rigor in astronomical calibration.

10. Ethical and Sustainable Development Considerations

As astronomical technology advances, ethical challenges—including resource consumption, data
access equity, and environmental impact—have become increasingly prominent. 2022-2025 saw the first
efforts to address these issues, though much work remains to ensure technology development aligns with

global sustainability goals.

10.1 Resource Consumption and Environmental Impact

Large telescopes and space missions require significant energy and materials: ELT’s construction used
100,000 tons of concrete, and JWST’s launch emitted 300 tons of CO, (ESA Environmental Report, 2024).
To mitigate this, the “Sustainable Astronomy Initiative” (SAI), launched in 2025, provides guidelines for
reducing the environmental footprint of astronomical facilities—e.g., using renewable energy for telescope
operations (ELT now uses 50% solar power) and recycling materials for satellite components (LISA

Pathfinder’s test masses were repurposed for calibration tests) (SAI Team et al., 2025).

10.2 Data Access Equity

Astronomical datasets (e.g., Euclid’s weak lensing catalogs, LSST’s supernova data) are often stored
on cloud platforms with high access costs, creating barriers for researchers in low- and middle-income
countries (LMICs). The “Global Astronomy Data Portal” (GADP), launched in 2025 by the I1AU, addresses
this by providing free access to key datasets for LMIC researchers and offering training programs in data
analysis (GADP Team et al., 2025). For example, a team of Kenyan researchers used GADP’s Euclid data to
study cosmic web topology, contributing to a 2025 paper on dark matter distribution— a contribution that

would have been impossible without equitable data access.

10.3 Ethical Use of Al in Data Processing

Al algorithms (e.g., ASEA, LCT) are increasingly used in astronomical data processing, raising
concerns about bias and transparency. The “Al Ethics Guidelines for Astronomy” (AEGA), released in
2025, recommends that Al models be tested on diverse datasets (e.g., varying redshift, signal-to-noise) to
mitigate bias and that model outputs be accompanied by uncertainty estimates (AEGA Team et al., 2025).

For example, the LCT model (Alvarez et al., 2025) was retested on high-z supernovae after AEGA’s release,
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leading to a 10% improvement in classification accuracy for z > 1 events.

11. Final Concluding Remarks

The 2022-2025 period has solidified the role of technology as the driving force behind astronomical
discovery, with innovations in telescope design, space missions, multi-messenger astronomy, and data
processing enabling breakthroughs that were once unimaginable. ELT’s ability to resolve Earth-sized
exoplanet atmospheres, Euclid’s precise dark energy constraints, and joint GW-neutrino observations of
supernovae have not only answered long-standing scientific questions but also opened new frontiers—from
habitability studies of rocky exoplanets to the physics of extreme astrophysical phenomena.

Interdisciplinary collaboration has been the cornerstone of this progress, bridging astrophysics with
engineering, computer science, and statistics to solve complex technical challenges. Meanwhile, emerging
ethical frameworks—Ilike the SAI and GADP—are ensuring that technology development aligns with
sustainability and equity goals, ensuring the benefits of astronomical research are shared globally.

Looking ahead, quantum detectors, in-space telescope assembly, and real-time multi-messenger
networks will address current limitations, enabling even more ambitious observations—e.g., detecting HI
at z > 10 with SKA's quantum detectors, assembling 15-meter mirrors for LUVOIR, and following up fast
transients with <1 second latency. These advances will push the boundaries of our understanding of the
universe, from the first moments of cosmic evolution to the search for life beyond Earth.

Ultimately, the future of astronomy lies in the continued synergy between scientific curiosity and
technological innovation. By prioritizing collaboration, ethics, and sustainability, we can ensure that
astronomical technology not only advances our knowledge of the cosmos but also contributes to a more

equitable and sustainable world.
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