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Aim:
• Multiple detections of the same gravitational wave and any accompanying 

electromagnetic signal from a distant source that is gravitationally lensed
Challenges:
• Strong evidence is required to overcome the small probability that a GW 

detection is lensed (optical depth, 𝜏~10-3)
• Smallest GW sky localisation uncertainties are 108x larger than the angular scale 

of gravitational lensing (Einstein radius, θE≈0.5-30arcsec)
• Arrival time difference between a pair of lensed images can significantly exceed 

GW detector coincident segment lengths and run lengths
• Candidate lensed BH-BH are degenerate with BH-BH that are not lensed in the 

mass-distance plane in low latency
Solution:
• Concentrate on gravitationally lensed NS-NS mergers and their gravitationally 

lensed kilonova counterparts

Towards robust discovery of lensed GWs

Ryczanowski D., et al., arXiv:2204.12984: building the watchlist of lenses for Rubin/LSST; danr@star.sr.bham.ac.uk
Bianconi M., et al., arXiv:2204.12978: optical follow-up of candidate lensed BNS in O3; mbianconi@star.sr.bham.ac.uk
Smith G. P., et al., arXiv:2204.12977: predictions for lensed BBH, BNS, kilonovae; gps@star.sr.bham.ac.uk
Nicholl M., et al., 2021, MNRAS, 505, 3016: forward model for kilonova lightcurves; mnicholl@star.sr.bham.ac.uk
Robertson A., et al., 2020, MNRAS, 495, 3727: what does strong gravitational lensing?; andrew.a.robertson@jpl.nasa.gov

https://ui.adsabs.harvard.edu/abs/2022arXiv220412984R
mailto:danr@star.sr.bham.ac.uk
https://ui.adsabs.harvard.edu/abs/2022arXiv220412978M
mailto:mbianconi@star.sr.bham.ac.uk
https://ui.adsabs.harvard.edu/abs/2022arXiv220412977S
mailto:gps@star.sr.bham.ac.uk
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.3016N
mailto:mnicholl@star.sr.bham.ac.uk
https://ui.adsabs.harvard.edu/abs/2020MNRAS.495.3727R
mailto:andrew.a.robertson@jpl.nasa.gov


3

Requests for O4:
• Continue including pgap in low latency alerts: flags objects of interest to us (and others!)
• Prioritise long multi-detector coincident segments: achieves better match with Δt for lensed BNS

Detectable lensed NS-NS live 
in the mass gap in low latency

Lensed kilonovae are 
detectable in O4 (and O5)

12 G. P. Smith et al.

Figure 6. Predicted distributions of gravitationally magnified NS-NS (red contours) and BH-BH (blue contours) merger detections in LIGO’s third (left panel)
and fifth (right panel) runs for our Baseline models. Solid and dashed contours show the e<-e⇡ (i.e. as inferred by LIGO) and <-⇡ (i.e. true intrinsic values)
distributions respectively. In each case the thicker (inner) and thinner (outer) contours encircle 50 and 90 per cent of the predicted magnified population
respectively. Grey horizontal bands show the mass range encompassed by the mass functions in our Baseline models. The points show the masses of the
individual compact objects that LIGO infer assuming ` = 1 for the binary compact mergers that they have detected. The thick black curve in each panel shows
LIGO’s horizon for equal mass mergers.

Figure 7. Predicted magnification distribution for our Baseline models as a
function of sensitivity achieved/forecast in LIGO’s first five runs, for BH-BH
mergers (left) and NS-NS mergers (right) respectively.

increasing rates of detectable lensed events in Table 3, and can be
understood in terms of the strong dependence of lensing probability
on magnification (Equation 20).

4.3 Mass distributions

Very massive BH-BH detections with masses in the putative pair in-
stability mass gap have attracted attention as possibly being lensed,
most notably GW190521 (e.g. Abbott et al. 2020). We therefore
consider the e< distribution as a tool for selecting candidate lensed
BH-BH mergers. Figure 6 shows that the majority of lensed BH-BH
mergers do not have anomalously large e<, with just 20 per cent and
5 per cent of them having e< > 50 M� in LIGO’s third and fifth runs
respectively. The “ordinariness” of the predicted e< values of lensed
BH-BH mergers is caused by the declining slope of the BH mass func-
tion (LVK2021), as implemented in all of our mass function models

(Table 1) – i.e. there are relatively few BH-BH mergers of intrinsi-
cally high mass available to be magnified into objects of apparently
anomalous mass. In summary, selecting candidate lensed BH-BH
mergers based on e< is an ine�cient approach. For the avoidance of
doubt, we stress that we do not interpret Figure 6 as indicating that
most BH-BH detections are lensed, and draw attention to the relative
detection rates of lensed GWs listed in Table 2.

In contrast, selecting candidate lensed NS-NS based on their pre-
dicted e< distribution appears promising because the e<-distribution
of lensed NS-NS mergers peaks within the mass gap between NS and
BH (Figures 6). The key point is that the lensed NS-NS population
is predicted to peak in this region of parameter space, as opposed to
the tail of lensed BH-BH mergers at e< > 50 M� noted above. The
fraction of lensed NS-NS mergers predicted to be inferred by LVK
to be in this mass gap at 2.5 < e< < 5 M� is 62 per cent in their fifth
run – i.e. ' 12⇥ more e�cient as an approach for candidate lensed
GW selection than the 5 per cent discussed above for lensed BH-BH
candidates. We also checked the robustness of this conclusion with
respect to the di�erent NS mass functions that we considered (Ta-
ble 1), finding that & 50 per cent of lensed NS-NS detections being
inferred in low latency as residing in the lower mass gap is a robust
prediction across all of the NS mass functions.

4.4 Time delay distributions

We remind readers that Equations 21 and 22 relate arrival time dif-
ference to the magnification of a pair of strongly lensed images, the
Einstein radius of the lens (\E), and the density (^E) and slope of the
density profile ([E) of the lens at its Einstein radius. Pairs of more
strongly magnified images will have smaller image separations than
pairs of less strongly magnified images. We use these equations to
transform the predicted magnification distributions derived from our
models (Figure 7) into predicted arrival time di�erence distributions
(�Cpseu and �Cfold) for typical galaxy-scale (\E = 1 arcsec, ^E = 0.5,
[E = 1) and cluster-scale (\E = 10 arcsec, ^E = 0.8, [E = 0.5)
lenses. We adopt D = 3.3 Gpc, based on IS = 1.6 which corre-
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Figure 10. Predicted lightcurves in the observer frame for lensed kilonova counterparts to lensed NS-NS mergers, based on the Vera Rubin Observatory’s
D6A8IH-band transmission curves, with each panel labelled according to the respective filter. The solid and dashed curves show the predicted lightcurve for
a kilonova counterpart that is similar to AT2017gfo counterpart to GW170817, and the simplest conservative model, respectively. The upper and lower solid
curves show the predicted 170817-like lightcurve for lens magnifications representative of lensed NS-NS detections in LIGO’s fourth and fifth runs respectively
(Table 5). Similarly, the upper and lower dashed curves are representative of the fourth and fifth runs respectively. The green (upper) and pink (lower) shaded
regions therefore indicate the predicted range of lightcurves for the fourth and fifth runs respectively. Thin horizontal lines show the depth expected to be reached
by the Vera Rubin Observatory with LSSTCam with integration times of 30, 180, and 1800 seconds, as indicated in the top right panel. The time axis is relative
to the time of the NS-NS merger in the observer frame.

Figure 11. Predicted lightcurves for kilonova counterparts to lensed NS-NS
mergers, concentrating on LIGO’s fifth run, and demonstrating the sensitivity
to the chirp mass (left) and mass ratio (right) of lensed NS-NS mergers
with (as examples) cocoon opening angle of 30� and a viewing angle of 60�.
Kilonova counterparts to heavier lensed NS-NS mergers are brighter and fade
more quickly than the counterparts to more lighter lensed NS-NS mergers.
Kilonova counterparts to less equal mass lensed NS-NS mergers are brighter
and fade more slowly than the counterparts to more equal mass mergers.
These characteristics are insensitive to the choice of opening and viewing
angles. All other details of the figure are as stated in the caption to Figure 10.
The black curves in both panels are identical.

considerably fainter magnitudes than the sensitivity of typical optical
follow-up observing campaigns to date. For example, a 170817-like

Table 5. Typical distances, redshifts and magnifications of lensed NS-NS and
lensed kilonova counterparts as a function of GW detector sensitivity

Parameter O1 O2 O3 O4 O5

e⇡ (Mpc) 270 350 500 600 1250
⇡ (Gpc) 12.1 12.1 12.1 12.1 12.1
` 2000 1200 600 400 100
2.5 log ` 8.3 7.7 6.9 6.5 5.0eI 0.059 0.075 0.10 0.13 0.24
I 1.6 1.6 1.6 1.6 1.6

lensed kilonova will be detectable at ' 22nd magnitude close to peak
in LIGO’s fourth run when the typical lens magnification will be ` '

400. Given the predicted detection rates (Figure 5) it is more realistic
to look ahead to A+ sensitivity in LIGO’s fifth run and beyond, at
which point the predicted light curves peak at apparent magnitudes
in the range ' 23.7 � 26 in the A- and 8-bands. This highlights the
second important point, namely that when Rubin is operating in
the mid-2020s, observations deeper than single visit depth – and
potentially as deep as half an hour per pointing – will be required
to securely detect lensed kilonovae. Thirdly, the combination of the
colors of lensed kilonovae, the transparency of Earth’s atmosphere,
and the color of the atmospheric (sky) emission combine to render
the most promising filters for detection of lensed kilonovae to be
the 6A8I-bands, with the A8-bands being the most sensitive. This can
be seen most clearly by comparing the lower dashed curve with the
Rubin detection limits (horizontal lines) in each panel of Figure 10.
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Figure 8. Predicted arrival time di�erence, �Cpseu and �Cfold, distributions for our Baseline model for BH-BH mergers (top) and NS-NS mergers (bottom)
respectively, at the sensitivity forecast for LIGO’s fifth run. Distributions are shown for typical galaxy-scale (\E = 1 arcsec, ^E = 0.5, [E = 1) and cluster-scale
(\E = 10 arcsec, ^E = 0.8, [E = 0.5) lenses, as discussed in Section 2.5.

sponds to the peak of the predicted true distance (⇡) distribution
discussed above, and IL = 0.5 which corresponds to the peak of the
optical depth to strong lensing (Robertson et al. 2020). At fixed lens
mass and structure the predicted �Cfold distributions are broader than
the predicted �Cpseu distributions due to the stronger dependence of
the former on lens magnification, `. Also, as expected from Fig-
ure 3, the predicted �Cfold distributions peak at smaller arrival time
di�erences than the predicted �Cpseu distributions, again due to the
functional dependence on `.

Gravitationally lensed BH-BH mergers su�er longer arrival time
di�erences than gravitationally lensed NS-NS mergers because the
former are typically less strongly magnified than the latter. In LIGO’s
fifth run lensed BH-BH mergers have entered the regime of low-
magnification strong-lensing (2 < ` < 10; Figure 7), whilst lensed
NS-NS mergers remain in the high-magnification regime (` > 10;
Figure 7). The typical arrival time di�erences for lensed BH-BH
mergers are predicted to be typically & 1 hour, and for lensed NS-NS
mergers to be typically . 1 year.

4.5 Comparison with previous work

Numerically, our predictions for the rates of lensed GWs are consis-
tent with comparable earlier studies (Oguri 2018, 2019; Li et al. 2018;
Ng et al. 2018; Wierda et al. 2021; Xu et al. 2022). This is largely
due to these studies adopting a broadly consistent description of the
source populations and the lensing optical depth. However, these ear-
lier works assumed that all lenses are galaxy-scale lenses and thus
predicted the rate of multiply-imaged BH-BH mergers under that
assumption. In contrast, we predict the rate of gravitationally mag-
nified BH-BH mergers agnostic to the mass of the dark matter halo
that hosts the lens, and then interpret that prediction in the context of
the predicted magnification distribution and the phenomenology of
lenses as a function of their mass and structure (Section 2.3). In brief,
for reasons discussed in Section 2.4, earlier results have inadvertently
predicted the rate of gravitationally magnified BH-BH mergers, and
only a subset of those will actually be multiply-imaged due to the
ine�ciency of group/cluster-scale lenses at forming multiple images
at ` < 10. This underlines the importance of characterising the rela-
tionship between magnification and image multiplicity as a function
of lens mass and structure with upcoming surveys such as the Legacy

Survey of Space and Time, ESA’s Euclid mission, and spectroscopic
follow-up with ESO’s 4MOST instrument.

4.6 Implications for discovery strategies

We now consider the implications of our predictions for e�orts to
make a secure and unambiguous detection of a lensed GW. Looking
across the population of GW detections as a whole, it is clear from
Figure 6 that essentially all LIGO detections within ' 1 decade in e⇡
of the LIGO horizon and with compact object masses in the range
2 < e< < 100 M� are candidate lensed detections. It is therefore
particularly challenging to identify an individual detection at e< >

5 M� as a candidate lensed event because this overlaps with the BH
mass function and the majority of BH-BH detections that are not
expected to be lensed. Moreover, selecting candidate lensed BH-BH
mergers in the e<-e⇡ plane is highly model dependent, as highlighted
for example by Broadhurst et al. (2022). A more promising and
less model dependent approach in the e<-e⇡ plane is to concentrate
on candidate lensed NS-NS, the majority of which are predicted
to reside in the mass gap between NS and BH products of stellar
evolution, 2.5 < e< < 5 M� (Figure 6). Indeed, LIGO have already
detected objects in this region of parameter space that have attracted
significant interest (e.g. Wyrzykowski & Mandel 2020; Bianconi
et al. 2022).

Detection of two GW signals with consistent sky locations can
also motivate the identification of LIGO detections as a candidate
lensed object (e.g. Dai et al. 2020; The LIGO Scientific Collabora-
tion et al. 2021a). This strategy has two main disadvantages. Firstly,
the significant sky localisation uncertainties of a growing catalogue
of GW detections (Petrov et al. 2021) are prone to generating false
associations between detections. Secondly, each GW detector only
collects data of a quality required for detection of binary compact
object mergers for ' 70 per cent of the duration of a run, and the
typical coincident segment length is up to just a few hours, where
a segment is a period of time that a detector is collecting data and
coincidence refers to overlap of segments at the di�erent detectors
(Figure 9). Moreover the typical run length is a year with inter-run
gaps of a similar duration. That said, the distribution of coincident
segments points to overlapping sky localisations of multiple detec-
tions within a few hours – i.e. relatively short arrival time di�erences
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E.g. fast wide-field follow-up 
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lensed BNS down to AB~25 
with current telescopes
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