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We introduce the rapidly emerging field of multi-messenger gravitational lensing—the 
discovery and science of gravitationally lensed phenomena in the distant universe through 
the combination of multiple messengers. This is framed by gravitational lensing 
phenomenology that has grown since the first discoveries in the twentieth century, 
messengers that span 30 orders of magnitude in energy from high-energy neutrinos to 
gravitational waves, and powerful ‘survey facilities’ that are capable of continually scanning 
the sky for transient and variable sources. Within this context, the main focus is on 
discoveries and science that are feasible in the next 5–10 years with current and imminent 
technology including the LIGO–Virgo–KAGRA network of gravitational wave detectors, the 
Vera C. Rubin Observatory and contemporaneous gamma/X-ray satellites and radio surveys. 
The scientific impact of even one multi-messenger gravitational lensing discovery will be 
transformational and reach across fundamental physics, cosmology and astrophysics. We 
describe these scientific opportunities and the key challenges along the path to achieving

them. This article therefore describes the consensus that emerged at the eponymous Theo 
Murphy meeting in March 2024, and also serves as an introduction to this Theo Murphy 
meeting issue.

This article is part of the Theo Murphy meeting issue ‘Multi-messenger gravitational lensing
(Part 2)’. 

Executive summary
In recent years, a broad consensus has developed that the multi-messenger discovery and science

of gravitationally lensed phenomena in the distant universe is inevitable and will deliver scien-

tific breakthroughs across some of the biggest open questions in fundamental physics, cosmology

and astrophysics. Many of these questions are shared across the US Decadal Review, theAstroNet

Roadmap and the science books of major facilities including the Vera C. Rubin Observatory (Ru-

bin), Square Kilometre Array (SKA), next-generation gravitational wave (GW) detectors and 30 m

class telescopes.

Multi-messenger gravitational lensing is well-placed to make decisive contributions on ques-

tions relating to the nature of gravity, the cosmological model including the expansion rate of

the Universe and the nature of dark matter (DM), the demographics and formation channels of

compact objects, the chemical enrichment of the Universe via the r-process, the equation of state

(EoS) of dense nuclear matter, connections between and physics of diverse explosive transient

populations, and the host galaxies of GW sources. Many of these are feasible within the next 5−10

years, i.e. on a timescale that is accelerated relative to that which is feasible without assistance

from gravitational lensing.

These exciting opportunities are driven both by the discoveries of the last decade and by the

rapid advances in detector sensitivity that together span ≃ 30 orders of magnitude in energy

scale, including high-energy neutrinos, gamma/X-rays, optical and infrared (IR) photons, radio

waves and GWs. In particular, the synergy between the superb arrival time precision of neutrino,

gamma-ray, radio and GW detectors and the superb angular precision of optical/IR detectors and

upcoming radio interferometers will drive the science in the coming decade and beyond.

Multi-messenger gravitational lensing advances in testing the nature of gravity will benefit

from both the magnifying power of gravitational lenses to probe long travel times and multi-

ple detections of the same source to boost the effective number of GW detectors. Generically, long

travel times will significantly boost the sensitivity of searches for departures from General Relativ-

ity (GR), because potential deviations accumulate over large cosmological distances. Moreover,

polarization constraints are the next frontier for tests of gravity with GWs. Therefore, multiple

detections of the same chirp, due to gravitational lensing, will at least double the effective num-

ber of GW detectors that probe whether the number of GW polarization modes exceeds the two

predicted from GR.
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Multi-messenger gravitational lensing advances in cosmology will be driven by the com-

plementary arrival time and angular position accuracies of the respective messengers, and the

wave-like nature of the GW signals.A multi-messenger time-delay cosmography measurement of

the Hubble Constant,H0, will suppress the uncertainty on the arrival time difference measurement

to a negligible level, will bring complementary insights into microlensing-related systematics, and

for short arrival time differences may leverage the wave nature of GWs to break the mass-sheet de-

generacy. There is also the exciting prospect of combining time-delay cosmography with standard

siren cosmology in a single multi-messenger lensing cosmology experiment. On smaller scales,

complementary constraints from different messengers, including their sensitivity to microlensing

signatures, will deliver novel constraints on the DM subhalo mass function, stellar mass function

and compact DM.

Multi-messenger gravitational magnification and arrival time differences will also open new

windows on the physics of compact binary coalescences (CBCs; also referred to as binary compact

object mergers) at high redshift. One of the biggest unsolved mysteries following the discovery of

AT2017gfo, the kilonova counterpart to GRB170817A/GW170817, is the physical interpretation of

the early blue kilonova emission. Very early rest-frame ultraviolet (UV) observations are crucial

to break degeneracies between competing models. Multiple detections of the same gravitation-

ally lensed kilonova can access this early phase of evolution, in a potentially spectacular fashion

if the second image arrives while optical target of opportunity (ToO) observations are follow-

ing up the first GW image that arrived. Detection of lensed gamma-ray burst (GRB) counterparts

will further constrain the physics of gravitationally lensed CBCs that emit electromagnetic (EM)

radiation, including experiments to probe the structure of GRB jets, benefiting from the different

lines of sight to the jet afforded by gravitational lensing. Progenitor compact binary populations

will also be probed, for example by testing objects that appear to populate relatively sparse re-

gions of parameter space, such as the putative gap between neutron star (NS) and black hole (BH)

masses, and the transition from the most massive stellar remnant BHs to intermediate-mass BHs.

This progress, coupled with rapid progress in, e.g. fast radio bursts (FRBs), will also drive fresh

insights into the putative association of some FRBs with CBCs.

This article concentrates on discoveries and science that are within reach in the next 5−10 years,

with a broad focus on ground-based GW detectors, Rubin’s imminent Legacy Survey of Space

and Time (LSST) and contemporaneous gamma/X-ray satellites and radio surveys. As such, the

focus is on facilities that, in complementary ways, continually monitor the celestial sphere and/or

are capable of rapid ToO observations in response to detections via other messengers. ‘Static

sky’ discoveries are also of huge importance to multi-messenger gravitational lensing discoveries

and science because the several orders of magnitude expansion of the census of gravitational

lenses from Rubin/LSST, Euclid and their contemporaries will provide an unprecedented and

comprehensive view of the high-magnification lines-of-sight to the distant universe.

Exciting scientific opportunities naturally come with challenges that the community must over-

come, in this case on a timescale of 3−5 years. The most obvious cross-cutting challenge is to

localize gravitationally lensed CBCs that are discovered via messengers with large localization

uncertainties (GWs and GRBs) to ≲1 arcsec, i.e. the angular scale of gravitational lensing and

the gravitationally lensed host galaxies. This requires cross-community collaboration, including

developing efficient methods to select candidates, plan follow-up observations and exploit syner-

gies with rapidly growing gravitational lens catalogues. Example outcomes of cross-community

collaboration include definitions of appropriate data-sharing requirements and protocols, and

end-to-end simulations of multi-messenger gravitational lensing source populations, signals and

detection strategies.

Robust multi-messenger gravitational lensing discoveries and interpretation of non-detections

also require significant advances in our knowledge of the gravitational lens population in the ob-

servable universe.As alluded to above, the zeroth-order cross-cutting requirement is to build large

and well-defined samples of gravitational lenses from EM surveys, with well-calibrated selection

functions. However, robust multi-messenger gravitational lensing discovery strategies also re-

quire the internal structure of the lenses in these samples to be characterized as a function of the
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lens mass. Specifically, the density profile slope and density of lenses at their Einstein radii are the

key parameters—in addition to Einstein radius—that control the expected arrival time difference

and image separation for a given lens magnification.

Essential progress is also required in preparation for specific science cases including those

sketched above, for example:

— incorporation of ultra-precise arrival time difference measurements into time-delay

cosmology inference pipelines;

— detailed simulations of EM-bright CBCs with different mass ratios and NS equations of

state;

— model-agnostic analysis pipelines for GW propagation, polarization and birefringence

tests of GR;

— detailed theoretical predictions for how these phenomena present in cosmologically

motivated theories of gravity beyond GR;

— the theory and computation of microlensing in the wave optics regime, models for data

analysis and low-latency microlensing searches for EM follow-up;

— development of methods to identify and follow up candidate gravitationally lensed

GRBs and FRBs in real-time, to enable discoveries before and during future GW runs;

— detailed simulations of gravitational lensing as a probe of GRB jet structure, as a path to

optimize gravitationally lensed GRB searches.

1. Introduction
Multi-messenger gravitational lensing combines multiple messengers to discover and study tran-

sient and variable phenomena in gravitationally lensed host galaxies in the distant universe

(typically redshifts of z≳ 1) to probe a broad range of physics. The messengers span at least 30

orders of magnitude in energy, from ≃ 108 GeV to ≃ 10−14 eV, and include high-energy neutrinos,

gamma- and X-rays, UV/optical/IR photons, radio waves and GWs. As they traverse the gravi-

tational potential of a dense foreground structure such as a galaxy or group/cluster of galaxies,

several paths of least action through the potential may cause multiple ‘images’ of the source to

arrive at an observer at different times. Each of the images corresponds to a different trajectory

that is perturbed relative to that in the absence of lensing by up to ≃1 arcmin, and their flux can

be magnified significantly.

Messengers associated with transient and variable sources typically emanate from sources re-

lated to compact objects (black holes and neutron stars), some of which are the end points of

stellar evolution. These sources include the collapse of stellar cores (supernovae, GRBs, neutrinos

and GWs), CBCs (GWs, kilonovae, GRBs and their afterglows), phenomena associated with su-

permassive black holes in galaxies (active galactic nuclei including blazars, and tidal disruption

of stars), plus fast-fading X-ray, optical and radio sources of currently uncertain origin. EM mes-

sengers that emanate from stars and dust (i.e. detectable as neither transient nor variable) in the

gravitationally lensed host galaxies are also of central importance to locating transient/variable

sources within them.

Interest in multi-messenger gravitational lensing has been fuelled by the breakthrough direct

detections of GWs [1–4], the first multi-messenger discovery of a CBC [5–7] and the first discover-

ies of gravitationally lensed supernovae [8–11]. These discoveries have helped to unlock a broad

range of science that spans fundamental physics, cosmology, high-energy astrophysics, nuclear

physics, the chemical enrichment of the Universe and galaxy evolution. Multi-messenger gravi-

tational lensing is well-placed to significantly expand and accelerate scientific progress in these

topics (§5, and references therein).

In particular, a robust detection of a gravitationally lensed CBC via EM and GW mes-

sengers would enable novel tests of GR, providing the broadest-band large-scale laboratory

for such experiments to date. GRB170817A/GW170817/AT2017gfo provided rich evidence of
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how multi-messenger approaches enhance discovery science [5,12]. Similarly, EM messengers

associated with gravitationally lensed CBCs can make game-changing contributions by localizing

the gravitationally lensed merger. Identification of the EM counterpart to a candidate gravitation-

ally lensed GW will achieve sub-arcsecond localization in the host galaxy [13,14]. EM information

about host galaxies of gravitationally lensed binary black hole (BBH) mergers can also place pow-

erful constraints on these host galaxies and potentially achieve a similar level of precision [15–18].

The combination of sub-arcsecond angular resolution from EM messengers with the millisecond

temporal resolution of the GW detectors is the key to unlocking novel science. Moreover, this ex-

citing new lensing regime that combines superb angular and temporal resolution is also available

by combining the timing precision of radio, gamma-ray and/or neutrino detections with optical/IR

detection (§§2, 5c(ii) and 5c(iv)).

When considering the direct detection of multiple messengers from transient and variable

sources, multi-messenger gravitational lensing is multi-messenger astronomy enhanced by multi-

ple magnified lines of sight to sources at redshifts beyond those typically accessible without lens-

ing. Multi-messenger astronomy itself began in the late 1980s when neutrinos were detected from

a core-collapse supernova (SN1987A) in the Large Magellanic Cloud [19–21] and from the Sun

[22,23]. Three decades later in 2017, the merger of a binary neutron star (BNS) and its aftermath

at a distance of D= 40Mpc were detected via many messengers, spanning gamma-rays to radio

waves in the EM spectrum and GWs [24], and coincident neutrino and gamma-ray flares were de-

tected from an active galactic nucleus (AGN), the Blazar TXS0506+056, at a redshift of z= 0.3365
[25]. That these latter multi-messenger discoveries were sources at cosmological distances is cen-

tral to demonstrating the feasibility of multi-messenger gravitational lensing discoveries (§4b),

echoing the historical development of gravitational lensing.

AGN, in the form of quasars, were central to enabling the step from early work on gravita-

tional lensing [26–30] to modern discoveries. The intrinsic brightness of quasars renders them

detectable out to high redshift (z≳ 1) without requiring any gravitational magnification. This was

key to the first discovery of a gravitationally lensed source at cosmological distances in 1979 when

the quasar pair 0957+561 was confirmed as a single quasar at z= 1.405 that is gravitationally

lensed into two detectable images by a massive foreground galaxy at z= 0.39 [31,32]. Gravitation-

ally lensed quasars received significant impetus from the Sloan Digital Sky Survey (SDSS) in the

first decade of the twenty-first century [33]. Thanks to long-term monitoring of these intrinsically

variable sources ([34] for example), they now provide state-of-the-art time-delay cosmography

measurements of H0 ([35] and references therein).

GRBs are more luminous than quasars, and therefore also prime candidates for gravitation-

ally lensed discoveries. Early discussions of gravitationally lensed GRBs were contemporaneous

with establishing the extragalactic nature of most GRBs in the 1980s when Paczynski considered

the gravitational lensing interpretation of three similar bursts from the source B1900+14 [36,37].

Prospects for testing the lensing interpretation of candidate-lensed GRBs improved around a

decade later, following the discovery of afterglow emission from GRBs that spans X-ray to radio

wavelengths [38–40] and the joint association of some supernovae (detected at optical wave-

lengths) and GRBs with the core collapse of massive stars [41,42]. These breakthroughs enabled

the localization of GRBs to their host galaxies and thus also to the angular scale of gravitational

lensing. In the modern era, Fermi’s Gamma-ray Burst Monitor (GBM) alone has detected greater

than 3000 GRBs to date, with typical sky localization uncertainties of up to≃ 103 degree
2
, of which

≃ 20% have arcsecond localizations via detection of an afterglow, mostly because of their co-

discovery with Swift [43,44]. In parallel, several studies have searched for and discussed candidate

gravitationally lensed GRBs, with no confirmed discoveries to date ([45–49] for example).

The first discoveries of gravitationally lensed supernovae in the mid-2010s [8–10] propelled

gravitational lensing into a new regime of lensed transients—i.e. objects that subsequently fade

completely and thus, unlike lensed quasars, allow detailed studies of their host galaxies. These

and subsequent discoveries [11,50–52] are more highly magnified than the typical lensed quasars,

because supernovae are intrinsically fainter than quasars, and therefore, at comparable de-

tector sensitivity, they require higher magnification to be detected at cosmological distances.
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Importantly, in the context of multi-messenger gravitational lensing, these lensed supernovae

confirmed that the discovery of gravitationally lensed optical transients is feasible. Moreover,

the gain in survey sensitivity from Rubin/LSST will drive significant growth in the number of

discoveries in the coming decade [53–56] and motivate the optimization of discovery methods for

gravitationally lensed optical transients relevant to multi-messenger gravitational lensing [57–63].

Following the first direct detection of GWs [1] by the ground-based network that now com-

prises the two LIGO detectors [64], the Virgo detector [65] and the KAGRA detector [66], signa-

tures of gravitational lensing were discussed and searched for both by the LIGO–Virgo–KAGRA

(LVK) collaborations and groups external to the LVK [67–80]. These drove the development of

several analysis methodologies ([69,74,81–92] for example), in addition to forecasts of the rate of

detection of lensed CBCs [13,93–100]. The first direct detection of GWs was swiftly followed by

the first multi-messenger detection of a CBC ([5,6,12,24,101–104] and references therein). In the

intervening years, several scientific applications of multi-messenger gravitational lensing discov-

eries were proposed, including tests of GR [105,106], the speeds of light and GWs [107–109] and

measurements of the expansion of the Universe ([110–112] for example).

To facilitate the multi-messenger discovery of gravitationally lensed CBCs, significant atten-

tion has focused on EM follow-up observations of GW sources with masses that are consistent

with the lensing hypothesis [13,57,58,99,113–119]. The aim of these studies, given the proven as-

sociation of GRBs and kilonovae with BNS mergers [6], is to localize candidate-lensed GW sources

to sub-arcsecond accuracy within their respective gravitationally lensed host galaxies, via detec-

tion of a lensed EM counterpart. There are also intriguing claims that some BBH mergers might

have EM counterparts in the form of AGN flares caused by a merger occurring in an AGN accre-

tion disk [120–124]. If AGN flares are confirmed as EM counterparts to BBH mergers, this may

lead to the gravitational lensing of stellar remnant CBCs by the AGN or galaxies/groups/clusters

that intervene along the line of sight [119,125]. Identification of the host galaxies of BBH mergers

without EM counterparts has also been investigated, via comparison of the properties of known

gravitational lenses derived from EM surveys with candidate gravitationally lensed BBH mergers

[15–18].

FRBs, first discovered in 2007 [126], are located at cosmological distances and are of intriguing

unknown origin [127–129]. The rapidly growing numbers of detections, already in the hundreds,

and the timing and sky localization accuracy of the detections identify them as exciting and

relevant for multi-messenger gravitational lensing discoveries. Indeed, numerous works have ex-

plored the potential for gravitationally lensed FRBs to probe the nature of DM, to test fundamental

physics including GR and to elucidate the putative connection between FRBs and sources of GWs

([130–138] for example).

Multi-messenger gravitational lensing discovery and science span a diverse community and

many disciplines. A significant fraction of the community came together for the first time in

Manchester on 11−12 March 2024 at a Theo Murphy Discussion Meeting hosted by The Royal

Society. This meeting focused mainly on opportunities in the upcoming decade with facilities

that survey a large fraction of the celestial sphere, including Fermi, Rubin/LSST and LVK. This

article captures the consensus that emerged in Manchester and aims to share it with the wider

community. We give an overview of the relevant multi-messenger signals (§2), outline the es-

sentials of gravitational lensing theory and phenomenology (§3), describe the multi-messenger

gravitational lensing discovery channels, discovery rates and key challenges (§4) and present the

main multi-messenger gravitational lensing science cases (§5).

2. Multi-messenger signals and instruments
The messengers span at least 30 orders of magnitude in energy (table 1), from high-energy

neutrinos (E� ≳ 1015 eV) through to low-frequency GWs (EGW = hf ≲ 10−15 eV, where f is the GW

frequency). This vast range of energy is mirrored by differences in the technology required to de-

tect the messengers, the relative sensitivities of instruments across the energy scale and how the

Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0134/2818384/rsta.2024.0134.pdf
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messengers complement each other in the context of gravitational lensing. We refer the interested

reader to review articles in this volume and elsewhere, for further details of the physics of each

messenger, how they are detected and the science questions that each messenger is well-suited to

probing [12,63,163–166].

A key distinction between different messengers is whether they are detected via flux or am-

plitude (see ‘Flux-like’ and ‘Amplitude-like’ sections of table 1) and among those detected via

flux whether or not the individual particles/photons energies are measured. This is important in

the context of gravitational lensing because gravitational magnification (�) describes the trans-

formation of solid angle (§3a), therefore flux scales with � and wave amplitude scales with
√
�.

Neutrino and gamma-ray instruments (e.g. IceCube, Kamiokande, Fermi and Swift) count and

measure the energy of individual particles and photons, while most optical and IR instruments

(e.g. PanSTARRS, ZTF, Rubin/LSST) count photons without measuring their individual energies.

These messengers are therefore detected primarily via the flux of energy that arrives at the re-

spective instruments. Lower energy messengers are detected via their wave amplitude. Radio

instruments measure radio wave amplitude via the time-varying voltages that they detect (e.g.

CHIME/FRB). GW instruments detect the amplitude of GWs that arrive at Earth via the strain sig-

nal that is measured with interferometers. While detection does not rely on whether messengers

are polarized, all of them can, in principle, be polarized, and this can lead to important science

applications (e.g. §5a(iv)).

The timing accuracy and sky localization uncertainty of the instruments differ dramatically be-

tween the messengers (table 1). Broadly speaking, superb timing accuracy (�t < 1 s) is associated

with poor sky localization uncertainties (�
 > 10degree
2
) and vice versa. This is important be-

cause combining multiple gravitationally lensed messengers that have complementary strengths

in timing and sky localization has great potential to unlock discoveries (§4) and novel science (§5).

Discovery and science are enhanced by the direct detection of different messengers from an EM-

bright gravitationally lensed transient/variable source (§4c(i)). A complementary approach uses

optical information about galaxies located behind known gravitational lenses to search for lenses

responsible for pairs of EM-dark GW detections that are lensed images of the same source (§4c(ii)).

To be more specific, the superb timing accuracy of gamma-ray, radio and GW detection com-

plements the superb angular resolution (sky localization uncertainties) of optical/IR transient

surveys through which lensed optical counterparts can be identified. The latter can be further sig-

nificantly enhanced by the astrometric precision that can be achieved with follow-up observations

using the Hubble Space Telescope and James Webb Space Telescope. Measurements of the arrival times

of optical/IR signals stand out in table 1 as the least accurate among the messengers. The accuracy

of optical measurements is currently set by the measurement uncertainties on when the respec-

tive peaks—typically of order days. Interferometric radio detection also stands out in table 1, as

the only messenger for which accurate sky localization and arrival time difference measurements

are feasible. These features point to exciting prospects for scientific exploitation of gravitationally

lensed FRBs, especially when combined with other messengers (§5c(iv)) [163].

The redshift horizons, zH, listed in table 1, indicate the maximum redshifts at which sources

are detectable in the coming decade via each messenger without assistance from gravitational

magnification. The numbers of gravitationally lensed sources that are forecast to be detected in

the coming decade roughly scale with zH because, for reasonable assumptions on the comoving

rate density of sources, a larger value of zH indicates a larger comoving volume within which de-

tectable sources may be located. This has important consequences for the focus and balance of this

article and is explained in detail in §4. In summary, we focus on messengers for which zH ≳ 0.1,
as these offer the strongest potential for discovery of lensed sources in the coming decade.

3. Gravitational lensing theory and phenomenology
We give an overview for the non-expert of gravitational lensing theory and phenomenology in the

context of multi-messenger astronomy and refer readers to other works ([167,168] for example),

and others cited below for further theoretical details.
Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0134/2818384/rsta.2024.0134.pdf
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(a) Arrival time, deflection and magnification
The travel time, t, from a source at a redshift of zS along a null geodesic through a gravitational

field at a redshift of zL depends on distances and the Fermat potential of the lens, �:

c t= (1 + zL)
DLDS

DLS

�(�, �), (3.1)

where DL, DLS and DS are the angular diameter distances from the observer to the lens, lens to

source and observer to source, respectively, � is the true position of the source on the celestial

sphere and � is the position of the gravitationally lensed image of that source.

The Fermat potential comprises the geometrical path length difference between the unper-

turbed observer–source path and the actual path (first term on the right-hand side of equation

(3.2)), and a relativistic term [169] that is described by the deflection potential of the lens, (second

term):

�(�, �) =
(� − �)2

2
−  (�). (3.2)

The deflection potential satisfies the two-dimensional Poisson equation, ∇2 = 2�, where � ≡
�∕�crit is the dimensionless projected matter density of the lens and �crit is the critical density

given by

�crit =
c2

4�G
DS

DLDLS

. (3.3)

In practice, the arrival time difference between two gravitationally lensed images (�tAB = tA − tB)

and the positions of the images (�A, �B) are measurable if the measurement uncertainties are suf-

ficiently small, while the difference between the unperturbed travel time and either tA or tB, and

also �, are intrinsically not measurable. The arrival time difference is therefore conventionally

written as

�tAB =
D�t

c
[�(�A, �) − �(�B, �)] , (3.4)

where D�t is the so-called time-delay distance that is defined as

D�t ≡ (1 + zL)
DLDS

DLS

. (3.5)

By construction, the time-delay distance is inversely proportional toH0 and is central to time-delay

cosmography (§5b(i)).

Applying Fermat’s Principle to equation (3.2) (i.e. requiring ∇� = 0) yields the locations of the

image(s) of gravitationally lensed sources, i.e. the lens equation:

� = � + ∇ (�) = � + �(�), (3.6)

where � =∇ is the deflection angle. Strong lensing—the formation of multiple images—corre-

sponds to multiple solutions, �k, of equation (3.6) for a given source position, �.

Most gravitational lenses are approximately axially symmetric with � decreasing as a function

of angular offset from the lens centre, � = |�|, and produce multiple images of distant sources at

lens-centric angles that satisfy ⟨�(< �)⟩ = 1 [170]. These images form at or close to the so-called

Einstein radius, �E, which is defined as follows for an axially symmetric lens:

�E = (4GM
c2

DLS

DLDS

)
1∕2

, (3.7)

where M=M(< �E), i.e. the projected mass interior to the Einstein radius.
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The flux that arrives at Earth from a gravitationally lensed source differs from the flux

that would arrive in the absence of gravitational lensing by a factor |�|, where � is the lens

magnification:

� =
[
(1 − �)2 − 
2

]−1
. (3.8)

where � and 
 are the convergence and shear, respectively—i.e. the isotropic and anisotropic con-

tributions to the magnification. They are related to the second-order partial derivatives of the

deflection field: � = ( ,11 +  ,22)∕2=∇ 2∕2 (as above), 
1 = ( ,11 −  ,22)∕2 and 
2 = ,12 = ,21. The

subscripts on  denote partial differentiation with respect to the two components of �.
The amplitude of a gravitationally lensed wave-like signal therefore differs from the intrinsic

amplitude of the signal by a factor
√
|�|. As a consequence, both flux- and wave-like signals that

are gravitationally magnified are apparently brighter/louder than the underlying source if |�| > 1.

(b) Critical curves, caustics and image parity
The multiple images that are created by strong gravitational lenses form adjacent to so-called ‘crit-

ical curves’ in the image plane that is accessible to our detectors. These curves are closed and are

analogous to the perfect Einstein rings of radius �E associated with a hypothetical axially symmet-

ric lens. A critical curve is the boundary between regions of positive and negative gravitational

magnification, where the sign indicates the parity of the gravitational image formed in that re-

gion. In this context, parity refers to the handedness of the image, as seen in the mirror symmetry

of a pair of optical images, or phase of the GW signal associated with images that form on either

side of a critical curve.

Critical curves map to caustics in the source plane that demarcate the regions of different image

multiplicity, such that if a source is exterior to all caustics, it produces one image of positive par-

ity and it produces additional pairs of images (of no net parity per pair) for every caustic within

which it is located. Images formed at minima and maxima of the arrival time surface have positive

parity and are called Type I and III images, respectively, while images formed at saddle points

have negative parity and are called Type II images.

(c) Achromaticity
Gravitational lensing is achromatic in the geometrical optics limit (§3d), i.e. the spectrum of a

source is unaltered by gravitational lensing. At optical wavelengths, this enables multiple im-

ages of gravitationally lensed galaxies and explosive transients to be identified via similarity in

their broad-band colours and/or spectra, in addition to mirror symmetries due to parity conser-

vation (§3b). Achromaticity is also key to identifying strongly gravitationally lensed GWs. The

multiple images of a GW source are broadly identical in frequency evolution, which enables mul-

tiple images of a GW source to be identified in the time domain, and the arrival time difference

between these images to be measured. Each image does, however, experience its own frequency-

independent phase shift, which can alter waveform morphology in some cases, depending on the

image type [171,172]. This caveat can also be exploited to identify Type II images in cases where

higher order modes are present in the GW signal [173–175].

Achromaticity may not hold in several scenarios that are relevant to multi-messenger gravita-

tional lensing. First, the spectral similarity of multiple gravitational images of a source assumes

that emission from the source is isotropic on angular scales probed by the multiple sight lines to

the source afforded by lensing. For compact sources such as supernovae or CBCs, achromatic-

ity therefore assumes isotropy of emission on the scale of the Einstein radius of the gravitational

lens, i.e. � ≲ 1 arcmin. This is discussed in the context of the least isotropic messenger considered

in this article—gravitationally lensed GRBs—in §5c(ii). Second, gravitational magnification can be

frequency-dependent in scenarios where the geometrical optics limit breaks down, for example,
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GWs that are lensed by compact lenses such as stars and compact objects [176–180]. In such cases,

a ‘wave optics’ treatment is necessary (§3d). Note also that an additional frequency-dependent

modulation can arise in strongly lensed images when those encounter smaller objects present in

the lens [84,176,177,179,180]. Third, micro-lensing may also affect the light curves of lensed opti-

cal counterparts to lensed GW sources, causing systematic differences between the photometric

evolution of different lensed images of the same source. This has, for example, been investigated

in the context of measuring arrival time differences from gravitationally lensed SNe ([181] and

references therein).

(d) Physical scales of lensing, and geometric, Eikonal and wave optics
Gravitational lensing presents several phenomenological differences that depend on the phys-

ical scale of the lens and the messenger being considered. First, lensing by massive extended

objects such as galaxies or galaxy clusters—in which the source is inside the caustic of the lens—is

referred to as strong lensing. Such objects are typically hosted by DM halos that span at least

M200 ≃ 1012 − 1015.5 M⊙ [182,183], where M200 is the mass in the spherical region within which the

mean density is 200× the critical density of the Universe. This produces multiple images that are

potentially both spatially and temporally resolvable. As is common in the literature, we use the

term ‘images’ to denote the repeated signals for gravitationally lensed sources regardless of the

nature of the messenger.

Moving down in physical scale while keeping the source within the caustic of the lens, the

angular–temporal separation between the images shrinks, eventually leading to images that over-

lap and then images that are no longer individually resolvable [184]. This is the domain of

millilensing and microlensing, typified by angular separations of milli- and micro-arcseconds,

respectively. Millilensing/microlensing and strong lensing are not mutually exclusive, because

small-scale lenses can be present in large extended lenses, and thus perturb the strong lensing

signal ([185] and references therein). Moreover, the magnifying effect of a strong lens can boost

the detectability of millilensing/microlensing [178].

Finally, weak lensing refers to the imprint of the gravitational field of a lens on the signals from

distant sources that are located well outside the caustics discussed in §3b [186,187]. Weak lens-

ing, therefore, does not produce multiple images of distant sources. At optical wavelengths, weak

lensing causes subtle distortions in the measured shapes of distant galaxies. Measurement and

analysis of weak lensing signals require careful statistical analysis of a large number of sources

due to the subtle effects being unmeasurable for individual sources. While we do not focus on

weak lensing here, it is also a source of bias in standard siren cosmology ([188] for example). Ef-

forts to control this bias can benefit from the enhanced knowledge of the host galaxies of GW

sources that can be obtained from multi-messenger gravitational lensing detections (§5c(v)).

Turning to the physical treatments, three regimes are relevant: geometric, wave and Eikonal

optics. Geometrical optics is relevant if the wavelength of the messenger is much smaller than the

physical scale of the lensing potential. It applies to both EM and GW messengers (figure 1) and

is described in §3a−c. Wave optics is relevant if the wavelength of the messenger is larger than or

comparable with the physical scale of the lensing potential. This applies to GWs that are detectable

by ground-based detectors, specifically for which the GW wavelength, �GW, is comparable with

the Schwarzschild radius, RS = 2GM∕c2, of the lens. In such cases, effects such as diffraction must

be included in the treatment [189–192], and the total magnification of the GW waveforms must be

fully computed as [190]

F(f ) =
1 + zL

c

DLDS

DLS

f

i
∫ d2� exp[2�if�t(�, �)] . (3.9)

For the current GW detector network, wave-optics effects are relevant for compact lenses with

masses ≲ 100M⊙. Wave-optics effects will be relevant at much higher lens masses in the future
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Figure 1. Illustration of the mass scales at which wave optics effects become relevant for gravitationally lensed signals. The ge-
ometric optics regime is valid when the wavelength of the radiation is much smaller than the scale of the lensing potential. The
wave optics regime is valid when the wavelength is comparable to the scale of the lensing potential. Because the wavelength
of GWs detected by the current ground-based detectors is typically much larger than the wavelength of most light sources,
wave optics effects can become relevant for lenses below ≲ 100 M⊙. Since other GW detectors like LISA will be sensitive to
even longer wavelengths, wave optics effects will be even more important. The precise mass scale also depends on the lensing
configuration, such as the distance from the caustic, where wave optics effects can become more prominent close to a caustic
when the magnification is large.

when space-based detectors such as LISA [193] probe longer wavelengths, for example, from

binary supermassive black holes [191,194–197].

Eikonal optics refers to the regime in which the arrival time differences between the multiply-

imaged GW signals are less than the duration of the signal. In this regime, interference between

the multiple signals must also be considered. This can occur either due directly to the mass of

the object [198] or in the case of highly magnified images ([13,192,199–202] for example). In the

latter case, for a representative galaxy-scale lens with �E ≃ 1 arcsec, this corresponds to gravita-

tional magnifications of � ≳ 50 for a quad image configuration. For fold image pairs produced by

a representative galaxy cluster lens (�E ≃ 5 arcsec), this corresponds to � ≳ 200 (§3g; [13]).

(e) Mass sheet degeneracy
Robust physical interpretation of gravitationally lensed signals requires the so-called ‘mass sheet

degeneracy’ to be broken [203,204]. This degeneracy affects the inference of the properties of the
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lens mass distribution, the size and luminosity of sources and cosmological parameters, including

H0. Put simply, if a given projected mass distribution �(�) gives an adequate fit to the measured

image positions, flux ratios and any measured arrival time differences, then so too do the rescaled

mass distributions

�� = (1 − �) + � �(�), (3.10)

where � is an arbitrary scalar.

The three gravitational lensing phenomena of arrival time, deflection and magnification are

affected differently by the mass sheet degeneracy. The arrival time difference between two tran-

sient or time-varying signals is altered by �t� =�t � and, as implied above, the image positions

are unaltered, but the source positions (and by association also the deflection angles) are altered

by �� = � �−1, while the magnification is altered by �� =� �−2, where subscript � denotes quanti-

ties related to the rescaled density field. The mass sheet degeneracy can be broken if independent

information is available about the mass of the lens, e.g. from stellar dynamics, the size or luminos-

ity of the source, the characteristic interference patterns of GW waveforms or for multiple source

planes behind the same lens ([55,200,205–209] for example).

(f) Galaxy-scale strong lenses
Galaxy-scale strong lenses discovered to date in optical imaging surveys are typically early-type

galaxies with Einstein radii of �E ≃ 1 arcsec ([182] and references therein). These discoveries are

based on recognizing gravitationally lensed sources as multiply-imaged quasars and/or gravita-

tional arcs in the absence of time-domain information. Time domain surveys offer complementary

selection methods that can exploit the arrival time difference between images of lensed explo-

sive transients [53,55,101]. For example, recent discoveries of strongly lensed supernovae probe a

population of lenses with sub-arcsec Einstein radii [10,63].

Galaxy-scale lenses typically form two or four detectable images—so-called double and quad

lenses, respectively. A third or fifth image, respectively, is strongly demagnified and located close

to the centre of the lens. The basic properties of galaxy-scale lenses are well described by an

isothermal density profile

�(x) = 1

2x
, (3.11)

where x≡ �∕�E [210]. While galaxy-scale lenses are approximately axially symmetric, formally the

typical model of a galaxy-scale lens is an ellipsoidal power law [182].

Double images arise from sources at y≡ �∕�E < 1 from the centre of a galaxy-scale lens. The

arrival time difference between, angular separation of and total magnification of the image pair

are given by

∆tdouble

92 days
= [

�E
1′′
]
2

[
y

0.5 ] [
D∆t

3.3 Gpc]

∆xdouble = |||x+ − x−
||| = 2, (3.12)

�double = |||�+||| + |||�−||| = (1 + 1

y
) + (1

y
− 1) = 2

y
,

where x± and �± denote the positions and magnification of each image, respectively. Formally, the

threshold for multiple image formation is �double = 2, for a source at y= 1; however, in this case,

one image is not detectable because �− = 0. Sources that are more closely aligned with the centre

of the lens produce more highly magnified double images with shorter arrival time differences.

For example, at y< 0.5, both images are brighter than the source, with �+ > �− > 1.

Quad images arise because galaxy-scale strong lenses are typically elliptical, creating a caus-

tic that can produce an additional image pair if the source lies inside it. This caustic is typically

Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0134/2818384/rsta.2024.0134.pdf
by guest
on 14 January 2026



16

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A

383:
20240134

.........................................................................................................................

located at y< 1, and has a characteristic astroid shape that comprises four cusps connected by

smooth curves that are called fold caustics. Following the formalism introduced by [168], the ar-

rival time difference between, angular separation of and magnification of each image of a fold

image pair can be expressed as

∆tfold
0.25 days

= [
Υt

1
] [

∆y0
0.01

]
1.5

[
�E
1′′
]
2

[
D∆t

3.3 Gpc]

∆xfold
0.4 = [

Υx

1
] [

∆y0
0.01

]
0.5

(3.13)

�fold

10
= [

Υ�

1
] [

∆y0
0.01

]
−0.5

where �y0 =��0∕�E is the length of the shortest arc that connects the source position with the

fold caustic, the density profile of the lens local to the image plane position that corresponds to

�y0 = 0 is given by � = �0x�0 , and �t, �x and �� describe the density and structure of the lens at the

mid-point of the shortest arc that connects the image pair:

�t =�x =�� |�0|0.5 =
[
|�0| (2 + �0)

]−0.5
, (3.14)

where−1< �0 < 0, and equation (3.13) relies on the relation �0 = 1 + �0∕2 for approximately axially

symmetric lenses to eliminate �0. For an isothermal galaxy-scale lens �0 =−1 and �0 = 0.5 equation

(3.11), yielding �t =�x =�� = 1.

Quad images are a higher magnification regime than double images because the source needs

to be more closely aligned with the high-magnification central region of the lens to access the fold

caustic. Quads are therefore also associated with shorter arrival time differences than doubles, be-

cause arrival time difference scales inversely with magnification, with stronger scaling for folds

than for doubles: �tfold ∝ �−3fold
, �tdouble ∝ �−1double

.

(g) Group/cluster-scale strong lenses
Galaxy groups and clusters have typical Einstein radii in the range �E ≃ 3 − 60 arcsec, i.e. larger

than individual early-type galaxy-scale lenses, due to the enhanced projected density in group

and cluster cores that is attributable to the massive DM halo (M200 ≃ 1013 − 1015.5 M⊙) in which they

are embedded [183]. The DM contribution causes the density profiles of group- and cluster-scale

lenses to be denser (�0 > 0.5) and flatter (�0 >−1) than isothermal at their Einstein radii [211,212].

This reduces the efficiency of clusters in producing multiple images in the low-magnification

regime that is accessible to galaxy-scale doubles, i.e. � ≲ 10 [13]. A similar effect is expected for

group-scale lenses; however, this has not yet been studied in detail. The cores of group- and

cluster-scale lenses tend to be strongly asymmetric, and thus fold caustics tend to dominate

the multiple images that they form. This is particularly true for massive galaxy clusters due to

the prevalence of substructures resulting from the hierarchical nature of large-scale structure

([213–217] for example).

The arrival time difference, image separation and individual image magnifications of fold im-

age pairs formed by group and cluster lenses are also given by equation (3.13). Given the density

and structure of group- and cluster-scale lenses discussed above, �t, �x and �� all tend to exceed

unity and thus the arrival time difference, image separation and magnification of fold image pairs

are all larger for group/cluster-scale lenses than for galaxy-scale quad lenses. In summary, the

phenomenology of group and cluster lenses relative to galaxy lenses can be understood broadly

in terms of how their density profiles and substructures shape their fold caustics and efficiency

of multiple image formation at � ≲ 10.
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(h) Compact lenses
Compact lenses also form images on the angular scale of their Einstein radius (equation (3.7)). The

total magnification of these images, formed by an isolated compact lens, is given by

� =
y2 + 2

y
√
y2 + 4

, (3.15)

where y is the dimensionless impact parameter and has the same definition as in §3f.

When compact lenses are embedded in a dense environment such as stellar fields or

galaxy/group/cluster-scale lenses, the lensing effects of compact lenses can be enhanced, lead-

ing to caustic networks and complex lensing patterns [176–180,218]. Compact lenses are therefore

crucial in studying DM distributions, distant stars and black holes. By tracing their gravitational

signatures, they offer insights into the unseen mass in the Universe, such as primordial black holes

or other forms of DM.

(i) Optical depth
The optical depth to gravitational lensing, �, is defined as the fraction of the celestial sphere that

is gravitationally lensed. It is useful to define it in the source plane, i.e. the fraction of the intrinsic

celestial sphere, because this is well-suited to predicting and interpreting the number of gravi-

tational lens discoveries. The source plane optical depth can be defined in terms of the number

of gravitationally lensed sources that will be detected [168], or in terms of the number of im-

ages that will be detected [115,219]. Formally, our overview in this section considers the latter

because it is arguably better aligned with the focus of this article, with each detectable gravita-

tionally lensed image representing an opportunity to make the first multi-messenger discovery

of a gravitationally lensed source.

Defined in this way, the optical depth as a function of the mass (M) and redshift of the lenses

(zL) can be written as follows:

)2�
)M )zL

= 1



)2�tot

)V )M
dV

dzL
, (3.16)

where 
 = 4� is the solid angle of the celestial sphere, �tot is the sum of the cross-sections of all

the gravitational lenses in the mass interval dM, in the comoving volume element dV . Using this

equation requires the cross-section of gravitational lensing to be defined across the relevant mass

and redshift range.

Gravitational lenses span a wide range of mass and internal structure that affect the arrival time

differences, image separations and magnifications of the gravitational images that they produce

(§3f−h). One approach is to define the cross-section in terms of multiple-image formation and as-

sume that all lenses are early-type galaxies, with the number and masses of the lenses normalized

to the SDSS galaxy velocity dispersion function ([54,55,69,220] for example). The main advantage

of this approach is that by concentrating exclusively on isothermal lenses, it enables self-consistent

predictions of arrival time differences, image separations and magnifications. The main disadvan-

tage is that it ignores the impact of shallower than isothermal group/cluster-scale density profile

slopes on the efficiency of multiple-image formation, arrival time differences, image separations

and magnifications (equation (3.13)).

An alternative is to build the optical depth on cosmological n-body simulations. Such ap-

proaches include ray tracing through DM halos from the Millennium simulation in which analytic

galaxies have been pasted [219], deriving the optical depth to gravitational magnification from

cosmological hydrodynamical simulations [115] and using halo models calibrated to cosmological

simulations to extend the galaxy-scale lens approach to account for their host DM halos [221]. The

main advantage of these methods is that in principle they incorporate the full range of lens mass

and structure, and thus address the disadvantage of the galaxy-scale methods outlined above.
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Figure 2. Different models of the source plane optical depth to gravitational lensing agree within a factor≃ 2. This indicates
that the integral of the optical depth across the mass function of lenses is converged. As discussed in the text, the distribution
of the optical depth across the mass function is less well converged and is a key area for theoretical and observational progress.
Figure reproduced from [13].

The approaches outlined above tend to agree within a factor of ≃ 2 on the integral over the

mass function of the optical depth to gravitational magnification as a function of source redshift

(figure 2). This encourages confidence in the following expression adapted from [69]:

d� (zS)
d�

= (
DS (1 + zS)
62.2 Gpc

2

�)
3

, (3.17)

where the first term in parenthesis on the right-hand side describes the optical depth to magnifi-

cation � = 2, and the second term scales that to higher magnifications. However, the approaches

outlined above tend to disagree on how the optical depth is distributed with respect to mass and

therefore with respect to lens structure. This is either by construction in the case of the galaxy-

only models or likely due to differences in the implementation of baryons in the simulation-based

methods, as discussed, for example, by [115].

4. Discovery channels for multi-messenger gravitational lensing
The path to the first multi-messenger gravitational lensing discoveries depends on synergies be-

tween the messengers that go beyond the detectability of gravitationally lensed transient sources

via different messengers (§2). In this section, we describe how these synergies shape several

complementary channels through which the first discoveries will be made.

We briefly review the formalism for forecasting the rates of gravitationally lensed transient

detections and phrase it as a model for the relative rate of gravitational lensing detections that

conveniently side-steps messenger-specific technical details (§4a). We then apply this model si-

multaneously to all messengers and present an integrated view of relative detection rates across

gravitationally lensed transient sources and the different messengers (§4b). This integrated view

motivates the focus of the rest of this article on gravitationally lensed CBCs, beginning with a

review of the available discovery channels (§4c).

We also introduce the term golden object, echoing how several breakthrough discoveries of

individual objects have driven very significant scientific progress, in some cases over many

decades, for example, GRB170817A/GW170817/AT2017gfo and the Hulse–Taylor pulsar. For con-

venience in this article, we define golden objects as gravitationally lensed sources for which multiple
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gravitational images are detected directly via many messengers, at least one of which is not elec-

tromagnetic. In the context of lensed CBCs—the main focus of this article—this would include

a lensed BNS for which multiple images of the lensed merger are detected directly in GWs and

more than one EM messenger.

(a) A model for multi-messenger gravitational lensing rates
Previous works on the rates of gravitationally lensed transients [13,53–55,67,69,76,93–95,97,99,

100,220] are based on an underlying framework that can be summarized as

Rlensed = ∫ d�∫ dz ∫ d� d�
d�

dV

dz

ℛ(�, z)
1 + z

K(z) pdet(�, �, z) , (4.1)

where Rlensed is the number of gravitationally lensed object detections per unit time in the ob-

server’s frame, � are the intrinsic source properties (e.g. luminosity, mass), z is the redshift of

the sources, dV is the comoving volume element, ℛ is the comoving rate density of the sources,

K(z) describes how cosmological redshifting alters detectability (analogous to optical k-correction

[222]) and pdet is the detection probability for a given messenger. For definiteness, equation (4.1)

expresses the optical depth to gravitational lensing, �, in terms of gravitational magnification, �,

for the reasons outlined in §3i.

The comoving rate density of sources is conveniently phrased as a separable function of red-

shift and intrinsic source properties, ℛ=ℛ0 g(z) �(�|z), where ℛ0 is the local comoving rate den-

sity, g(z) describes redshift evolution and �(�|z) represents the probability density function of

CBCs, or luminosity function of optical sources. Uncertainties in these terms are the dominant

sources of uncertainty in the absolute number of detectable lensed sources. In particular, the local

comoving rate density and the redshift evolution of the sources are often not accurately known.

Unknown redshift evolution is important because gravitational magnification enables sources to

be detected at redshifts beyond those upon which models forℛ are based. Conversely, discovering

gravitationally lensed sources at high redshift and/or well-defined non-detections can constrain

the redshift evolution of the respective source populations.

Recent work on the detection rates of gravitationally lensed GW signals tends to focus on the

relative rate of detection, i.e. the ratio of lensed detections to detections that are not lensed. This

approach has the benefit that ℛ0 cancels, and uncertainties on the functional form of g and �
mainly impact on the redshift and magnification distribution of the detectable lensed populations

(see below and figure 3). In what follows, we adopt typical (and benign) assumptions for g(z),
namely non-evolving or evolution that tracks the evolution of the cosmic star formation rate den-

sity (SFRD) [223]. In the latter scenario, the SFRD peaks at a so-called pivot redshift of zpivot = 1.9
and declines as a power law at lower and higher redshifts from that peak. While this model is

not strictly relevant to the details of all source populations, it serves as a useful baseline for the

overview presented here.

We write the relative rate of detection, %, and the associated rates of detection for events which

are lensed and not lensed as follows:

% (zH) =
Rlensed

Rnot

=

∫
zmax

zmin

dz ∫
∞

�min(z)
d� d�

d�
dV

dz

g(z)
1 + z

K(z)

∫
zH

zmin

dz
dV

dz

g(z)
1 + z

K(z)
(4.2)

where �min(z) is the minimum gravitational magnification required to produce a detectable signal

from a source/messenger combination, and (zmin, zmax) denotes the redshift range over which the

respective detectors are sensitive to the different messengers. Also, zH are the redshift horizons

for representative sources (§2, table 1) out to which they are detectable without assistance from

gravitational magnification, at the signal-to-noise ratio (SNR) limit required for detection by the
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Figure 3. The peak of the redshift (left) and magnification (right) distributions of detectable lensed sources, as a function of
redshift horizon, zH, based on the model and assumptions described in §4a.The comoving rate density evolution of the‘evolving’
population tracks the SFRD history of the Universe, as described in the text. In the evolving (more commonly used for forecast-
ing) scenario, zH ≃ 0.5 is the approximate transition from detectable lensed sources being dominated by high-magnification
lensing (� ≳ 10) to being dominated by low-magnification lensing (� ≲ 10).

respective communities. In effect, for each source/messenger combination, we collapse � to a sin-

gle parameter� and assign it a single value that corresponds to the minimum signal strength that

is detectable at the relevant value of zH. Finally, we assumeK = (1 + z), because this is relevant to

band-limited detections [222]. However, the takeaway messages from this section are unchanged

if we were to assume K = 1.

To illustrate the sensitivity of the predicted lensed populations to the redshift horizon (as a

combination of intrinsic source strength and detector sensitivity) and assumed redshift evolu-

tion of the source, we numerically integrate (equation (4.2)) and compute the peak of the pre-

dicted redshift and magnification distributions. The redshift distributions for lensed detections

of evolving and non-evolving populations differ strongly (figure 3). For the evolving population,

zpeak is tugged towards zpivot, and thus the detectable lensed population is dominated by sources

at z≃ 1 − 3. In contrast, the zpeak for the non-evolving source population is always at zpeak > zH.

For zH ≲ 1, an evolving population therefore peaks at higher redshift than a non-evolving pop-

ulation, and thus is more highly magnified. This behaviour reverses at zH ≳ 1; however, it is

important to note that for these redshift horizons, detections of gravitationally lensed evolving

and non-evolving source populations are dominated by low-magnification lensing events, i.e.

� ≲ 10, and �peak is dominated by the minimum magnification required for strong lensing. There-

fore, for zH ≳ 0.5, multiply-imaged detections will be dominated by galaxy-scale lenses, while

for zH ≲ 0.5, multiply-imaged detections will be distributed across the mass function of lenses

including groups and clusters of galaxies.

(b) Relative detection rates by messenger and source population
The relative detection rate, %, of gravitationally lensed images increases rapidly at zH < 1 before

plateauing at one lensed detection per ≃ 103 detections that are not lensed at zH ≳ 1 (figure 4). In

the left panel, the model for %(zH) is consistent with several independent predictions for grav-

itationally lensed GW sources that are based on detailed calculations [13,69,76,93–97,99,224]. In

summary, roughly one per thousand GW sources detected in the 2020s and 2030s is expected to be

gravitationally lensed, independent of detector sensitivity. In the coming decade, the improving

sensitivity of GW detectors combined with the relative lensing rate of % ≃ 10−3 will enable signifi-

cant numbers of detections of gravitationally lensed GWs from LVK’s O5 onwards (table 1). The

prospects are even stronger for future detectors, such as ET or CE, that are expected to detect≃ 105

GW sources per year [160,161], including lensing of other types of CBCs.
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Figure 4. Left: The predicted relative rates of discovery of gravitationally lensed GW sources from a number of detailed studies
(data points) overlaid on curves based on the multi-messenger model discussed in §4a. The upper (solid) and lower (dashed)
curves bracket the range of threshold gravitational magnifications above which galaxy-scale lenses and all lenses (i.e. includ-
ing massive galaxy clusters) are efficient at forming multiple images. The curves assumeK = constant, as is relevant to GW
detectors. Right: The typical redshift horizons out to which different EM sources can be detected without assistance from gravi-
tational magnification (zH, points), shown at an arbitrary offset above the curves, for clarity. The curves assumeK ∝ (1 + z)
for simplicity, i.e. the k-correction relevant to an EM source that has a flat S� spectrum and detected photometrically. The differ-
ence between solid and dashed curves is the same as in the left panel. The expected relative rate of detection of gravitationally
lensed images by the respective surveys can be read off from curves at the redshifts that correspond to each of the points.

Redshift horizons lower than those shown in figure 4, i.e. zH < 0.01, correspond to source/mes-

senger combinations that are not detectable beyond D(zH) ≃ 40Mpc unless the signal is boosted

by gravitational lensing. At zH < 0.01, the relative rate is very low, % < 10−4, driven by the extreme

gravitational magnification (� ≳ 106, i.e. beyond the upper limit on magnification that is typical of

finite source effects [225]) required to detect a source at a typical redshift of z≃ 1 − 2 if the redshift

horizon is zH < 0.01. Note that the local group is at lower redshifts still. Moreover, the cosmological

volume interior to these redshifts is very small, rendering the number of detections of sources that

are not lensed to be very small at Rnot ≪ 1yr−1. For example, even next-generation GW detectors

will only be sensitive to core-collapse supernovae within our own galaxy, and next-generation

neutrino detectors are expected to be sensitive within the local group of galaxies. As alluded to in

§2, this is the motivation for focusing this article on messengers from gravitationally lensed CBCs.

Turning to the right panel of figure 4, the relative detection rate of gravitationally lensed images

is one per ≃ 103 − 104 across EM messengers from sources discussed in this review. Therefore, as

the number of detections that are not lensed approaches Rnot ≃ 103 − 104, the detection of grav-

itationally lensed images becomes more likely. This is consistent with the detection of a few

gravitationally lensed SNIa by the combination of iPTF and ZTF [10,11], the expectation that some

of the≃ 104 GRBs that have been detected to date are in fact gravitationally lensed [164] and prepa-

rations to discover hundreds of gravitationally lensed supernovae with Rubin/LSST ([53–56,221]

for example).

(c) Pathways to multi-messenger gravitational lensing discovery
In general, discovery requires candidate gravitationally lensed signals to be selected from the

many signals that are detected, as the trigger for follow-up analysis and observations. Efficient
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Figure 5. GW signals from gravitationally lensed BBHs during the fifth LVK run (as inferred in low latency, assuming� = 1)
are predicted to overlap in mass with the bulk of the GW signals—compare red dashed contours with the detections from the
first three runs. In contrast, GW signals from gravitationally lensed BNSs are predicted to be dominated by sources that appear in
low latency to be located in the so-called‘mass gap’between neutron stars and stellar remnant BHs. This allows a more efficient
selection of candidate-lensed BNS using magnification-based methods than for candidate-lensed BBHs. This figure is based on
work published in [13,119].

selection requires the lensed signal to be distinctive in some way relative to signals that are not

lensed. Typically, this relies on gravitational magnification to make lensed sources appear to be

brighter and closer than their true brightness and distance, and/or the detection of two or more

signals that are consistent with being lensed images of a single source.

To bring the focus to gravitationally lensed CBCs, we summarize some of the challenges in-

volved in selecting candidate gravitationally lensed GW sources. First, the relative detection rate

of % ≃ 10−3 (§4b) motivates assuming that GW detections are not gravitationally lensed unless

strong evidence emerges to the contrary. The mass and distance of GW detections are both de-

generate with lens magnification, and therefore, they appear brighter and closer than they really

are, analogous to EM detections. However, the predicted masses that the LVK collaboration would

infer in low latency (i.e. assuming � = 1) for gravitationally lensed GW sources have significant

overlap with the range of masses of GW sources that (given that % ≃ 10−3) are unlikely to be lensed.

For example, in LVK’s fifth run, based solely on the mass axis in figure 5, essentially every GW

detection at M≳ 2M⊙ could be regarded as a candidate gravitationally lensed GW source based

on a magnification argument, and should, in principle, be included in dedicated lensing analy-

ses to be confirmed/ruled out, such as was done in previous observing runs [76,226]. Note that

the data points in figure 5 relate to GW sources detected in previous GW runs and are therefore

subject to a horizon factor of ≃ 5× leftward (lower distance) than the O5 horizon that is shown.

Rapid and efficient identification of candidate gravitationally lensed GW sources is most critical

for those sources that have transient EM counterparts, because both speed of EM ToO follow-up

observations and suppression of false positives among the candidate-lensed GW sources are es-

sential. The need for rapid follow-up, including the science case for detection of the first lensed

kilonova image to arrive (§5c(i)), motivates a magnification-based selection of candidates if false

positives can be adequately controlled. The putative ‘mass gap’ between the most massive NSs

and the least massive BHs [162,227–231] is a promising region of parameter space in which to

select candidate-lensed BNS mergers. The appeal is mainly empirical, in that this region of param-

eter space is sparsely populated, and not based on asserting that this region is empty of sources

that are not lensed. The main strength of this discovery channel is the proven association of GWs,
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Figure 6. This figure is adapted from the figure available at https://emfollow.docs.ligo.org/userguide/capabilities.html, based
on [232]. It shows the predicted cumulative distributions of sky localization uncertainties of GW detections by LVK through to
their fifth run. Independent of run or source type,≃10% of detections will be localized to better than
 ≃ 100 degree2 preci-
sion. Improvements on this await the extension of the GW detector network, via LIGO India [233]. We also note that in the case
where several lensed images are detected, major improvements in the sky localization uncertainties are possible [18].

kilonovae and GRBs with BNS mergers, and thus the potential to discover golden objects. The

challenges include the diversity of intrinsic properties of kilonovae, large GW sky localization

uncertainties and the relative rarity of BNS mergers.

Most, and potentially all, BBH mergers are EM-dark, and hence, the emphasis on rapid identi-

fication of candidate-lensed BBH mergers among GW detections is less severe than for candidate-

lensed BNS mergers. This, coupled with the significant overlap in the mass distributions of BBH

mergers that are lensed and not lensed (figure 5), motivates a greater focus on selecting candidate-

lensed BBH mergers for further investigation via image multiplicity. The main strength of this

discovery channel is that BBH mergers are more numerous than BNS mergers among GW detec-

tions, and thus detection of the relevant GW signals by LVK is more likely. The challenges include

the large GW sky localization uncertainties that will contain many gravitational lenses even af-

ter significant improvements in the sky localization derived from the joint posteriors of two GW

detections. Nevertheless, magnification-based selection of candidate-lensed BBH sources is possi-

ble, for example in association with the follow-up ToO observations of massive BBH detections to

search for AGN flare counterparts, following the candidate counterpart to GW190521 discussed

by [121–124]. It is, however, noted that this focus is not exclusive; signatures of gravitational lens-

ing may also be detected in individual GW detections, through waveform distortions resulting

from microlensing or millilensing, or Type II images due to their negative parity.

Before moving on to discuss the channels introduced above in more detail, we provide fur-

ther context on GW sky localization uncertainties in figure 6. As the sensitivity of the current

GW detector network improves towards O5, the fraction of GW detections with sky localizations

of 
90 ≲ 100degree
2

remains at around 10%. This fraction will increase significantly when the

planned LIGO-India detector comes online [233]. The size of the GW sky localization uncertain-

ties is key to the synergies between GW and EM messengers, both for efficient use of telescope

time to follow up GW sources and for efficient comparison with EM-based catalogues of known

gravitational lenses. It is also important to note that the detection of multiple GW signals from a

gravitationally lensed CBC merger helps to reduce the sky localization uncertainties considerably.

(i) Gravitationally lensed binary neutron star mergers

The detection of multiple messengers from a BNS merger in 2017 (GRB170817A, GW170817,

AT2017gfo), combined with current/imminent detector sensitivities, has opened up the exciting
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Figure 7. Magnification-redshift distributions of messengers from gravitationally lensed BNS mergers, based on table 1, equa-
tion (4.2) and §4a. Contours enclose approximately 90% of the predicted lensed detections, and the shaded areas extend to
approximately 99% to visualize the tails of the respective distributions, as explained in §4c(i).

prospect of detecting a gravitationally lensed CBC via multiple messengers. To give a concrete

example, in figure 7, we show the location of detectable messengers from a gravitationally lensed

BNS merger in LVK’s fifth run, based on the multi-messenger lensing model described in §4a,

and assuming the LVK A+, LSST ToO and Fermi/GBM sensitivities listed in table 1. For each mes-

senger, the lower edge of the respective contour represents a hard detection limit based on the

respective horizons and the implied gravitational magnification required for detection. The de-

tectable messengers have a tail to high magnification, as is apparent from the extension of pale

shaded regions beyond their respective contours.

In the context of initial discovery via GWs (black contour), the key takeaway from figure 7

is that none of the other distributions are peaking/extending to higher magnifications than the

black contour and pale grey shading. The EM instrument sensitivities are therefore well-matched

to detecting the EM counterpart to an LVK detection of a gravitationally lensed BNS signal. Im-

portantly, this is not strongly dependent on the details of the EM signals because the red and

green contours that overlap well with the black GW contour are based on conservative assump-

tions about the brightness of EM signals. The red contour assumes that the kilonova counterpart is

redder and fainter than AT2017gfo, following the ‘conservative’ model discussed by [13,119,153].

Equally, the green contour assumes that the GRB counterpart is fainter than a typical short GRB,

for example, due to being viewed off-axis, as was GRB170817A. The blue (AT2017gfo-like kilo-

nova) and pink contours (typical short GRB) correspond to brighter EM scenarios in which a

lensed BNS merger that is detected by LVK in GWs would be detectable as a kilonova and short

GRB, albeit in the respective high-magnification tails.

Identification of GW signals from candidate gravitationally lensed BNS can be based on iden-

tifying sources that have a high probability of comprising one or more compact objects with mass

consistent with 3<M< 5M⊙ [13,14,117]. This selection, based on the information released with

low latency by LVK, is also the baseline for the current planning of Rubin/LSST ToO follow-up of

candidate gravitationally lensed BNS [119]. Clearly, a joint magnification plus multiplicity selec-

tion would be extremely powerful if the arrival time difference between two lensed GW signals is

�t≲ 1h, as highlighted by [13,99]. The short arrival time differences associated with lensed BNS

mergers are a direct consequence of the relatively large magnifications required to detect them.

For example, the arrival time difference between a fold image pair formed by a galaxy-scale lens

(likely part of a quad image configuration) can be typically as short as a second and typically reach
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Figure 8. Arrival time difference distributions for the five messenger/instrument combinations shown in figure 7, normalized
to an Einstein radius of�E = 1 arcsec, based on combining the magnification distributions shown in that figure with equation
(3.13), for lens density profiles that are steep (�0 =−1), intermediate (�0 =−0.5) and flat (�0 =−1) at the mid-point
between fold image pairs (§3f,g). The grey shaded region in each panel indicates the region in which� < 10, i.e. where lenses
with flatter density profiles tend to be less efficient at forming multiple images (§3g). The distributions are all normalized to the
same arbitrary peak value. The overlaps of the arrival time distributions shown in this figure reflect the overlapping distributions
in figure 7.

a day for a very flat cluster-scale lens (figure 8). The shorter arrival time differences for lensed BNS

mergers therefore have the potential to probe the Eikonal optics regime (§§3d and 5b(i)).

Additional information from the GW data also has significant potential to suppress false pos-

itives when selecting candidate-lensed GW signals. For example, the mass ratio of the CBC and

its detector-frame chirp mass are both invariant to gravitational lensing, and therefore are well-

suited to improving the selection of candidates, if available. Detection of GW signals that appear to

emanate from the mass gap and that also contain signatures of tidal deformability of the compact

objects involved in the merger that are consistent with them being NSs would also add further

weight to a magnification-based mass gap selection [234]. This enhanced method likely awaits

next-generation GW detectors because measurements of tidal deformability of GW sources are

rather poorly constrained with current GW detectors ([162,235] for example).

We also consider the scenario of EM-led detection of gravitationally lensed BNSs. Again, to

give concrete examples, if this was based on multiple detections of a typical short GRB and/or a

gravitationally lensed AT2017gfo-like kilonova, then the corresponding GW signals are unlikely

to be above the detection threshold of the LVK data. This can be seen in the blue and pink contours

being below the black contour in figure 7. Therefore, if LVK was operating at the time of such a

detection, then a sub-threshold search of the LVK data would probably be required to search for

the GW signals, following similar approaches to sub-threshold GW searches on GRB detections

[236]. A GRB-led approach also highlights that the initial GRB sky localization uncertainties can

span thousands of degree
2
. To succeed, GRB-led discovery would therefore require progress on

rapid identification of candidate-lensed GRBs (via multiplicity), and then rapid localization via

their afterglow and/or kilonova emission [119,164].

(ii) Gravitationally lensed dark binaries

To date, the number of GW signals detected from BBH mergers outnumbers those from BNS

mergers by a factor of ≃ 50 [4,158,237], and the rate of lensed GW detections is also expected to

follow this pattern, assuming the two types of mergers follow the relative lensing rates (valid only

for next-generation detectors). The detection rate of BBH mergers continues to grow and indicates

that LVK will be capable of detecting a few lensed BBH mergers per year during their fifth run in

the late 2020s [13,93,94,96–98,100]. Various tools and pipelines have been developed in recent years

to analyse and identify lensed candidates in LVK GW data, though no conclusive evidence for

lensing has been found so far [70,76,78,79]. For single, standalone GW events, searches for lensing
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signatures such as Type II images [87,172–174], micro- and millilensing [198,238] are conducted.

For multiple images occupying similar regions of the GW parameter space, we can analyse the

pairs, triplets or quadruplets against the chance of coincidental parameter match [82,85,87,174].

This is particularly effective for regions of the parameter space that are less densely populated,

such as very high-mass events. While the risk of coincidental association between multiple candi-

date images increases with the number of detected GW events [97,239], introducing ‘time-delay

windows’ (i.e. limiting the time window within which events are paired up together in lensing

searches), according to predicted time-delay distributions from gravitational lenses, significantly

reduces the false-alarm probability [69,97,240,241].

BBH mergers are not typically expected to be accompanied by direct EM counterparts—al-

though see [120–124] for intriguing candidates, of which we discuss the AGN disk scenario in

more detail as follows. The EM counterparts to NSBH mergers are expected to be fainter than

counterparts to BNS mergers ([154] for example).

Host identification is a challenge for all CBCs without an identified EM counterpart (figure 9).

However, with strong lensing, we obtain multiple images of the same GW event. If each of these

images is strong enough to be initially detected as if they were independent GW observations,

they each come with their own O(10 − 1000) degree2 sky localization [242] that can be jointly

analysed to reduce the localization to O(10) degree2 for double- and triple-lensed GWs, and O(1)
degree2 for quadruplets [18,86,243]. We can also first do ‘dark lens reconstruction’ by using the

properties of the lensed GW signals themselves to narrow down the parameter spaces of the lens

directly, though this remains subject to degeneracies, in particular for axially asymmetric lens

models [205,244]. This lets us narrow down the list of candidate lenses and hosts in the sky re-

gion, and the full lens reconstruction of the candidate lens profiles can then test if a particular

lens model created the observed GW event [16–18,238,243,244]. When the sky localization region

is sufficiently constrained, the lens is uniquely identifiable and the lensed host galaxy is bright

enough, the host galaxy can be identified in up to about 30% of cases for quadruply-lensed GWs

[16]. With upcoming detectors, the rate of lensed GWs is forecasted to increase, and we will be able

to observe multiple lensed events each year, giving us information about the broader population

of GW hosts.

From the GW side, the principal challenges remain around instrument sensitivity. The ability

to detect as many of the lensed GW images as possible also carries a dependence on GW detector

run length and duty cycle, therefore reducing the efficiency of discovery [13]. Higher detector sen-

sitivities can reduce the number of lensed images missed, which will assist in better constraining

the lens parameters and the sky region, which is crucial for EM follow-up observations and cross-

matching with EM-based lens catalogues. More detectors operating will also significantly improve

sky localizations [233,245]. Dedicated methods to find weaker images, which would separately fall

below the usual detection threshold, by leveraging information from one or more already detected

images (referred to in the literature as ‘targeted sub-threshold searches’) [71,74,81,246,247] can

also help to increase the multiplicity of detected lensed systems. The sensitivity of such searches

can, in turn, be improved by obtaining better constraints from lens models or lists of candidate

lenses.

Improvements in the success rate of host galaxy identification will also come from deeper and

more complete catalogues of gravitational lenses from EM surveys such as Rubin/LSST and Eu-

clid [248,249] and improved empirical understanding of the covariance of lens density, structure,

mass and image multiplicity (§3g). Both survey sensitivity and sub-arcsec second angular reso-

lution are critical for GW host identification. The former lets us maximize the number of lenses

identified, while the second provides enough detail about lenses for initial reconstructions to nar-

row down the candidate lists as much as possible. Should the initial resolution not be high enough,

or the lens not unique enough, to identify a single host candidate distinctly, the top-ranked can-

didates would need higher-resolution dedicated follow-up observations, for example with the

Hubble Space Telescope, James Webb Space Telescope and 30 m class telescopes.
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Figure 9. A schematic for the steps to localize a dark-lensed binary merger. (1) Lensed GW images are detected by the ground-
based LVK observatories. (2) The sky localizations from the multiple identified images can be analysed jointly to reduce the
final sky localization region [15]. (3) The joint sky region can be cross-matched with gravitational lens catalogues from LSST,
Euclid and their contemporaries. (Edited from NASA, ESA, Illingworth, Magee, Oesch, Bouwens and HUDF09 team.) (4) The can-
didate lenses are individually analysed and reconstructed to test their match to the GW images. (Edited from: NASA/ESA/HST.)
(5) If a gravitationally lensed galaxy from the EM lens catalogues stands out as a distinctly high-ranked candidate host of the
dark-lensed CBC merger, the CBC can then be localized accurately in the source plane.

Another possible avenue comes directly from the example of GW190521, a high-mass BBH

GW source [250,251]. This event prompted a great deal of interest not only due to its high mass

but also due to its possible association with an AGN flare [121–124]. When a BBH merger occurs

in an AGN disk, the merger can cause a shock inside the gas disk that results in an observable

flare [252–254]. In this particular case, the AGN flare’s association with the BBH merger remains

uncertain [122–124]. Detecting a lensed AGN flare associated with an unusually high-mass BBH

event could thus be considered a direct observable counterpart to a lensed BBH [119]. Further-

more, since a substantial fraction of AGN-disk BBHs are expected to be strongly lensed by the

AGN supermassive BH, the non-detection of strong lensing can place constraints on the fraction

of BBHs formed in AGN disks [125].

5. Multi-messenger gravitational lensing science
This section describes many of the science cases for multi-messenger gravitational lensing, or-

ganized under those relating to the nature of gravity (§5a), cosmology (§5b) and the physics of

the source populations (§5c). Each science case includes a summary of the key challenges and

progress that is required in the next 3−5 years.

(a) The nature of gravity
As direct manifestations of the space-time metric, it is not a surprise that GWs offer new tools

with which to probe directly the nature of gravity [255,256]. Gravitationally lensed GWs and EM

counterparts expand and enhance these tools, thanks to the detection of multiple magnified copies

of multi-messenger signals offset in time from each other, and the greater distances over which

lensed signals typically travel relative to typical signals that are not lensed.
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Deviations from GR that affect large cosmological scales are also a highly studied probe

of the nature of dark energy. If such deviations exist, GWs should pass through the modified

gravitational regime on their way from the source to our detectors, resulting in changes to the

amplitude and phase evolution of GWs. Gravitational lensing can play a key role in revealing

some of these changes; hence, the detection of a multi-messenger lensing event could offer new

opportunities to pin down or rule out causes of cosmic acceleration. However, it is important to

note that both lensing and departures from GR share some common phenomena. This could lead

to the possibility of searches for either effect having false positives caused by the other. For exam-

ple, see [257] for a broader review of possible sources of false positives in searches for deviations

from GR and [258,259] for specific investigations for lensing and deviations from GR. Such false

positive systematics must be carefully modelled.

Some common effects of cosmological modified gravity theories on GW propagation, that are

discussed below, can be represented schematically as follows [260]:

h′′
ij
+
[
2 + �(z)

]
ℋh′

ij
+
[
c2
T
(z)k2 + a2m2

g

]
hij = a2�(z)
ij, (5.1)

where primes denote derivatives with respect to conformal time,ℋ= a′∕a is the conformal Hubble

factor, hij represents either the plus or cross GW polarization and 
ij is a transverse-traceless ten-

sor. c2
T
(z) encodes the speed of propagation of GWs. The terms �(z), m2

g and �(z) all represent new

phenomenology [260]; the standard GR propagation equation on a Friedmann–Robertson–Walker

metric is recovered in the limit �(z), m2
g, � = 0 and c2

T
= 1.

Regarding the physical interpretation of equation (5.1), �(z) is sometimes referred to as a ‘GW

friction’ term, as it affects the rate of change of the GW amplitude as it propagates. In scalar–ten-

sor gravity theories—the largest, simplest class of models—�(z) is related to the time derivative

of the gravitational coupling. This is equivalent to the rate of change of the effective Planck mass

or gravitational constant. Meanwhile,m2
g represents the mass of the graviton; in GR, gravitons are

massless, but they can become massive in other theories [261]. Finally, �(z) can be thought of as a

source term for GWs; in GR, GWs are unsourced once they leave the region of their parent CBC.

However, in some bimetric gravity theories, there can be interactions between the ‘normal’ metric

g�� and a second tensor field, which acts to source the GWs as they propagate [262].

Apart from the graviton mass, a constant, the non-standard terms in equation (5.1) are all func-

tions of redshift. For a specific modified gravity model, this redshift dependence can be computed

directly from the gravitational Lagrangian. While, in principle, any functional form is possible;

in practice, the time-dependence of c2
T
(z), �(z) and �(z) is often shaped by the hypothesis that de-

viations from GR should be responsible for late-time cosmic acceleration. That is, most modified

gravity models are designed to leave the early universe unaffected and only deviate from GR at

late times (say z≲ 2). That behaviour will be carried over to deviations from GR in equation (5.1).

With this expectation in hand, phenomenological parameterizations of c2
T
(z) and �(z) have been

widely investigated [263,264].

In reality, equation (5.1) must be corrected to account for perturbations in the gravitational

field sourced by matter density fluctuations. These will source lensing and gravitational redshift

effects for the propagating GW. The amplitude of these perturbations themselves can depend on

the theory of gravity; indeed, this is one place where ‘screening’ effects may show up. Screening is

a set of mechanisms by which modified gravity theories reduce to GR in particular environments:

typically, highly dense perturbations will be screened (behave like GR), and linear perturbations

will be unscreened (deviate from GR). The discussion of screening effects goes beyond the scope

of the present work; see [265] for a comprehensive review.

(i) The first detection of gravitational lensing of gravitational waves as a test of GR

The first convincing detection of gravitational lensing of GW signals will itself be a first-of-a-kind

test of GR since this theory predicts that GWs travel along geodesics and hence are gravitation-

ally lensed as they traverse a gravitational field [27]. The detection of a lensed GW will confirm
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this property. From a multi-messenger perspective, in the absence of a direct counterpart, EM

information such as comprehensive catalogues of gravitational lenses from surveys such as LSST

and Euclid could provide additional support for candidate-lensed GW signals that are found by

GW lensing searches by matching them with their lensed host galaxy ([70,76,78] for example). An

initial proof-of-concept of such catalogue matching was, for instance, performed in [79] for some

of the ultimately discarded GW lensing candidates from the third GW run. Should a lensed GW

detection be accompanied by lensed EM counterparts (golden objects), we can take this a step fur-

ther by testing whether GWs travel on null geodesics, i.e. whether they propagate at the speed of

light.

(ii) Constraining the relative speed of messengers beyond GRB170817A/GW170817

In GR, both EM radiation and GWs are massless and should propagate at the same speed (c2
T
= 1

in equation (5.1)). However, in some theories, the graviton can have a mass, and thus GWs can

travel at a speed that is different from EM radiation. Any difference in speed can be measured

when GW and EM signals are detected from the same source, known as bright sirens. However, a

potentially confounding factor is that in a wave optics regime, GWs can sometimes appear to be

travelling superluminally, due to distortions of the waveform [266].

The tightest constraints on cT are obtained from the most accurately measured arrival times,

namely for GW and GRB signals. For GRB170817A/GW170817, the relative difference was con-

strained to be between −3 × 10−15 and 7 × 10−16 [6,267–269], thus ruling out many alternative

gravity theories. The dominant uncertainty in the analysis of GRB170817A/GW170817 is the GRB

physics, i.e. the unknown details of the physics of GRB jet launching that can introduce a physical

delay between GW and GRB emission that is not related to their speed [6].

Multi-messenger gravitational lensing offers a complementary method that side-steps the sys-

tematic uncertainty relating to the GRB physics. For each image of a lensed CBC detected in

GWs and GRBs, one can measure the delay between the GRB and GW signals. Now, rather than

analysing these delays individually, one can take the difference between them, thus eliminating

the dependency on the GRB physics—namely the delay between GW and GRB emission—because

it is the same for both lensed images. In this way, multi-messenger constraints on the relative

speed of messengers, and in turn on the mass of the graviton, and possibly on the total neutrino

mass, can be pushed to a new level [107–109].

An additional feature is that a joint GRB/GW detection will place a bound on the propagation

speed of GWs at a much higher redshift (z≃ 1 − 2) than GW170817 (located at z≃ 0.01). While in

GR, cT is a constant; in a modified gravity theory, its value can vary according to the cosmological

evolution of (say) a scalar field or dark energy EoS. As such, bounding cT at higher redshifts has

additional importance when constraining deviations from GR.

(iii) Probing GW propagation with gravitationally magnified sources

The new phenomenology introduced by modified gravity effects may be a function of redshift, as

outlined in equation (5.1). Moreover, to be good dark energy candidates, most extensions of GR

are constructed to reduce to GR at high redshifts (z≳ 2). Thus, as we noted above when discussing

bounds on the GW propagation speed, probes that are capable of reaching the distant universe

are particularly constraining. Detecting modified GW propagation as a function of redshift is

challenging with solely GW data because redshift is not constrained directly by the GW data. In-

formation about the redshift of a GW event is obtained from the set of siren techniques that were

originally developed to measureH0 from GW data [263,267,270–273]. We have already introduced

bright sirens above [274], but let us note here that there exist two further techniques appropriate

in the absence of EM counterparts, known as spectral sirens [275] and dark sirens [276–278].

Whether bright or dark, gravitationally lensed GWs are powerful probes of GW propagation

[279–281]. Detecting multiple lensed copies of a GW event will enable tighter constraints on both

the source parameters and the functions that describe modifications of GR, �(z), m2
g, �(z) and
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c2
T
(z), that appear in equation (5.1). Moreover, the lens magnification will allow the detection of

distant systems which would otherwise not be detected, boosting our distance reach as motivated

above. This will be most pronounced for gravitationally lensed BNS because they are expected to

be more highly magnified than gravitationally lensed BBH [13,99]. However, even in the absence

of an EM counterpart, a convincing gravitationally lensed GW source can benefit from other lens-

ing information: identification of a plausible gravitationally lensed host galaxy consistent with

the lensed GW signal will give direct access to the redshift of the GW source [15,16].

Maximal exploitation of a multi-messenger lensed event and forecast constraints with upcom-

ing data is an ongoing area of study. Further work is needed to understand exactly how GWs

propagate around a lens outside of GR (e.g. if the graviton has a mass) and how this would affect

observables such as time delays and magnification ratios. All the subtleties of lens modelling in

GR must be folded in on top of this (e.g. the precise location of the source within the host galaxy),

and their degeneracy with modified gravity parameters investigated.

(iv) A step change in gravitationally lensed GW polarization constraints

GR predicts two GW polarization modes (+, ×), in contrast to alternative theories of gravity that

may predict up to six modes. Detecting polarization modes individually depends sensitively on

the number of GW detectors because the GW signal at each detector is a linear combination of

the GW polarizations, which depends on the sky location of the source relative to the detector.

Due to the limited sensitivity of the present detector network, the current state-of-the-art employs

simplified hypotheses as alternatives to GR. That is, the alternative hypothesis assumes that the

polarizations contain only scalar modes or only vector modes (no tensor modes). These analy-

ses have concluded that the tensor-only hypothesis is preferred over scalar-only or vector-only

hypotheses [282–285].

Robust detection of multiple images from a gravitationally lensed GW source would at least

double the number of GW signals available for polarization measurements of that source, with

each lensed image of that GW source containing a different linear combination of the polariza-

tions. This is because the lensed GW signals arrive at Earth at different times that are independent

of the rotation of the Earth, and thus independent of the orientation of the detectors to the respec-

tive signals. This ≥ 2-fold increase in the number of signals therefore dramatically improves our

ability to distinguish between the polarizations, simply by boosting the number of GW detectors

from the four currently available to at least eight [113,286].

Methodologies need to be developed to extract the individual polarizations from lensed GW

signals in a model-agnostic way to test GR efficiently. In the context of multi-messenger gravita-

tional lensing, it is important to recognize that the best current GW polarization constraints come

from the multi-messenger detection of GRB170817A/GW170817/AT2017gfo [285]. This is because

the sub-arcsecond localization of the GW source, derived from the EM detection, delivers pre-

cise and accurate constraints on the GW detector responses (antenna pattern functions) to the

GW polarizations. A golden object discovery would therefore facilitate constraining the additional

polarization modes to the next level.

Some theories of gravity also predict novel birefringence phenomena for lensed GWs, whereby

each GW polarization mode is deflected differently by a lens, leading to a net time delay between

them [287–289]. Such modifications could be tightly constrained with a multi-messenger lensing

event, although they could also imprint deviations that distort the waveforms themselves. On

the one hand, detection of birefringence would violate GR, and on the other hand, strict limits

on birefringence would constrain beyond GR theories. Treating this effect phenomenologically

[290], found no significant deviation from GR using the latest catalogue of GW events (GWTC-

3), and in turn constrained the birefringence probability and parameters of alternative theories

of gravity. These constraints will get better as the number of detections increases. In addition

to birefringence, other wave-optics phenomena provide a smoking gun for deviations from GR.

Novel gravitational interactions also produce GW dispersion (frequency-dependent phase correc-

tions) on the +,× and additional fields [291], and apparent polarizations distinct from GR [292].
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Diffraction can provide even further tests of GR through frequency-dependent modulations of

the amplitude [293,294].

(b) Cosmology
Gravitational lensing is a powerful and well-established probe of cosmology, including the ex-

pansion of the Universe [35,295] and both the nature of DM and the structure and content of

DM halos [183,296,297]. Measuring cosmic expansion with gravitationally lensed transient and

variable sources—so-called time-delay cosmography—is central to resolving the tension between

measurements of H0 that are based on the distance ladder and on the cosmic microwave back-

ground [298]. The sensitivity of gravitational lensing signals to all matter, regardless of its nature,

bestows upon lensing a central role in the quest to constrain DM. GWs and their EM counter-

parts—in the absence of lensing—are also emerging as valuable tools for cosmology, including as

dark and bright standard sirens [270,274,276,277,299–302].

Multi-messenger gravitational lensing expands and enhances the cosmological applications of

gravitational lensing in several important ways. First, the timing accuracy of GW, GRB and FRB

instruments promises to push time-delay cosmography into a new regime of ultra-precise arrival

time difference measurements. Second, a golden objectwill enable joint constraints onH0 from mul-

tiple detections of the same bright standard siren and multi-messenger time-delay cosmography.

Third, the ultra-precise timing of GW instruments in the wave optics limit and ultra-precise lo-

calization of optical detectors in the geometric optics limit are highly complementary for probing

DM and the structure of DM halos.

(i) Multi-messenger time-delay cosmography

Multi-messenger gravitational lensing is an exciting new channel for time-delay cosmography,

with the GW signal replacing the EM signal to measure the arrival time difference [110,303–306].

GW instruments have a timing accuracy of approximately 10−3 s, which together with the well-

understood GW waveforms for CBCs enables an arrival time difference measurement with an

uncertainty of approximately 10−3 s. For comparison, the most precise EM-based arrival time dif-

ference measurements to date have an uncertainty of ≃ 1day, reflecting the cadence of optical

observations and optical brightness fluctuations [34] (table 1).

Gravitationally lensed GRBs (§5c(ii)) and FRBs (whether or not associated with a merger;

§5c(iv)) would also yield a dramatic gain in the precision of the arrival time difference mea-

surement relative to lensed quasars and supernovae, thanks to the sub-second timing accu-

racy of gamma-ray and radio instruments. Therefore, gravitationally lensed GW, GRB and FRB

signals are all in the regime of ultra-precise arrival time difference measurements. To give a

concrete example, the discovery of a multiply-imaged GRB that is localized to its gravitation-

ally lensed host galaxy via its lensed afterglow emission would unlock ultra-precise time-delay

cosmography.

In this ultra-precise arrival time difference regime, other uncertainties will dominate. Statis-

tically, the relative astrometric precision of the arriving images will likely dominate [307]. For

example, an arrival time difference precision of less than 1 s corresponds to a displacement

of an image of order less than 10−4 mas, which is several orders of magnitude below the best

possible astrometric constraints that would be achievable with space-based optical/IR follow-up

observations of an EM-bright gravitationally lensed CBC such as a gravitationally lensed BNS

merger. However, the ultra-precise time-delay measurements, in particular when measured in

a quadruply-lensed system, can add significant constraints also on the lens model and the ex-

pected position of the images, thus mitigating, at least in part, the astrometric uncertainties [308].

For EM-dark gravitationally lensed mergers, such as BBH, accurate astrometry for time-delay
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cosmography will again rely on EM observations, for example via identifying the plausible hand-

ful of EM-detected gravitationally lensed host galaxies located within the joint GW-based sky

localization of a candidate gravitationally lensed BBH [15,16].

A major systematic in time-delay cosmography is the modelling of the lens. The mass-sheet

degeneracy (MSD) [203,204] is an important systematic uncertainty in time-delay cosmography

and is relevant to all messengers (§3e). In the geometrical optics limit, the MSD cannot be bro-

ken with solely the lensing constraints upon which the H0 inference relies. It can, however, be

broken with measurements of the velocity dispersion of stars in the lens ([309] for example)

or with weak lensing measurements [207]. The same or similar approaches are likely to be rel-

evant to time-delay cosmography based on gravitationally lensed GW, GRB and FRB signals.

In addition, the possibility of breaking the MSD in the Eikonal optics regime, using the beat

pattern of two gravitationally lensed GW signals that overlap temporally, has been explored

[200,208,209]. This is because the frequency-dependent distortions in the GW waveform encode

more information about the lens model than just the time delay between the images. In brief,

the MSD can potentially be broken with the GW data themselves if the arrival time difference

is comparable with the duration of the GW signals (approximately 1 min in the case of BNS

signals). The MSD may therefore be suppressed for multi-messenger gravitational lensing time-

delay cosmography in the high-magnification regime that is typical for gravitationally lensed BNS

mergers [13].

Further work in this area includes exploring and implementing optimal search strategies to

identify multi-messenger lensing events that are well-suited to time-delay cosmography, given

the predicted region of parameter space in which such lensed events will occur. Work is also

required to investigate and develop optimal analysis methods to combine all/some of the messen-

gers and to break the MSD. This work will also shape the requirements for follow-up observations

of multi-messenger lensing events ahead of detections.

(ii) Gravitationally lensed standard sirens

The standard siren method of measuring H0 combines GW-based luminosity distance measure-

ments to CBCs with estimates/measurements of the redshift of CBC host galaxies to constrain the

redshift–distance relation [270]. The first bright standard siren measurement was enabled by the

multi-messenger discovery of GRB170817A/GW170817/AT2017gfo [274]. The multi-messenger

gravitational lensing analogue of this measurement would involve a standard siren measurement

of H0 for each of the images of a gravitationally lensed EM-bright CBC. The distance measure-

ment for each image would be derived from the respective GW strain signal and corrected for

gravitational magnification, while the redshift measurement would come from follow-up EM

observations of the images of the lensed EM counterpart and/or lensed host galaxy. Such measure-

ments of H0 would extend the redshift reach of bright standard siren constraints from redshifts

of z≲ 0.1 with LVK detections of EM-bright standard sirens that are not lensed to z≃ 1 − 2 for

systems that are gravitationally lensed. While this science is relevant to golden objects, it is mainly

reliant on GW and optical detections for the distance and redshift measurements, respectively.

EM-dark standard siren measurements have also been made using the growing catalogue of

BBH mergers that LVK have detected [299,310–312]. It has also been demonstrated that gravita-

tionally lensed EM-dark standard sirens can yield interesting constraints on H0, by probabilistic

ranking of plausible lensed host galaxies within the joint sky localization of pairs of candidate-

lensed EM-dark GW signals [15,16,18,313]. A key advantage of this method over EM-dark stan-

dard sirens that are not lensed is that in the lensing case, the number of plausible host galaxies is

significantly suppressed by the joint sky localization of two GW detections, the requirement that

the host galaxy candidates must themselves be gravitationally lensed, and the galaxy lens must

be able to reproduce the gravitational wave lensing observables.

Further work is required to build the Rubin/LSST and Euclid strong lens samples, as these will

play a key role in this science for both EM-bright and EM-dark standard sirens. It is also important
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to develop methods to combine multi-messenger time-delay cosmography and gravitationally

lensed standard sirens to optimize the synergy between these novel constraints on H0.

For completeness, we also note that weak lensing of GWs can be a source of bias for the mea-

surement of the Universe’s expansion. Gravitational potentials present on the GW travel path

from source to observer will lead to additional magnification, which will bias the measured lumi-

nosity distance [314]. Moreover, magnified events are more likely to be detected, meaning it will

worsen the bias [315–317]. Such biases can be accounted for as an additional source of noise in

distance measurements [318]. For bright sirens, it can be shown that, in some cases, lensing can

lead to bias larger than statistical uncertainty [314], also showing the importance of properly mod-

ifying the model of the lensing magnification probability density function [188]. For dark events,

magnification can bias the source-frame chirp mass estimate as it would lead to a biased luminos-

ity distance, and consequently, the redshift if no external observables can be used to alleviate the

degeneracy [13,319,320].

(iii) The dark matter subhalo mass function

Numerous astronomical observations point to the matter content of the Universe being dominated

by cold (non-relativistic) DM ([321–327] for example). However, on small length and mass scales,

cold dark matter (CDM) faces a number of challenges, including the so-called ‘missing satellite’

problem ([328] and references therein). It has therefore been proposed that CDM may not be the

correct picture, and there could be other kinds of DM such as fuzzy [329], interacting [330] or

warm [331] DM.

Gravitational lensing is a well-established probe of the structure of the DM halos within which

individual galaxies, groups and galaxy clusters are embedded. Much attention has focused on

gravitational magnification and deflection, via gravitationally lensed quasar flux ratio anoma-

lies, perturbations in the positions of lensed galaxies (astrometric anomalies) and the structure

of galaxy cluster cores ([183,296,297,332,333] and references therein). DM substructure can also

perturb the arrival time of signals from distant gravitationally lensed sources [334]. However,

measurements of optical light curves are subject to intrinsic measurement uncertainties of≃ 1day

(table 1). Such uncertainties likely swamp any arrival time perturbations induced by DM subhalos

[335].

Joint multi-messenger probes of DM will enable a dramatic gain in the size of halos that

can be probed, thanks to the synergy between time delay, astrometric and flux anomaly accu-

racy. Currently, optical strong lensing can detect DM halos down to masses of M≳ 107 − 108 M⊙

[336–338] via multiple separate images whose angular separation scales with lens mass M as

�� ≈ 2 �E ∝
√
M, where �E is the Einstein radius. However, the angular resolution of optical tele-

scopes limits the minimum detectable ��, which in turn limits the minimum detectableM. On the

other hand, M can be obtained through the time delay. With sub-second timing accuracy, it will

be possible to explore low-mass DM subhalos down to M≃ 105 − 106 M⊙.

Gravitationally lensed GWs, GRBs and FRBs can provide arrival time difference measurements

with sub-second precision. This ultra-precise arrival time difference regime is a promising new

probe of DM subhalos. In brief, this new probe will exploit the synergy between optical/near-IR

flux and astrometric anomalies and GW/GRB/FRB timing anomalies for EM-bright gravitation-

ally lensed events ([109,335] for example). It is therefore well-suited to, but does not require, a

golden object.

The idea of detecting lower mass lenses through time delays of the lensed images has pre-

viously been explored in the context of millilensing of GRBs. The principle is similar to strongly

lensed GWs: detecting the repeated signals in the time domain instead of being limited by angular

resolution [339,340]. However, since identical repeated GRB signals are difficult to identify [164],

it has so far been challenging to test their lensed nature. This could be circumvented by detecting

a lensed multi-messenger signal (of both strongly lensed GWs and a lensed GRB), where the time

delays would coincide. Similar, albeit less accurate constraints on the sub-second time precision
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Figure 10. (A) A strongly lensed system produces two images of a GW source (lines), separated by an arrival time difference
�t (lower inset). (B) Image II encounters a large projected density of objects (dots) within the lens (with finite radius 10−4×
the Einstein radius of the strong lens). Colour shows the magnification in the lens plane. The main image is shown as a star and
microimages appear as crosses. (C) Microlensing produces a distinct modulation in the GW signal.

could be achieved for EM-dark gravitationally lensed events. This relies on probabilistic ranking

of plausible host galaxies within the joint sky localization of candidate-lensed BBH candidates

[15,16,18].

Further work is required to quantify the signatures in lensed GW signals arising from realistic

populations of DM subhalos and properties such as their abundances, density profiles and radial

distributions within the main lensing halo. We need to determine the probability of detecting such

milli-lensed GW signals and whether the lens search pipelines will be sensitive to them. Many of

the additional time-resolved, milli-lensed signals are likely to be demagnified and thus, possibly

below the typical detection thresholds of lens search pipelines. For milli-lensed GW signals that

are overlapping, it will also be important for future GW detectors to establish that the signals are

actually lensed rather than a chance overlap of two unrelated GW events. Joint analysis in the

optical and GW domains may provide suitable priors not only to help discover the milli-lensed

GW signals but also to constrain the DM subhalo properties.

(iv) Microlensed GWs, the stellar mass function and compact object dark matter

Microlensing can be used to characterize sources and the matter distribution of gravitational

lenses on small scales, including stellar-origin objects and DM. Microlensing signatures have been

detected from a variety of EM sources, and their correct treatment is essential to the robust inter-

pretation of a wide range of lensed systems. Microlensing is an established probe of the structure

of quasars [185], the mass distribution of stars and remnants in lens galaxies [185,341] and the

size of supernovae [181]. Microlensing has also been used to constrain the abundance of com-

pact DM objects using quasars [342] and caustic crossings of individual stars [95,343,344]. The

sensitivity of EM microlensing is typically set by the finite size of the region emitting the flux

that is microlensed (figure 10; [185]), rendering it challenging to constrain the mass function of

microlenses [345].

Microlensing of GWs has not yet been detected [76,78]. This may stem from using waveform

templates in GW search pipelines that do not incorporate signatures of lensing, resulting in a

reduced detection efficiency for microlensed GWs [342]. The signature of GW microlensing is a

modulation of the waveform (figure 10) caused by diffraction of the GWs by objects with masses

of M≃ (8�Gf )−1 ≃ 10M⊙(1kHz∕f ), where f is the GW frequency [190]. However, in the regime

considered here—microlensing of strongly lensed sources—the effective mass of the microlenses

is rescaled by ∼ �, the magnification caused by the ‘macro lens’ responsible for producing mul-

tiple images [346]. On the analysis side, while microlensing by dense stellar fields within lenses

is the most plausible origin of a detection [17,176–180,218,347], computational challenges in the

wave optics regime have in the past restricted analysis to isolated point lens model, however,
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this has begun to change [79,83,348]. Microlensing of GWs is also sensitive to the small-scale DM

distribution, which can be probed by microlensing of strongly lensed sources [349,350] and by

diffraction by isolated lenses [190,191,194–197,351,352].

A clear advantage of multi-messenger microlensing is the synergy between two gravitational

lensing regimes: EM microlensing in geometric optics and GW microlensing in wave optics, be-

cause together they provide a lever to investigate the mass of microlenses. For example, looking

at existing EM studies, the quasar emission region sets the mass scale accessible to analysis of

light curves without constraining the slope of the mass function [345]. On the other hand, GW

microlensing is sensitive to heavier microlenses with M∝ 1∕f . A multi-messenger source, such

as an AGN binary in a lensed quasar, would constrain the stellar initial mass function (IMF)

and stellar remnants simultaneously at low and high masses, surpassing the capacity that EM

and GW have separately. On the other hand, joint analysis of microlensing of GW and kilo-

nova signals from lensed BNS, even though probing essentially the same microlens population,

will have distinct observational signatures in their respective domains. The former is frequency-

dependent distortions and the latter will have time-dependent evolution of the microlensed light

curve due to the increasing size of the kilonova. As a result, this method can produce strin-

gent and unique constraints on the microlens population properties. In summary, while EM and

GW microlensing have been studied separately to date, joint analyses will unveil exciting new

opportunities.

Further work is required to develop the theory of microlensing to simultaneously account

for the specific effects on GWs (frequency evolution) and EM signals (finite source size). Ap-

plications to data will require adaptation of computational tools for parameter estimation to

include microlensing signatures, building on existing public codes [83,179,348,353–357]. Devel-

oping tools for dedicated searches of microlensed GWs will increase the sensitivity to events

[342], especially when leveraging information on known EM transients with a potential associ-

ation [358]. Incorporating information about microlensing in low-latency analyses can provide

a rapid warning on a lensed GW, triggering follow-up searches for EM counterparts that may

otherwise be lost. When estimating microlensing signatures and their rates, it is also impor-

tant to revisit standard assumptions on the IMF and remnant formation channels, motivated by

EM observations (not exclusively lensing) ([359–361] for example) and contemplate variations

[179,342,362,363].

(v) Solar mass primordial black holes

A wide range of empirical constraints continues to permit some of the putative DM to be in

the form of primordial black holes (PBH), whose mass function contains structures including a

prominent peak at M≃ 1M⊙ ([364] and references therein). It is therefore broadly accepted that

convincing detection of so-called ‘solar mass BHs’ would be a smoking gun for the discovery of

PBHs, because stellar evolution does not form BHs of this mass. Interpreting the GW sources de-

tected by LVK in the context of PBH has therefore been an active field since the first direct detection

([365–370] for example).

Multi-messenger gravitational lensing is relevant to PBH because a gravitationally lensed

merger of two solar mass PBH will occupy a similar region of the low latency (i.e. based on as-

suming � = 1) mass–distance parameter space as gravitationally lensed BNS (§4; [13]). In essence,

gravitationally lensed solar-mass PBH mergers are a ‘false positive’ for gravitationally lensed

BNS mergers. The main challenge in confirming the PBH interpretation will be whether the

follow-up EM observations are sufficiently sensitive to rule out all possible EM signatures of

a CBC that comprises one or more NS. Further work on this science case is therefore needed

to enhance the selection methods of candidate gravitationally lensed CBCs and the design of

follow-up ToO observations with the Vera C. Rubin Observatory. This will include detailed end-

to-end modelling of the expected GW and EM signatures of gravitationally lensed EM-bright and

EM-dark CBCs.
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(c) Physics of the source populations
Gravitational lensing is a well-established probe of the physics of distant source popula-

tions, including those that are only accessible with help from gravitational magnification.

Multi-messenger gravitational lensing unlocks new opportunities, including novel probes of the

physics of kilonovae and GRBs, the population of stellar remnant compact objects from which

CBCs emanate, the nature of FRBs and their connection with other transient populations, the host

galaxies of CBCs across cosmic time and the physics of core-collapse SNe.

(i) Kilonova physics

Constraining the EoS of dense nuclear matter is a fundamental question in nuclear physics. Ob-

servations of kilonovae provide constraints on the EoS in a region of parameter space that cannot

be replicated in the laboratory because the NS interiors are among the only places in the Universe

where macroscopic ‘cold’ matter exists at densities at least comparable with atomic nuclei. The

observable properties of kilonovae are driven by the outcome of BNS mergers, which are all sen-

sitive to the structure and EoS of the component NSs. These post-merger properties include the

amount and composition of the material that is ejected, and whether the object that remains after

the merger is a BH or short-lived NS.

Kilonovae are broadly classified as ‘red’ or ‘blue’ based on their observable properties. Red

kilonovae are associated with ejecta with a low electron fraction (Ye), which therefore produce

lanthanides (elements with open f-shells) and have high opacity. Their high opacity prevents the

escape of optical and UV photons, which scatter to lower energies through fluorescence before

eventually escaping through opacity gaps in the IR [371]. Blue kilonovae are associated with high

Ye, Lanthanide-poor and low opacity ejecta. This lower opacity enables more optical photons to

escape, leading to the term ‘blue’ [372]. The distribution of Ye, and therefore the relative luminos-

ity at blue and red wavelengths, is sensitive to the binary mass ratio and the EoS [373]. However,

any blue kilonova emission is likely only detectable during the first day post-merger. Indeed, the

≃ 12 h delay between the detection of GW170817 and the Chilean sunset meant the rise of the

optical emission from AT2017gfo was missed in the bluer bands. The early emission that was seen

could also be explained by cooling of gas shock-heated by the GRB jet [374,375]. Crucially, only ob-

servations during the first few hours post-merger can differentiate these scenarios [376]. Despite

the challenges, most studies agree that GW170817 showed evidence for multiple spatially distinct

components with different Ye [12]. More detailed discussion of the ejecta properties inferred for

GW170817 appears in [104,165] in this volume.

Gravitational lensing offers a unique window into the early evolution of a kilonova at blue

wavelengths. Gravitationally lensed kilonova counterparts to gravitationally lensed BNS merg-

ers are predicted to reside at z≃ 1 − 2 [13]. Optical searches, even in red bands, therefore probe

rest-frame near-UV emission. Moreover, time dilation increases the effective window during

which the early light curve can be detected, if searches are sufficiently sensitive. Rapid identi-

fication of the first image associated with a multiply-imaged kilonova/BNS with an arrival time

difference of ≳ 1 day would enable targeted observations of the second image during the mo-

ments after merger. A single gravitationally lensed kilonova and BNS merger that is detected

during the first days after merger (the only time during which detection is plausible) could there-

fore provide some of the best constraints on the rise and physical origin of the early UV emission.

Combined with constraints from the GW signal, multi-messenger modelling can then be per-

formed [153,154,377–379] to connect the pre-merger (e.g. mass ratio) and post-merger (e.g. blue

ejecta) properties. The relation between these is determined by the neutron star EoS.

Detecting the early emission will require deep and rapid ToO imaging observations from the

ground and space, that reach depths of AB≳ 25 over multiple nights to detect the lensed kilo-

nova, ready for spectroscopic confirmation in the near-IR with the James Webb Space Telescope and

30 m class telescopes [13,14,104,119]. Progress is also needed to develop theoretical models to infer

masses of r-process material from observations and to link observational signatures directly to the
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underlying EoS. Radiative transfer simulations can predict the expected kilonova signatures for

merger ejecta compositions resulting from employing different theoretical EoS. However, many

uncertainties still remain in merger simulations, r-process nucleosynthesis and atomic data and in

kilonova radiative transfer modelling [165]. Additionally, there is the question of whether all the

early blue emission is powered by radioactivity or if some or all of it results from the heating of po-

lar ejecta by a long-lived jet [380]. With ongoing work in this direction, kilonova simulations could

predict the timescales of the early blue component that would be measurable for different theo-

retical kilonova configurations, allowing observational constraints to be linked to the underlying

EoS and r-process compositions synthesized.

(ii) Gamma-ray burst physics

As the most luminous explosions in nature, GRBs offer the ability to study lensed transients across

the Universe and to probe arrival time differences as short as milliseconds (and hence lens masses

down to M< 104 M⊙). Multi-messenger detections offer a route to rapidly confirm lensing in GW

sources (via multiple coincident GRBs) and to test fundamental physics using the speed of light

and GWs (§5a(ii)). Independent of GW detection, multi-wavelength detection of lensed GRBs

holds great promise for H0 measurements, thanks to the timing accuracy of Gamma-ray instru-

ments (§5b(i)). On the astrophysics side, lensed GRB detections are also an opportunity to better

understand the properties of the GRBs themselves, in particular, because the relativistic outflows

from GRBs may (or may not) have a structure on sufficiently small scales that lensed GRBs may

be chromatic, and because multiple images of a single GRB could enable the multi-wavelength

study of the emission from the earliest times in a similar vein to that discussed in §5c(i).

More than 104 GRBs have been detected to date, and some of these have likely been lensed

[164]. However, to date, no lensed GRBs have been confirmed, for example, by the identifica-

tion of the lens, creating ambiguity over whether candidate-lensed GRBs are, for instance, caused

by similar pulses within a single GRB or bona fide lensed GRBs. Multi-messenger detections of

lensed GRBs are most likely to arise from GRBs that are associated with CBCs. Traditionally, this

is the short-GRB population, although recent evidence also suggests that some long-GRBs may

also arise from this channel [381,382].

The scientific impact of the discovery of lensed GRB arrival time differences in the seconds

to hours range, for example as the counterpart to lensed GWs from a highly magnified lensed

BNS merger [13], is enhanced by the fact that the second lensed image is likely to occur while

observations of the field containing the first image are ongoing. Hence, rather than having only


-ray data, the prompt emission can be observed in the X-ray, optical and plausibly even radio

regimes. Constructing such broad-band SEDs of the prompt emission will be highly diagnostic

and enhanced by, but not dependent on, a golden object discovery.

Lensing also offers a route to probing the angular structure of GRB jets. If GRB emission is

anisotropic on small scales, then we may expect to observe multiple images which show chro-

matic variations. This both poses a challenge by creating uncertainty about whether temporally

and spectrally identical bursts are an accurate route to identifying candidate-lensed GRBs, and

an opportunity because it provides a direct route to determining structure in GRB jets on scales

much smaller than the opening angle of the GRB, and hence, potentially discriminating between

jet structure models. In particular, to distinguish between jets that are patchy, with hot and cold

spots [383,384] or structured, with much stronger emission close to the axis [385,386].

Progress in this field will critically depend on the ability to promptly recognize lensed GRBs in

close to real time, rather than identifying plausibly lensed events long after the burst, and after-

glow are gone. Since GRBs are now detected by many different satellites (e.g. Swift, Fermi, Einstein

Probe, SVOM) and the archive of old bursts is very large, the ability to rapidly correlate locations

and light curves from different sources would greatly enhance the probability of correctly identi-

fying lensed GRBs. The recent launches of both the Einstein Probe and SVOM should enhance the

number of well-localized bursts in the coming years, increasing the possibility of rapid identifica-

tion. However, their sky coverage is significantly less than Fermi/GBM, and thus rapid wide-field
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optical ToO follow-up from the ground, including with Rubin, will have a critical role to play for

lensed GRBs that are identified in real-time [119].

The opportunity to probe jet structure also requires further investigation to understand quan-

titatively its impact on lensed GRB selection methods based on spectral similarity. For multi-

messenger lensing, already running searches for coincidence between GRBs and GW detections

are highly valuable, but should be extended to new missions to ensure events are not missed.

(iii) The mass function of stellar remnant compact objects

Robust constraints on the stellar remnant mass function are central to our understanding of stel-

lar evolution and the physics of dense matter, including the formation channels of CBCs, the EoS

of NSs and SN explosion mechanisms. Direct detections of GWs from CBCs have enabled sig-

nificant progress in empirical constraints on the mass function in recent years, with detections

of sources that comprise one or more compact objects in the putative ‘mass gaps’ attracting par-

ticular attention [162,231]. The lower gap is associated with an absence or paucity of compact

objects with masses in the range 3≲M≲ 5M⊙, i.e. intermediate masses between the heaviest NSs

and the lightest BHs [227–230]. The upper gap is associated with an absence or paucity in the

range 50≲M≲ 120M⊙, and related to the fate of massive stars and the pair instability ([387] and

references therein).

Gravitationally lensed CBCs detected via their GW emission can masquerade as residing in

one of these mass gaps because lensed images of distant sources are gravitationally magnified,

and thus the detections appear to originate from sources that are brighter and closer than the ac-

tual source. In particular, gravitational magnification increases the GW strain amplitude, which

leads to underestimating the distance to the CBC that is inferred from the amplitude, and in turn

to overestimating the source-frame frequency of the GW signal and hence overestimating the

mass of the system ([319] for example). Thus, GW sources that are below a mass gap can appear

to be in a mass gap if lensing is not accounted for in the data analysis. Recent GW detections

include sources that—assuming no gravitational magnification, i.e. � = 1—populate both mass

gaps [162,231]. Therefore, understanding the impact of gravitational magnification on the inferred

masses and distances of GW sources is becoming critical to robust identification of real mass gap

events that can be used for formation channel studies. Methods to break the magnification–dis-

tance degeneracy in the interpretation of the amplitude of GW strain signals (A∝ �0.5D−1) are of

particular importance.

Multi-messenger gravitational lensing can break the magnification–distance degeneracy for

candidate mass-gap GW detections, because detection of EM counterparts to GW sources is a

proven way to measure the redshift of the source independent of the GW signal [24]. This is clearly

relevant for GW sources that appear to be in the lower mass gap because the GW detector sensitiv-

ity for low mass sources (out to z≃ 0.2), the cosmological model and the physics of gravitational

lensing combine to place the majority of gravitationally lensed BNS mergers in this region of pa-

rameter space—i.e. ‘in the lower mass gap’—if � = 1 is assumed [13] (figure 5). Deep and rapid

ToO observations of GW sources that are initially placed in the mass gap are sensitive to a wide

range of kilonova physics and can therefore probe both lensed BNS and not lensed interpretations

of mass gap sources [14,117,119].

Multi-messenger gravitational lensing may also be relevant to the upper mass gap, moti-

vated among others by the detection of a candidate AGN flare as a possible EM counterpart to

GW190521 [121], and population models consistent with a fraction of BBH mergers forming via

the AGN channel [388,389]. The dense environment in AGN accretion disks renders this channel

prone to forming very massive BH binaries [390]. Therefore, EM follow-up observations of high

mass BBH sources—i.e. tuned to search for AGN flare EM counterparts—are also well-matched

to searching for AGN flare EM counterparts to gravitationally lensed BBH that are magnified into

the upper mass gap [119].

Further work is needed to improve the selection of candidate-lensed GW sources from low

latency information provided by LVK, with the overall aim of reducing the false positive rate
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within such selections and guiding the design of the follow-up observations. This will maximize

the efficiency of the follow-up observations and optimize the range of EM counterpart physics

to which they are sensitive. Multi-messenger simulations of the full range of detectable signa-

tures of gravitationally lensed CBCs will be crucial, including to inform which properties of GW

sources are most discriminating if released by LVK with low latency. Current lensing-motivated

ideas for expanding such information include detector-frame chirp mass, mass ratio and the tidal

deformation parameter [80,119,234].

(iv) The nature of fast radio bursts

FRBs are millisecond-duration radio transients that have intrigued the scientific community since

their discovery in 2007 [126]. While the exact origin of FRBs remains uncertain, the comoving rate

density of ≃ 7 × 104 Gpc−1 yr−1 for FRBs at energies above 1039 erg [391] far exceeds the rate of

CBCs—10 to 1700 Gpc−1 yr−1 for BNS mergers [231]. CBCs therefore appear unlikely to account

for the majority of the FRB population. Indeed, some FRBs are thought to be produced by mag-

netars, based on detections of bright radio bursts from the Galactic magnetar SGR, 1935+2154 in

April 2020 [392,393], and those FRBs that repeat clearly are not associated with cataclysmic events

[394,395]. Nevertheless, CBCs remain a credible origin for some one-off FRBs—i.e. the avail-

able data and theoretical models are consistent with FRBs originating from multiple progenitor

channels [396–402].

Multi-messenger gravitational lensing is well-placed to probe whether there is a direct con-

nection between FRBs and CBCs. Such a connection is currently difficult to establish due to the

poor localization constraints of GWs and the unknown time delay between the occurrence of a

CBC and associated GW emission and the emission of any radio burst. However, gravitational

lensing provides a unique opportunity. If both an FRB and a GW signal from the same CBC event

are gravitationally lensed, the time delays between the lensed images would be identical, offer-

ing a strong, unambiguous association between the two signals [403]. This would provide critical

insight into whether CBCs can indeed produce some of the observed FRBs.

To date, progress in FRB observations has significantly improved our ability to detect and

study these bursts. Interferometric techniques now allow for the precise localization of FRBs to

their host galaxies [404], opening the possibility of identifying lensed FRBs. Moreover, many FRB

surveys now store raw voltage data when bursts are detected, preserving the phase information

of radio waves [405]. These data are crucial for identifying lensed copies of an FRB, even when

propagation effects through the interstellar and intergalactic medium complicate signal detection.

The complex spectro-temporal structures seen in many FRBs, especially at micro and nanosecond

timescales, are intrinsic to the burst and can serve as a distinguishing feature to identify lensed

copies [163].

In the upcoming years, progress in several areas will be essential for improving our prospects

in multi-messenger gravitational lensing. Increasing the FRB detection rate and improving local-

ization accuracy are key objectives for current FRB surveys [404,406–408], with the CHIME/FRB

Outriggers, currently under commission, expected to achieve sub-arcsecond localization for hun-

dreds of FRBs per year [409]. In the longer term, upcoming radio telescopes with increased sensi-

tivity will allow for better detection of faint, lensed FRBs [410–412]. Improving the coordination

between FRB surveys and GW observatories will become vital for detecting lensed signals from

both messengers.

(v) Studying the properties of and links between mergers and their hosts

There remain a great deal of unknowns about the host galaxies of GW mergers, and they re-

main an active field of study in astrophysics [413]. As only one GW event—the multi-messenger

GW170817 detection—from all of O1–O3 has been confidently associated with a host galaxy, most

studies about GWs and their host galaxies rely entirely on simulations of binary formation and

galaxy evolution. However, lensing provides an opportunity to revolutionize the field of GW host

Downloaded from http://royalsocietypublishing.org/rsta/article-pdf/doi/10.1098/rsta.2024.0134/2818384/rsta.2024.0134.pdf
by guest
on 14 January 2026



40

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A

383:
20240134

.........................................................................................................................

population studies: in theory, as every lensed binary merger, bright or dark, has the capacity to

be localized and its host identified, every lensed event could become a valuable contribution to

studying the hosts of GWs.

Typically, GW binary formation is expected to correlate with certain properties of the host

galaxy, such as mass, star formation rate and metallicity [413,414]. However, these conclusions

are based largely on simulations combining stellar and galaxy evolution codes. Without lensing,

studies of host galaxies are limited to GW170817-like detections, mergers confidently associated

withAGN flares or exceptional BBHs sufficiently well-localized to be matched with a single galaxy

[415]. With lensing, dark GW mergers have the possibility of being traced back to a singular host

as discussed in §4c. And, as with GW170817, if a bright EM counterpart to a BNS is successfully

observed, host identification becomes less challenging as a consequence of finding the BNS’s exact

position, typically allowing for a confident identification of the host galaxy. However, the possi-

ble offset between the BNS/NSBH mergers and their host galaxies may make the association more

challenging [416–418]. Thus, each lensed GW merger offers opportunities for multi-messenger

host studies [16,18].

In addition to offering opportunities for direct host identification for binaries, lensing has the

additional benefit that the mergers, and thus their hosts, can now originate from a variety of red-

shifts due to gravitational magnification enabling discoveries beyond the redshift frontier. This

means that host population studies through lensing will inevitably unlock information about the

redshift evolution of host populations through the Universe.

However, as mentioned before, merger host identification does not come without challenges,

and it is likely that not all mergers can be directly identified with their hosts. GW merger hosts

may be too dim to be observed, or the merger may be far enough offset from its host to leave host

association uncertain. Even these cases provide their own valuable scientific applications. In the

case of bright mergers, we can directly measure the offset between the merger and candidate hosts

from optical imaging data [418], which can provide information about kicks at binary formation

analogously to studies done on ‘hostless’ supernovae [419]. When the host is too dim for iden-

tification, we can also place constraints on the maximum luminosity—and therefore, mass—of

the host galaxy for non-observation [57]. In the case of dark mergers, the host identification may

be narrowed down to a few plausible candidate host systems that cannot be separated [16,243].

While this does not offer direct opportunities to study the host of the GW emitter, it still allows the

study of limited candidates and places constraints on current assumptions used in simulations.

Conversely, it is possible to use information from host-GW simulations to constrain further the

list of candidates and possibly pin down the host once more in a method similar to [420].

It is therefore clear that multi-messenger studies of the hosts of lensed GW binaries will provide

invaluable information towards understanding the properties of the hosts of compact binaries,

understanding the evolution of this relationship with redshift, constraining the kicks created at

binary formation, and likely a swathe of other avenues yet to be explored.

(vi) The physics of core-collapse supernovae

Currently, there are many competing models to describe the mechanics of core collapse of mas-

sive stars as they evolve into core-collapse supernovae (CCSNe) ([421] and references therein).

Multi-messenger constraints on CCSNe from neutrinos and potentially GWs are therefore central

to future progress in this field because alongside their well-known optical emission, CCSNe are

responsible for a large fraction of detected long-duration GRBs [42,422–424] and the landmark

detection of SN1987A confirmed them as sources of neutrinos [19–21]. Indeed, it is the ability

of neutrinos and potential GW signals from CCSNe that are able to probe beneath the optically

opaque envelope to constrain the precise timeline, geometry and thus physics of core collapse.

Multi-messenger gravitational lensing can enhance the study of core-collapse physics by tak-

ing advantage of the arrival time difference between magnified images of gravitationally lensed

CCSNe. In the optical, this can probe the early phase of the CCSN light curve and can potentially

constrain the size of the progenitor star just before core collapse [425]. Indeed, Rubin/LSST is
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forecast to detect many hundreds of gravitationally lensed CCSNe [53,54,56], offering great scope

to ‘cherry pick’ optimal systems for detailed further study. For example, systems with a gravita-

tionally lensed GRB counterpart and sufficient magnification to motivate pointed analysis of GW

and neutrino datasets are likely to attract attention.

The main challenge that multi-messenger gravitational lensing faces in this science case is that

the event rates may be very low. This is highlighted by the relatively small local volume within

which contemporary/imminent neutrino and GW detectors are sensitive to signals from CCSNe

(table 1). For example, pointed searches for GW signals associated with CCSNe are limited to

those located within a distance ofD< 20Mpc [426]. This implies a small redshift horizon (§4b) and

correspondingly low rate and large gravitational magnification. Further progress will therefore

require investigating the potential synergy between the large number of gravitationally lensed

CCSNe expected to be discovered by Rubin/LSST and the sensitivity of GW and neutrino detec-

tors to only the most highly magnified events, including the development of robust strategies for

selecting and confirming lensed CCSNe from the Rubin/LSST alert stream.
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