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Abstract 
 
Out in space, ripples in spacetime became something we can 
actually measure. Back when only equations described them, few 
imagined catching these waves would happen so fast. One moment 
they were math on paper, then suddenly interferometers achieved 
observational sensitivity sufficient to record astrophysical signals. 
From 2015 onward, successive detections accumulated 
progressively: first a handful, now close to four hundred 
confirmed events from distant cosmic collisions. Yet counting 
detections misses what truly shifted everything. A single event 
named GW170817 rewrote expectations: two dense stars spiraling 
into one another, observed simultaneously across the full 
electromagnetic spectrum. Telescopes caught flashes at the exact 
instant, radio, X-ray, and visible light all lighting up in 
coordination. That coincidence pulled gravity and light together in 
ways never before witnessed. One moment changed everything, 
delivering an independent measurement of the Hubble constant, 
clues about the origins of short gamma-ray bursts, plus the first 
confirmed kilonova. Not simply a bonus for gravitational wave 
research, linking gravity signals with light and particles has 
become its core direction. This review traces the theoretical 
foundations of gravitational wave emission, the evolution of the 
LIGO-Virgo-KAGRA detector network, and the landmark science 
unlocked by key detections. Persistent open challenges facing 
researchers are examined alongside the transformative capabilities 
promised by next-generation observatories including LISA, the 
Einstein Telescope, Cosmic Explorer, and pulsar timing arrays. 
The aim is not to catalogue every detection made so far, but to 
present a clear and forward-looking account of where this field 
stands and where it is genuinely heading. 
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1. Introduction 

Einstein had doubts of his own. Even after writing gravitational waves into general relativity in 1916, he 
questioned whether signals that small could ever be found. The distortions in spacetime they produce are smaller 
than a thousandth of a proton's width, generated by the most violent collisions in the universe. Catching them 
required more than a century of engineering. 
When LIGO announced in February 2016 that it had recorded two black holes merging over a billion light-years 
away [1], the result did more than confirm a prediction. It opened an entirely new way of observing the universe. 
Since then, three hundred and ninety signals from compact object mergers have been logged by the LVK 
network between 2015 and early 2025 [9, 10]. One new catalog alone more than doubled the previous count of 
confirmed events, surpassing a total that had taken three full observing runs to build [9]. 
The scientific significance of the catalog, however, extends beyond the enumeration of confirmed events. The 
deeper story is what happens when gravitational wave data combines with gamma-ray monitors, optical 
telescopes, radio arrays, and neutrino detectors. This combination, now widely called multi-messenger 
astronomy, produced its defining moment in August 2017 when a neutron star merger was caught 
simultaneously in gravitational waves and across the full electromagnetic spectrum by seventy observatories 
worldwide [3]. That single event proved the concept in the most direct way possible and set the template for 
everything that follows. 
The central contribution of this review is the argument that multi-messenger coordination represents the defining 
paradigm of next-generation gravitational wave science, not merely a complementary approach. This position is 
built from theoretical foundations upward, through the detector record and the evidence of GW170817, toward 
what the next generation of observatories must be designed to achieve together. 
Sources consulted were drawn from peer-reviewed literature on NASA ADS and arXiv spanning 1964 through 
early 2026, with priority given to primary LVK collaboration papers, published catalog releases, and mission 
definition documents. 

2. Theoretical Foundations 

2.1 Wave Generation and the Quadrupole Formula 

Gravitational waves arise when massive objects accelerate asymmetrically, producing ripples in the spacetime 
metric described by the linearized Einstein field equations [5]. Imposing the Lorenz gauge condition ∂ஜhതஜ஝ = 0, 
the linearized Einstein field equations reduce to the wave equation: 

 

□hതஜ஝ = −
16πG

cସ
Tஜ஝ 

 

where □ ≡ −
ଵ

ୡమ
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ப୲మ + ∇ଶ is the d'Alembertian operator, hതஜ஝ is the trace-reversed metric perturbation, and Tஜ஝ is 

the stress-energy tensor of the source. Solutions to this equation propagate at the speed of light. 
At leading order, the gravitational wave strain at distance r follows the quadrupole formula [5]: 
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where 𝐼௜̈௝ is the second time derivative of the mass quadrupole moment tensor. This immediately tells you 
something important: only sources with a changing quadrupole emit gravitational waves. A perfectly spherical 
collapse emits nothing. Two compact objects orbiting each other are ideal emitters. 
For a compact binary with chirp mass ℳ = (𝑚ଵ𝑚ଶ)ଷ/ହ/𝑀ଵ/ହ, the gravitational wave frequency evolves as [5]: 
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Here, ℳ is the chirp mass, defined as: 
 

ℳ =
(mଵmଶ)ଷ/ହ

(mଵ + mଶ)ଵ/ହ
 

where mଵ and mଶ are the component masses of the binary. The chirp mass is the single best-measured parameter 
from the inspiral waveform and governs the rate of frequency evolution observed by the detector. 
This frequency sweep, rising as the pair spiral closer, is the characteristic chirp signal recorded by LIGO 
detectors [1, 6]. 

2.2 What the Waveform Carries 
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The chirp mass is the best-measured parameter from the waveform. Combined with signal amplitude, it gives 
luminosity distance directly, with no standard candle assumptions and no distance ladder [12]. This is why 
gravitational wave sources are called standard sirens in cosmology. 
Beyond the chirp, higher-order post-Newtonian terms encode individual masses, spin configurations, orbital 
eccentricity, and, for neutron stars, tidal deformability parameters that constrain the dense-matter equation of 
state [25]. Modern waveform templates including the IMR PhenomX family, SEOBNRv4, and NRTidal variants 
combine post-Newtonian inspiral theory with numerical relativity for the merger and ringdown phases [8, 11]. 

3. The Detector Network 

3.1 How the Detectors Work 

Advanced LIGO, Virgo, and KAGRA are laser Michelson interferometers with perpendicular kilometer-scale 
arms [6, 7]. A passing gravitational wave stretches one arm and compresses the other by an amount proportional 
to strain h, which LIGO measures to sensitivities near 10ିଶଷ Hzିଵ/ଶ at approximately 100 Hz [6]. Three distinct 
noise regimes limit sensitivity across frequency bands: seismic and gravity gradient noise below 10 Hz, thermal 
noise in mirror coatings and suspensions from 10 to 100 Hz, and quantum shot noise above 100 Hz [6]. Figure 4 
illustrates these regimes schematically. 
3.2 The Observing Run History 

Table 1: LVK Observing Run Summary. 

Run Period Detectors 
Events 
Detected 

Notable Firsts 

O1 
Sep 2015 – Jan 
2016 

LIGO H, LIGO L 3 
GW150914 (first detection), 
GW151226 

O2 
Nov 2016 – Aug 
2017 

LIGO + Virgo (joined 
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 
ever) 

Total 2015–2025  390  

 

 

Fig.1 LVK gravitational wave detections per observing run (bars) and cumulative confirmed total (line), 
reaching 390 events by end of O4b in 2025. Data from GWTC-4.0 (2025) and GWTC-5.0 (2026). 
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The catalog has grown rapidly across five observing runs. During O4b alone, 161 new events were detected, 
bringing the confirmed total to 390 [10]. GW240615, recorded on June 15, 2024, achieved the most precise sky 
localization of any gravitational wave event to date, pinned to just 6 square degrees through triangulation using 
all three active detectors [10]. The latest catalog also includes evidence for second-generation black holes and 
the first measurement of three distinct ringdown modes from a single merged remnant [10]. 

 

Fig.2 Confirmed GW event distribution by compact object type as of GWTC-5.0 (N=390). Binary black 
hole mergers dominate at 92.3% of the catalog. 

 
Table 2: Confirmed GW Event Types (as of GWTC-5.0, 2026). 

Event Type Count (Approximate) Key Science 

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

 formation channels 

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

 r-process nucleosynthesis 

NS-BH (Mixed) ~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) 
 
Binary black hole mergers make up roughly 92% of confirmed events. Binary neutron star and mixed neutron 
star-black hole systems are far fewer but carry the greatest multi-messenger science potential. 

4. GW170817 and Multi-Messenger Astronomy 

4.1 The August 17, 2017 Event 

On August 17, 2017, Advanced LIGO and Virgo recorded GW170817, a gravitational wave signal from two 
merging neutron stars [2]. Less than two seconds after the merger, GRB 170817A was detected by Fermi-GBM 
and INTEGRAL [23]. The sky localization matched, and optical telescopes identified a transient source roughly 
ten arcseconds from the galaxy NGC 4993 [24]. That pairing marked the first combined gravitational wave and 
electromagnetic observation from a single astrophysical event [3]. 
The full timeline unfolded as follows [2, 3, 23, 24]: 

 t = 0: GW inspiral signal detectable 
 t = merger: Neutron stars collide 
 t + 1.7 s: GRB 170817A detected by Fermi-GBM and INTEGRAL 
 t + ~11 hours: Optical kilonova discovered in NGC 4993 
 t + 9 days: X-ray afterglow detected 
 t + 16 days: Radio afterglow detected 
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Seventy observatories on seven continents and in space observed the aftermath, covering the full 
electromagnetic spectrum [3]. 

4.2 Science Returns from GW170817 

Hubble constant. The gravitational wave signal gave luminosity distance independently, while the host galaxy 
redshift gave recession velocity. Their combination delivered a direct measurement of H₀ without relying on the 
distance ladder or any specific cosmological model [4, 12]. Refined analysis placed the result at 70.3 +5.3/-5.0 
km/s/Mpc [4]. The known degeneracy between source distance and orbital inclination in the gravitational wave 
analysis meant this single event could not yet resolve the Hubble tension, but it demonstrated the method [13]. 

Table 3: Comparison of Hubble Constant Measurements.  

Method 
H₀ Value 

(km/s/Mpc) 
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: GW sirens currently sit between the two conflicting measurements — consistent with both but not yet 
precise enough to resolve the Hubble tension.  

Neutron star equation of state. Tidal deformability measurements from the waveform placed the first 
gravitational-wave-based constraints on dense-matter physics [25]. The combined radius estimates for a 1.4 solar 
mass neutron star came out near 11.9 ± 1.4 km, consistent with intermediate-stiffness nuclear equations of state 
and ruling out extreme soft or stiff models [11]. 
Short gamma-ray burst origin. The 1.7-second delay between merger and GRB 170817A confirmed the long-
standing theoretical connection between short gamma-ray bursts and binary neutron star mergers [2, 23]. The 
same pairing also measured gravitational wave propagation speed to within one part in 1015 of the speed of light 
[2, 3]. 
Why BBH events cannot do this. Black holes have no surfaces or atmospheres, so BBH mergers produce no 
electromagnetic counterpart at all [1]. No kilonova, no gamma-ray burst, no optical transient. The gravitational 
wave signal is the only output. For standard siren cosmology and multi-messenger nuclear physics, neutron star 
mergers are therefore irreplaceable. Each future BNS detection with an electromagnetic counterpart adds another 
independent Hubble constant data point [13, 27]. 

5. Open Challenges 

Four problems actively limit what current detectors can deliver [6, 8, 21, 26]: 
Low-frequency sensitivity. The richest signals, including long inspirals and neutron star tidal effects, live 
below about 10 Hz where seismic noise creates a hard floor for ground-based instruments [6, 21]. This cuts off 
access to the early inspiral phase and hides certain source populations entirely. 
Waveform systematics. As the catalog grows, small modeling errors in waveform templates start producing 
measurable biases in population inferences [8, 26]. Precessing, eccentric, or highly unequal-mass binaries 
remain the most difficult configurations to model reliably. 
Sky localization and EM follow-up. Localizing GW events quickly enough for kilonova follow-up remains a 
practical bottleneck. GW170817 required roughly 28 square degrees initially. GW240615 reached 6 square 
degrees with three detectors active [10]. At the detection rates expected from next-generation observatories, 
automated real-time pipelines will need to handle thousands of events per year. 
Glitches. Transient noise artifacts from earthquakes, vehicles, and unknown instrumental causes can mimic 
gravitational wave signals closely enough to require careful examination. Tools such as Gravity Spy apply 
convolutional neural networks to classify glitches by their time-frequency morphology, while dedicated ML-
based pipelines have demonstrated low-latency compact binary detection competitive with traditional matched-
filter searches. Candidate events are managed through the Gravitational-Wave Candidate Event Database 
(GraceDB), which aggregates pipeline triggers and issues public alerts to the worldwide astronomical 
community via NASA's General Coordinates Network (GCN) at median latencies of approximately 30 seconds. 
It enables rapid electromagnetic follow-up for multi-messenger events. 
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Table 4: Key Open Challenges in GW Astronomy. 
 

Challenge Current Status Path Forward 

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

Waveform systematics Improving for aligned-spin cases Better NR simulations, hybrid models 

Sky localization 6 sq deg best (O4b) More detectors, LIGO-India 

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

Glitch identification Manual + early ML tools Deep learning classifiers 

Hubble tension resolution Still unresolved 
More BNS sirens, better inclination 
constraints 

6. Next-Generation Observatories 

 

Fig.3 Gravitational wave frequency band coverage from current and planned observatories, spanning 
nanohertz pulsar timing arrays to kilohertz ground-based interferometers. (Sources: Aasi et al. (2015), 
Colpi et al. (2024), Punturo et al. (2010), Evans et al. (2021), Agazie et al. (2023)).  
 
LISA will operate in the millihertz frequency band from space, completely inaccessible from the ground [19]. Its 
primary targets include supermassive black hole mergers, compact galactic binaries, and extreme mass-ratio 
inspirals. Hardware development contracts for LISA's key measuring instrument were signed in June 2025 
between the Max Planck Institute for Gravitational Physics and OHB Systems AG [19]. 
Einstein Telescope is planned for construction at the Germany-Belgium-Netherlands border triangle, built 250 
meters underground to suppress seismic interference [21]. Its triangular topology with 10 km interferometer 
arms and six V-shaped interferometers will extend sensitivity down to approximately 2 Hz. Estimated cost is 1.8 
billion euros, with construction beginning in 2026 and observations expected around 2035 [21]. 
Cosmic Explorer improves on Advanced LIGO sensitivity by a factor of ten, achieved primarily by scaling arm 
length from 4 to 40 km [20]. At that sensitivity, approximately 300,000 binary neutron star mergers per year will 
fall within its detection reach, and binary black hole mergers will be detectable out to redshift z~100 [20, 29]. 
Pulsar timing arrays use millisecond pulsars as natural gravitational wave detectors sensitive to nanohertz 
frequencies, completely separate from the ground-based band [16, 17, 18]. In June 2023, five PTA 
collaborations reported strong evidence for a nanohertz gravitational wave background, most likely from 
millions of supermassive black hole binaries across the universe [16, 17, 18]. 
A recommended next-generation network includes two Cosmic Explorer observatories in the United States, 
LIGO India, and the Einstein Telescope in Europe [20, 21]. Together, ET and CE are expected to detect 
hundreds of thousands of mergers annually, with tens of thousands also producing detectable electromagnetic 
and particle signals [29]. 
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Table 5: Complementary GW Observatory Landscape. 
 

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 + better localization ~2030 
Einstein Telescope 2 Hz – 10 kHz Same + deeper universe ~2035 
Cosmic Explorer 5 Hz – 5 kHz BBH to z~100, ~300K BNS/yr ~2035+ 
LISA 0.1 mHz – 1 Hz SMBHBs, galactic binaries, EMRIs ~2035 

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

 

7. The Multi-Messenger Argument 

Here is the thesis this review has been building toward. Looking across the detector record, the catalog, 
GW170817, and the incoming facilities, one thing stands out: the most important scientific returns from 
gravitational wave astronomy consistently come not from gravitational wave observations alone, but from 
combining them with other messengers. 
GW combined with gamma-ray detection confirmed the sGRB-BNS connection and measured gravitational 
wave propagation speed to one part in 1015 [2, 3, 23]. 
GW combined with optical follow-up discovered the kilonova, confirmed r-process nucleosynthesis of heavy 
elements in neutron star mergers, and delivered the first standard siren Hubble constant measurement [4, 24]. 
GW combined with X-ray and radio observations constrained jet geometry, measured apparent superluminal jet 
motion, and refined the Hubble constant via improved inclination constraints [22]. 
Pulsar timing arrays and ground-based interferometers together probe completely different mass scales of 
compact objects and different epochs of cosmic history, making them genuinely complementary [16, 17, 18]. 
No confirmed GW-neutrino coincidence exists yet, but building the infrastructure for that detection drives much 
of the next-generation design [29]. 
The key challenge going forward is not just better detectors. It is building the alert systems, data pipelines, and 
coordinated telescope networks capable of handling thousands of multi-messenger events per year at the scale 
Cosmic Explorer and the Einstein Telescope will produce [20, 21, 29]. 

8. Conclusion 

Gravitational wave astronomy has grown from catching a single signal from two merging black holes [1] into a 
mature observational discipline with nearly 400 confirmed detections [10]. The central argument of this review 
is that multi-messenger astronomy is the intellectual framework through which every future gravitational wave 
observatory should be understood. GW170817 showed what is possible when the pieces align [2, 3, 4]. LISA, 
the Einstein Telescope, and Cosmic Explorer will provide the tools to do that routinely, at unprecedented scale 
[19, 20, 21]. 
The challenges are real but well-defined: low-frequency noise floors [6, 21], waveform modeling limitations [8, 
26], real-time coordination [3, 29], and glitch classification [6]. None are conceptual dead ends. The trajectory is 
clear, and the instrumentation to follow it is either already operating or under active construction. 
For billions of years, the universe has been generating gravitational wave signals from its most energetic events. 
We have been listening for roughly a decade [1, 6]. The scientific returns achieved within that interval have been 
substantial [8, 9, 10]. What a globally coordinated multi-messenger network will reveal next remains difficult to 
predict with confidence at this stage. 
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