
Sun and Geosphere, 2026;                                                              18/2: 16 - 22                                                                ISSN 2367-8852 

16 

DOI: 10.31401/SunGeo.2026.02.02 

 

Gravitational Wave Astronomy and the Multi-Messenger Paradigm: 
From the First Detection to Next Generation Observatories 

Ashish Kumar Meena 

Assistant Professor, Department of Physics, Nirwan University, Jaipur, Rajasthan, India 

E mail ashishmeena944@gmail.com 

Accepted: 21 October 2026 

Abstract: Gravitational waves, predicted by general relativity more than a century ago, have transitioned 
from a purely theoretical concept to a mature observational tool. Since the first direct detection in 2015, 
the LIGO Virgo–KAGRA network has accumulated nearly four hundred confirmed signals from compact-object 
mergers. The scientific impact of this catalogue, however, extends well beyond the number of events. The 
binary neutron-star merger GW170817, observed simultaneously in gravitational waves and across the 
electromagnetic spectrum, established multi-messenger astronomy as a central paradigm. That single event 
yielded an independent measurement of the Hubble constant, confirmed the association between short 
gamma-ray bursts and neutron-star mergers, and provided the first observational evidence of a kilonova. 
This review summarizes the theoretical foundations of gravitational-wave emission, the development of the 
present detector network, the principal scientific results obtained from key detections, and the open 
technical challenges that remain. It then examines the capabilities expected from next-generation facilities 
LISA, the Einstein Telescope, Cosmic Explorer, and pulsar timing arrays and argues that coordinated multi-
messenger observations will constitute the defining framework of the field in the coming decades. 
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1. Introduction 

Although gravitational waves were incorporated 

into the framework of general relativity in 1916, their 

extreme weakness raised immediate questions about 

the feasibility of direct detection. The spacetime 

distortions produced by even the most energetic 

astrophysical sources are of order 10−21 or smaller, 

corresponding to length changes of less than  

one-thousandth the diameter of a proton. More than a 

century of instrumental development was required 

before these signals could be observed. The 

announcement in February 2016 that the Laser 

Interferometer Gravitational-Wave Observatory (LIGO) 

had recorded the merger of two black holes at a 

luminosity distance of approximately 410 Mpc marked 

the beginning of observational gravitational-wave 

astronomy (Aasi et al., 2015; Acernese et al., 2015). 

Since that first detection, the combined LIGO–Virgo–

KAGRA (LVK) network has reported three hundred and 

ninety confirmed compact-binary coalescences 

between 2015 and early 2025 (Abbott et al., 2017;  

LVK Collaboration, 2023). A single recent catalogue 

release more than doubled the previously published 

sample, illustrating the rapid growth of the field (Evans 

et al., 2021; Meena, 2026a) 

Event counts alone, however, do not capture the 

full scientific significance of the new window. The 

decisive advance has been the ability to combine 

gravitational-wave data with electromagnetic and, 

potentially, neutrino observations. The defining 

demonstration of this multi-messenger approach 

occurred on  

17 August 2017, when the binary neutron-star merger 

GW170817 was detected nearly simultaneously by 

LIGO, Virgo, and approximately seventy 

electromagnetic observatories worldwide (Abbott et 

al., 2017; Coulter et al., 2017; Goldstein et al., 2017). 

That coincidence provided an independent 

measurement of the Hubble constant, confirmed the 

origin of short gamma-ray bursts, and yielded the first 

observational identification of a kilonova (Chen et al., 

2018; Mooley et al., 2018). The central thesis of this 

review is that multi-messenger coordination is no longer 

an optional complement to gravitational-wave 

astronomy but constitutes its defining future paradigm. 

The argument is developed from the theoretical 

foundations of wave generation, through the 

observational record of the present detector network 

and the science returns of GW170817, to the design 

requirements and scientific prospects of the next 

generation of observatories. 

Sources consulted comprise peer-reviewed 

literature indexed on NASA ADS and arXiv spanning 

1964 to early 2026, with priority given to primary  

LVK collaboration papers, published catalogue 

releases, and official mission-definition documents. 

2. Theoretical Foundations 

2.1. Gravitational-Wave Generation and the 

Quadrupole Formula 

Gravitational waves are generated by the 

asymmetric acceleration of mass-energy distributions 

and appear as propagating solutions of the linearized 

Einstein field equations (Peters, 1964): 

h̄μν = (16πG / c⁴) Tμν 

Where h ̄μν denotes the trace-reversed metric 

perturbation and Tμν is the stress-energy tensor of the 
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source. These solutions propagate at the speed of 

light. 

At leading order the gravitational-wave strain 

observed at a distance r is given by the quadrupole 

formula: 

h ∼ (G / r c⁴) Ïij 

Where Ïij is the second time derivative of the mass 

quadrupole-moment tensor. A direct consequence is 

that only sources possessing a time-varying quadrupole 

moment radiate gravitational waves; a spherically 

symmetric collapse produces no emission. Compact 

binaries on non-circular orbits are therefore efficient 

emitters. 

For a compact binary characterized by chirp mass 

ℳ = (m₁ m₂){3/5} / M{1/5}, the gravitational-wave 

frequency evolves according to (Peters, 1964; Schutz, 

1986): 

df/dt = (96/5) π{8/3} (G ℳ / c³){5/3} f{11/3} 

The resulting frequency sweep commonly termed 

the “chirp” is the characteristic signature recorded by 

ground-based interferometers (Aasi et al., 2015; 

Acernese et al., 2015). 

2.2. Information Encoded in the Waveform 

The chirp mass is the most precisely measured 

parameter extracted from the inspiral waveform. When 

combined with the observed strain amplitude it yields 

a luminosity distance that is independent of any 

electromagnetic standard candle or distance ladder. 

Compact-binary coalescences are therefore referred 

to as gravitational-wave standard sirens (Schutz, 1986; 

Chen et al., 2018). 

Higher-order post-Newtonian corrections encode 

the individual component masses, spin magnitudes 

and orientations, residual orbital eccentricity, and in 

the case of neutron starstidal deformability parameters 

that constrain the dense-matter equation of state. 

(Hinderer et al., 2010) Contemporary waveform models 

(the IMRPhenomX family, SEOBNRv4, and NRTidal 

variants) combine analytic post-Newtonian inspiral 

descriptions with numerical-relativity simulations of the 

merger and ringdown phases (Kalogera et al., 2021). 

3. The Gravitational-Wave Detector Network 

3.1. Operating Principle of Laser Interferometers 

Advanced LIGO, Advanced Virgo and KAGRA are 

dual-recycled Michelson laser interferometers with 

kilometre-scale perpendicular arms (Aasi et al., 2015; 

Acernese et al., 2015). A passing gravitational wave 

produces a differential change in arm length proportional 

to the dimensionless strain h. Current instruments achieve 

strain sensitivities of order 10−23 Hz−1/2 near 100 Hz.  

(Aasi et al., 2015) Sensitivity is limited by three principal 

noise regimes: seismic and gravity-gradient noise below 

approximately 10 Hz, thermal noise in the mirror coatings 

and suspension systems between 10 and 100 Hz, and 

quantum shot noise at higher frequencies. These regimes 

are illustrated schematically in Figure 4 (LVK 

Collaboration, 2023). 

3.2. Observing-Run History 

Table 1 summarizes the principal observing runs of the 

LVK network together with the number of confirmed 

detections and selected scientific milestones. 

The catalogue has expanded rapidly across five 

observing runs. During O4b alone, 161 new events 

were identified, bringing the confirmed total to 390 

(Meena, 2026a; Meena, 2026b). The event GW240615, 

recorded on 15 June 2024, achieved the most precise 

sky localization yet obtained for any gravitational-

wave source, constrained to 6 square degrees by 

triangulation with three active detectors (Meena, 

2026c). The most recent catalogue also contains 

evidence for second-generation black holes and the 

first measurement of three distinct ringdown modes 

from a single remnant. (Meena, 2026d) 

Binary black-hole mergers dominate the catalogue 

(approximately 92%). Binary neutron-star and  

neutron-star–black-hole systems remain comparatively 

rare, yet they carry the greatest multi-messenger 

scientific potential. 

Table 1. Summary of LVK observing runs and principal scientific firsts 

Run Period Detectors Events Notable Firsts 

O1 Sep 2015 – Jan 2016 LIGO H, LIGO L 3 GW150914 (first detection), GW151226 

O2 Nov 2016 – Aug 2017 LIGO + Virgo (from Aug 2017) 8 GW170814 (first 3-detector), GW170817 (first BNS) 

O3 Apr 2019 – Mar 2020 LIGO + Virgo 79 First NS–BH candidates; NSBH confirmed 

O4a May 2023 – Jan 2024 LIGO + KAGRA + Virgo 128 First SNR > 30 BBH events 

O4b Apr 2024 – Nov 2025 LIGO + Virgo + KAGRA 161 new GW240615 (best sky localization) 

Total 2015–2025  390  
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Figure 1. LVK gravitational-wave detections per observing run (bars) and cumulative confirmed total (line), reaching 390 events by the 
end of O4b in 2025. Data compiled from GWTC-4.0 (2025) and GWTC-5.0 (2026). 

 

 

Figure 2. Distribution of confirmed gravitational-wave events by compact-object type as of GWTC-5.0 (N = 390). Binary black-hole 
mergers constitute approximately 92.3% of the catalogue. 

Table 2. Confirmed gravitational-wave event types as of GWTC-5.0 (2026). 

Event Type Count (approx.) Key Science 

Binary Black Hole (BBH) ~360 Mass spectrum, spin distribution, formation channels 

Binary Neutron Star (BNS) ~5 Dense-matter EoS, multi-messenger astronomy, r-process 

nucleosynthesis 

Neutron Star–Black Hole (NS–BH) ~10 Tidal disruption, kilonova prospects 

Unclassified / Ambiguous ~15 Mass-gap objects, exotic compact objects 

Sources: Abbott et al. (2023), LVK Collaboration GWTC-4.0 (2025), GWTC-5.0 (2026). 
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4. GW170817 and the Emergence of Multi-

Messenger Astronomy 

4.1. The 17 August 2017 Neutron-Star Merger 

On 17 August 2017 the Advanced LIGO and Virgo 

detectors recorded GW170817, a gravitational-wave 

signal consistent with the inspiral and merger of two 

neutron stars (Abbott et al., 2017). Approximately 1.7 s 

after the inferred merger time, the Fermi Gamma-ray 

Burst Monitor and INTEGRAL detected the short 

gamma-ray burst GRB 170817A (Goldstein et al., 2017). 

The sky localizations of the gravitational-wave and 

gamma-ray events overlapped, and optical 

telescopes subsequently identified a transient source 

approximately ten arcseconds from the galaxy NGC 

4993. (Coulter et al., 2017) This association constituted 

the first joint gravitational-wave and electromagnetic 

observation of a single astrophysical event (Abbott et 

al., 2017). 

The chronological sequence of detections was as 

follows: 

• t = 0: gravitational-wave inspiral signal becomes 

detectable; 

• t = merger: neutron stars coalesce; 

• t + 1.7 s: GRB 170817A detected by Fermi-GBM 

and INTEGRAL; 

• t + ~11 h: optical kilonova discovered in NGC 

4993; 

• t + 9 d: X-ray afterglow detected; 

• t + 16 d: radio afterglow detected. 

Seventy observatories distributed across seven 

continents and in space participated in the follow-up 

campaign, covering the entire electromagnetic 

spectrum (Coulter et al., 2017; Abbott et al., 2017). 

4.2. Scientific Results from GW170817 

Hubble constant. The gravitational-wave signal 

provided a luminosity distance independent of 

electromagnetic standard candles, while the 

spectroscopic redshift of the host galaxy supplied the 

recession velocity. Their combination yielded a direct 

measurement of the Hubble constant free of  

distance-ladder systematics (Chen et al., 2018; Abbott 

et al., 2017). Refined analysis gave H₀ = 70.3+5.3
−5.0  

km s−1 (Abbott et al., 2017; Feeney et al., 2019) Mpc−1. The well-

known degeneracy between luminosity distance and 

orbital inclination prevented a single event from 

resolving the Hubble tension, yet the measurement 

demonstrated the viability of the standard-siren 

method (Schutz, 1986; Chen et al., 2018). 

Table 3. Comparison of selected Hubble-constant measurements 

Method H₀ (km s⁻¹ Mpc⁻¹) Uncertainty Source 

CMB (Planck 2018) 67.4 ±0.5 Planck Collaboration (2020) 

Cepheid Distance Ladder (SH0ES) 73.0 ±1.0 Riess et al. (2022) 

GW Standard Siren (GW170817) 70.3 +5.3/−5.0 Abbott et al. (2017, updated) 

GWTC-3 Combined Sirens 68.0 +8.0/−6.0 LVK (2023) 

Current LVK (GWTC-5.0 era) ~70 ±4–5 LVK (2026, consistent) 

Note: Gravitational-wave standard-siren determinations currently lie between the two principal conflicting measurements 

and remain consistent with both; they are not yet sufficiently precise to resolve the Hubble tension. 

 

Neutron-star equation of state. Tidal deformability 

constraints extracted from the waveform provided the 

first gravitational-wave-based limits on dense-matter 

physics (Hinderer et al., 2010; Abbott et al., 2017). The 

combined radius estimate for a 1.4 M⊙ neutron star is 

11.9 ± 1.4 km, consistent with equations of state of 

intermediate stiffness and excluding the most extreme 

soft and stiff models. Origin of short gamma-ray bursts. 

The 1.7 s delay between the gravitational-wave 

merger and GRB 170817A confirmed the long-standing 

theoretical association between short gamma-ray 

bursts and binary neutron-star mergers (Goldstein et al., 

2017; Abbott et al., 2017). The same coincidence 

constrained the difference between the propagation 

speeds of gravitational waves and light to less than 

one part in 10^{15} (Abbott et al., 2017). Why binary 

black-hole events cannot provide the same 

information. Black holes lack surfaces or atmospheres; 

consequently binary black-hole mergers produce no 

electromagnetic counterpart. There is neither a 

kilonova nor a gamma-ray burst nor an optical 

transient. For standard-siren cosmology and multi-

messenger nuclear physics, neutron-star mergers 

therefore remain indispensable. Each future binary 

neutron-star detection accompanied by an 

electromagnetic counterpart supplies an additional 

independent Hubble-constant datum. 

5. Current Challenges in Gravitational-Wave 

Astronomy 

Four interrelated limitations continue to restrict the 

scientific return of the present detector network 

(Kalogera et al., 2021; Meena, 2026e). Low-frequency 

sensitivity. The most information-rich portions of binary 

signals long inspirals and tidal effects in neutron-star 

systems lie below approximately 10 Hz, where seismic 

noise imposes a hard floor on ground-based 

instruments. This cutoff precludes access to the early 

inspiral phase and renders certain source populations 

undetectable. Waveform systematics. As the size of the 

catalogue increases, small residual errors in waveform 

templates begin to introduce measurable biases into 

population inferences. Systems that are precessing, 

eccentric or highly asymmetric in mass remain the 

most challenging to model accurately. Sky localization 

and electromagnetic follow-up. Rapid localization of 
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gravitational-wave events is essential for successful 

kilonova searches. The initial localization of GW170817 

spanned approximately 28 square degrees; GW240615 

improved this figure to 6 square degrees with three 

detectors operating (Abbott et al., 2017; Meena, 

2026c). At the detection rates anticipated for  

next-generation observatories, automated real-time 

pipelines will be required to process thousands of 

events per year. Instrumental glitches. Transient noise 

artefacts generated by earthquakes, anthropogenic 

activity or unknown instrumental sources can closely 

mimic genuine gravitational-wave signals and 

necessitate careful vetoing. Machine-learning 

classifiers are improving but remain an active area of 

research. 

Table 4. Principal open challenges in gravitational-wave astronomy and projected paths forward 

Challenge Current Status Path Forward 

Low-frequency sensitivity Hard floor ~10 Hz for ground-based detectors Underground detectors (ET); space-based (LISA) 

Waveform systematics Improving for aligned-spin systems Improved numerical-relativity simulations and 

hybrid models 

Sky localization Best achieved: 6 deg² (O4b) Additional detectors, including LIGO-India 

EM follow-up latency Minutes to hours Automated real-time alert pipelines 

Glitch identification Manual inspection + early ML tools Deep-learning classifiers 

Hubble-tension resolution Still unresolved Larger sample of BNS standard sirens; improved 

inclination constraints 

6. Next-Generation Gravitational-Wave Observatories 

 

Figure 3. Frequency-band coverage of current and planned gravitational-wave observatories, spanning the nanohertz regime of pulsar 
timing arrays to the kilohertz band of ground-based interferometers. (Agazie et al., 2023; Reardon et al., 2023). 

LISA, a space-based interferometer, will operate in 

the millihertz frequency band that is inaccessible from 

the ground (Colpi et al., 2024). Its principal targets 

include mergers of supermassive black holes, compact 

galactic binaries, and extreme mass-ratio inspirals 

(Colpi et al., 2024). Hardware-development contracts 

for LISA’s key metrology instrument were signed in June 

2025 between the Max Planck Institute for Gravitational 

Physics and OHB Systems AG. 

The Einstein Telescope is planned for construction in 

the Germany–Belgium–Netherlands border region, 

sited approximately 250 m underground to suppress 

seismic noise (Punturo et al., 2010). Its triangular 

configuration of 10 km arms and six nested 

interferometers is designed to extend sensitivity to 

approximately 2 Hz. The estimated construction cost is 

1.8 billion euros, with ground-breaking scheduled for 

2026 and first observations anticipated around 2035. 

Cosmic Explorer aims to improve upon Advanced 

LIGO sensitivity by a factor of approximately ten, 

primarily through an increase in arm length from 4 km 

to 40 km (Evans et al., 2021). At this sensitivity the 

instrument is projected to detect of order 300 000 

binary neutron-star mergers per year and binary black-

hole mergers out to redshift z ∼ 100. 

Pulsar timing arrays employ ensembles of 

millisecond pulsars as natural detectors of nanohertz 

gravitational waves, a frequency band 

complementary to that of ground-based 

interferometers. In June 2023 five independent PTA 

collaborations reported strong evidence for a 

stochastic nanohertz gravitational-wave background, 

most plausibly generated by a cosmological 

population of supermassive black-hole binaries (Agazie 

et al., 2023; Antoniadis et al., 2023; Reardon et al., 

2023). 

A recommended next-generation network 

comprises two Cosmic Explorer observatories in the 

United States, LIGO-India, and the Einstein Telescope in 

Europe. Together, the Einstein Telescope and Cosmic 

Explorer are expected to detect hundreds of 

thousands of mergers annually, of which tens of 

thousands should also produce detectable 

electromagnetic or particle counterparts. 
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Table 5. Complementary landscape of current and planned gravitational-wave observatories 

Observatory Frequency Band Primary Sources Operational Timeline 

Advanced LIGO/Virgo/KAGRA 10 Hz – 5 kHz Stellar-mass compact binaries Now (O5 ~2027) 

LIGO-India 10 Hz – 5 kHz Same + improved localization ~2030 

Einstein Telescope 2 Hz – 10 kHz Same + deeper cosmological reach ~2035 

Cosmic Explorer 5 Hz – 5 kHz BBH to z ~ 100; ~300 000 BNS yr⁻¹ ~2035+ 

LISA 0.1 mHz – 1 Hz SMBHBs, galactic binaries, EMRIs ~2035 

NANOGrav / PTA networks 1 – 100 nHz GW background, SMBHBs Now + improving 

 

7. The Multi-Messenger Case for Future 
Gravitational-Wave Astronomy 

Across the observational record, the catalogue of 

detections, the science returns of GW170817, and the 

design of forthcoming facilities, a consistent pattern 

emerges: the highest-value scientific results have arisen 

from the combination of gravitational-wave data with 

other astrophysical messengers rather than from 

gravitational-wave observations in isolation (Abbott et 

al., 2017; Mooley et al., 2018). 

The joint gravitational-wave and gamma-ray 

detection of GW170817 confirmed the association 

between short gamma-ray bursts and binary  

neutron-star mergers and constrained the propagation 

speed of gravitational waves to within one part in 

10^{15} (Abbott et al., 2017) of the speed of light. 

Optical follow-up revealed the kilonova, established 

that r-process nucleosynthesis occurs in neutron-star 

mergers, and delivered the first standard-siren 

measurement of the Hubble constant (Coulter et al., 

2017; Chen et al., 2018; Mooley et al., 2018). 

Subsequent X-ray and radio observations constrained 

jet geometry, measured apparent superluminal 

motion, and refined the inclination-dependent Hubble-

constant estimate (Mooley et al., 2018). Pulsar timing 

arrays and  

ground-based interferometers together probe distinct 

mass scales and cosmic epochs, rendering them 

complementary rather than competitive. Although no 

confirmed gravitational-wave–neutrino coincidence 

has yet been recorded, the infrastructure required for 

such a detection is a major driver of next-generation 

design. 

The principal challenge for the coming decade is 

therefore not solely the construction of more sensitive 

detectors, but the development of alert systems,  

data-analysis pipelines and coordinated telescope 

networks capable of managing the thousands of  

multi-messenger events expected annually from 

Cosmic Explorer and the Einstein Telescope. 

8. Conclusions 

Gravitational-wave astronomy has progressed from 

the detection of a single binary black-hole merger to a 

mature observational discipline that has recorded 

nearly four hundred confirmed events. The central 

argument advanced in this review is that  

multi-messenger astronomy now constitutes the 

intellectual framework within which future 

gravitational-wave observatories must be conceived 

and operated. GW170817 demonstrated the scientific 

power of simultaneous gravitational-wave and 

electromagnetic observations (Abbott et al., 2017). 

LISA, the Einstein Telescope and Cosmic Explorer will 

supply the instrumental capability to perform such 

observations routinely and at far greater rates (Colpi et 

al., 2024; Punturo et al., 2010; Evans et al., 2021). 

The remaining technical challenges low-frequency 

noise floors, residual waveform-modelling uncertainties, 

real-time multi-messenger coordination and glitch 

classification are well identified and do not represent 

conceptual barriers. The instrumental trajectory is 

already defined, and the facilities required to follow it 

are either operating or under active development. 

For billions of years the Universe has generated 

gravitational-wave signals from its most energetic 

events. Systematic observation of those signals began 

only a decade ago. The scientific return obtained in 

that short interval has already been substantial. The 

discoveries that a globally coordinated  

multi-messenger network will enable in the coming 

decades remain difficult to anticipate in full, yet the 

combination of precision cosmology, dense-matter 

physics and high-energy astrophysics that such a 

network will deliver is expected to be transformative. 
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