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Broad perspective of the talk

• Gravitational lensing

one of the first predictions of GR

propagation of light in inhomogeneous universe

• Era of multimessenger astronomy

gravitational waves

whole EM spectrum
neutrinos

cosmic rays

• Transient events

GW from CBC

GRBs

FRBs

SNIa, SNII 
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Broad perspective of the talk

• Cosmic mysteries and challenges

composition of the Universe

accelerated expansion

cracks in the concordance LCDM model

There is a crack, a crack in everything

That's how the light gets in

H0

S8

Ωk
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Broad perspective of the talk

* Fundamental questions

what are unbiased parameters of LCDM?

is LCDM valid?

Dark Energy or Modified Gravity?

what is the nature of Dark Matter? 

* New opportunities – new tools

strong gravitational lensing, 

GW astronomy, some non-standard 

ideas and approaches
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Success comparable 
to the greatest triumphs of 
celestial mechanics in 
XIX century 
(discovery of Neptune)



Gravitational lensing – geometric optics

Light rays formalism Wavefront formalism 

(Fermat principle)

Lens    equation

geometrical term 

Fermat 

potential
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caustics

Travel time

Newtonian

potential at lens
plane

magnification

Observables:

* image positions 
and shape distortions

* time delay between images

* flux ratios 
magnification ratios

Einstein radius

Time delay distance
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Strong lensing of transients
• LSST – Sne

900 strongly lensed SN 

expected

ca. 650 SNIa

• GRBs

median z ~ 2

lensed GRB expected long
time ago (Paczyński 1996)

no fully confirmed case so far

• FRBs

bright ms long radio flashes

discovered 2007

lying at cosmological distances

expected to be lensed
first possible lensed FRB20190308C

Transients – advantage: high temporal resolution (time delays)

Radio band – high spatial resolution (image positions)
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So far 90 
registered 
gravitational  
signals in 
O1-O3a,b 
runs
GW150914 first ever
GW170817 first NS-NS
GW190426 first BH-NS

Strong lensing of gravitational waves
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The idea of  „standard  sirens”

Measure the strain h(t)

and frequency drift df/dt

2 equations for 2 unknowns: 

„chirp mass” M  &  distance D 

B. Schutz 1986

B.Schutz, A. Królak 1987

for cosmological sources 

t →(1+z) t

f →
1

1+z
f

df

dt
→

1

(1+z)2

df

dt

The distance inferred is the luminosty distance             DL = (1+z) D

Mc→(1+z) Mc



Gravitational lensing in wave optics limit

Consider monochromatic wave

Propagation equation in presence 

of weak gravitational potential U

(Helmholtz equation)

Point mass

wave amplitude with lensing

without lensing 
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Amplification factor

Diffraction integral

SIS lens

Wave effects become important and significantly modify 

geometric optics predictions

Schneider P, Ehlers J and Falco E E 1992 Gravitational Lenses

(Berlin: Springer); 

Takahashi R and Nakamura T 2003 Wave effects in the

gravitational lensing of gravitational waves from chirping

binaries Astrophys. J. 595 1039 51 
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Diffraction integral in geometric optics limit

i.e. only stationary points of time delay 

contribute 

interference between images

magnifications in g.o. 

Summary

wave optics effects:

* diffraction

* interference – beat 

patterns



Einstein Telescope
⚫ Increased sensitivity

great expectations

⚫ Big catalogs of inspiral 
events up to cosmological 
distances

⚫ Some of them would be 
gravitationally lensed
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Poland is one of 

5 founding countries
of E.T. 
Now at 2021 ESFRI

Roadmap

A. Piórkowska et al. JCAP10(2013)022 (NS-NS only)

M. B. et al. JCAP10(2014)080 (full DCO: NS-NS, BH-NS, BH-BH)

X. Ding et al. JCAP12(2015)006 

(relaxing intrinsic SNR=8 demand; magnification bias) 

50 – 100 lensed events per year

BH-BH systems contribute 91 – 95%; 

NS-NS systems 1 – 4%
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The future –
widen the frequency band of 
ground based detectors

LISA – 0.1 mHz – 100 mHz

DECIGO – 1 mHz – 100 Hz

DECIGO orbit 

Detector noise power 
spectrum density of different 
ground and space detectors

Kawamura, S., et al. 2019, IJMPD, 28, 1845001

Nakamura T., et al. 2016, Prog. Theor. Exp. Phys. 093E01

1000 km

B-DECIGO smaller scale detector 
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DECIGO sensitivity 
will be significantly 
affetcted by unresolved
BH-BH systems

B-DECIGO affected 
much less

These GW
events
could have
been 
detected by

DECIGO
or
B-DECIGO

DECIGO and B-DECIGO

ET: r0 = 1917 Mpc

DECIGO r0 = 6709 Mpc

B-DECIGO r0 = 535 Mpc 

50 lensed events per year

few lensed events per year

only BH-BH systems
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Strong lensing - applications
• Cosmology

measuring H0

cosmic equation of state

cosmic curvature

• Testing modified gravity

PPN parameter

• Constraining Dark Matter models

• Testing fundamental physics
LIV

speed of GWs

mass of graviton
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Ia. Strong lensing cosmography – H0 from time delay

H0LiCOW currently 6 +1 lenses
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Sub percent – percent 

accuracy of H0 possible

with 10 lensed GW+EM

Similar perspectives for measuring 

curvature parameter
S.Cao, ..., M.B. et al.,Scientific Reports 9, 11608, 2019
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Ib. Strong lensing combined with stellar kinematics

Stellar kinematics

(spectroscopy)

Gravitational lensing

1. The simplest lens model

Singular Isothermal Sphere

(SIS) 

stellar dynamics (spherically symmetric Jeans equation): 
mass projected inside the aperture radius  

scaled to the Einstein radius

2. Spherically symmetric power-law 

mass density profile 

Strong lensing: mass inside  the  

Einstein radius 

3. More general spherically symmetric power-law model 

total mass 

luminous matter 

stellar anisotropy 
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10 cluster lenses

70 galaxy lenses
from SLACS

WMAP7+BAO+H0

Ωm = 0.272

w = -1.10 ± 0.14

w0  = -0.93 ± 0.13

wa = -0.41 ± 0.71

Komatsu et al. 2011

Ic. Strong lensing cosmography – e.o.s. of the Universe

20 galaxy lenses
from SLACS + LSD

118 lenses from  
SLACS sample



Linder (astro-ph/0511197) 20

Not yet precise

determine DE equation of state

intrinsic alignment of 
parameters (w0 , wa )

Modern cosmology: Incremental Exploration of the 
Unknown

determine if it 

changes in time 

We need complementary probes – 

to break degeneracies 

and for cross-checks

MB, 
B.Malec, 
A.Piórkowska
2011
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Credit: F. Leclercq, A. Pisani , B.D. Wandeldt arXiv:1403.1260v1

Formation of the large 
scale structure 
induces non-zero 
curvature 
at local scales

It is important to measure
curvature with local
objects

Carl Friedrich
Gauss

II. Strong lensing and curvature of the Universe



Distance sum rule – valid in any FLRW metric

rule valid in flat FLRW metric

Strong lenisng systems 
offer us 
„degenerated triangles”

One can obtain Ωk if

dl, ds, dls are known

Observations:

zl , zs – known

Images -- >   dls / ds

Time delays -- > dl ds / dls

So: dl is measurable

=================

ds – match by redshift to 

some standard candle
(or ruler)This is a function of two redshifts, but within the FLRW metric 

it should be just a single number ! 22



Curvature parameter 

from lensed SN Ia

650 lensed

SN Ia from  LSST

D. A.Goldstein,
P. E. Nugent

2017

23
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NCBJ
is 
participating

Simulated sample of SGL 

systems detectable in 

LSST (code of Collett 2015)

Distances matched 

to QSO[UV-X] standard

candles 
(Risaliti & Lusso 2019)

5000 ellipticals

SGL systems

&

QSO[UV-X] 
overlap well in z
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Results

Different lens models + 

different cosmographic distance reconstructions

redshift bins

Conclusion: LSST data (+follow-up) would allow sub-percent accuracy 

of local Ωk measurement 



If we observe strongly lensed GW signals

and their EM counterparts

Advantages:
very precise measurement of time delay
(however affected by microlensing and l.o.s. contamination)

Time delay distance – Fermat potential reconstructed from 

EM images of lensed host galaxy

EM images + spectroscopy of the lens

Sources are standard sirens

(up to magnification factor, which can be assessed from 

flux ratio and lens reconstruction)

Cosmic curvature in terms of 

measureable quantities

Uncertainty budget: covariances by propagating uncorrelated measurement 
uncertainties of the observables 

26
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Mock catalog:

100 lensed GW for ET

1000 lensed GW for BBO

Merger rates –

from StarTrack pop syn code
masses and orientations sampled

randomly 

Lenses – elliptical galaxies, VDF 

from Schechter function fitted to 

SDSS DR3

Reconstruction and magnification 

uncertainties from the budget above

ET

BBO
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Parametrized post-Newtonian (PPN) formalism is a very convenient way to study 

and compare gravity theories beyond GR

One useful PPN parameter measures the ammount of spatial curvature generated 

by unit mass 

In the weak field limit the metric is characterized by two potentials 

Motion of massive bodies (e.g. stellar dynamics) is sensitive to the Newtonian 

potential 

Trajectory of light is sensitive to both potentials, as a result:

deflection angle is

and the Einstein radius of spherically symmetric lens is 

III. Strong lensing and as a new probe of 
parametrized post-Newtonian (PPN) gravity



29

Best fits

We used a catalog of 80 intermediate mass lensing systems 

from SLACS,BELLS, LSD and SL2S 
(Cao et al. 2015, ApJ 806:185)

lensing gives

stellar velocity dispersion giveslens model

total mass 

anisotropy 

luminosity 
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LSST simulated 

strong lensing systems

with prior on 

γ= 0.995− 0.047
+0.037

With priors



Long searched-for Quantum Gravity is often expected to provide 

„foamy space-time” at short distances

i.e. a possible breakdown of Lorentz invariance could be expected 
at high energies 

The simplest manifestation of QG phenomenology – energy 
dependent relativistic  dispersion relation, e.g.

for photons

for massive particles

„sign parameter” 
„Quantum Gravity”
energy scale 

ε=± 1

IV. QG phenomenology
Lorentz Invariance Violation



H.E.S.S.

MAGIC

HAWC

LHAASO

...

CTA

Time delay low vs. H.E.

Time of flight
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Classically light propagates with the speed of light c, at all wavelengths but in QG phenomenology velocity of 

light might be energy dependent. In a strongly lensed event time delays between images in low and high 
energy channels would be different. 
This method is free from any assumptions regarding intrinsic source time lag between low and high energy

signal emission.

magnification ratio
lensing galaxy 

velocity dispersion





Time of flight effect Time delay for point mass lens (IMBH)

LIV effect on time delay for point mass lens (IMBH)

magnification ratio



Many unknowns (e.g. lens redshift), 

but the method works !



Challenge for the future:

Find lensed GRBs or better yet TeV sources ...

Prompt GRB emission works for small time delays (mililensing, IMBHs)

For galaxy lensing – time delay ~ days, weeks, months ... 

one should change the strategy 

simulation

candidate



In GR GWs propagate along null geodesics like photons

-no dispersion

In modified gravity theories (also QG phenomenology): graviton satisfies 

modified dispersion relation 

•Can be massive

•Massive GW + LIV term

leads to dephasing of GW 

relative to the phase evolution 

in GR

but

Gravitational lensing can be helpful
A single lensed gravitational-wave signal enables us to 
measure the graviton mass with an accuracy
comparable with the combined measurement across 
O(103) unlensed signals 

A.K-W. Chung, T.F.R. Li, (2021) Phys. Rev. D 104, 124060 
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See also

Multimessenger time delays 

from lensed gravitational waves

Tessa Baker and Mark Trodden

Phys. Rev. D 95, 063512 (2017)

Classically GW propagates with the speed of light c, but in some theories of modified gravity (QG 

phenomenology)  it can propagate with vGW different from c
In a strongly lensed event time delays between images in GW and in EM would be different. If 
This method is free from any assumptions regarding intrinsic time lag between EM and GW signal emission.

The same idea allows to test LIV (MB, A.Piórkowska 2009; Lan et al. 2022) 



The idea of seeking for the difference in time delays of lensed EM and GW

signals as a way of testing the speed of GWs is independent of many
pre-assumptions inherent to other alternative methods. 

• It is free from any assumptions concerning moments of emission

of GW and EM signals (intrinsic time lag)

•Does not rely on detailed analysis of waveforms – only on detection trigger

•It does not really depend even on lens model (SIS served for illustration) –

if GW and EM signals propagate at different speeds
(detectable with this technique)  it would be revealed as a difference of time

delays anyway (EM and GW traverse the same lensing potential whatever it is).

•Only for qualitative interpretation of such a difference,  lensing potential should be 

known precisely – this can be achieved with dedicated follow up study of the 

lensing system in the optical.

40
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Challenge for the future: cosmic strings !
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Credit: Vachaspati, Pogosian, Steer

False vacuum

True vacuum: 

in general forms a 

manifold M of non-

trivial topology

Cannot be shrinked to a 

point – string is a 
topological defect here

Credit: Geneva Cosmology Group

Universe populated with

strings, they interact,
form loops, oscillate -
emit GWs !

Idea of topological defects
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Credit: Roger Penrose

Cosmic string – cuts the wedge from the 

space-time

String is locally fully characterized by its tension

= mass per unit length

Deficit angle cut by the String 

The only direct way to observe the String 

is by gravitational lensing ! 
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Credit: Vachaspati, Pogosian, Steer

Observer

Lensing by the cosmic string

Source behind the cosmic string – split in two

images (non-magnified !)
CSL – 1 once the most 

promising candidate
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Lensing by the cosmic string

The relativistic calculation of lensing by a cosmic string is due to 

J. R. Gott, Astrophys. J. 288, 422 (1985). 

The anisotropy in the cosmic microwave background due to cosmic strings was 
calculated by

N. Kaiser and A. Stebbins, Nature 310, 391 (1984).

Exciting candidate of elliptical galaxy lensed by cosmic string

M. V. Sazhin et al., Mon. Not. Roy. Astron. Soc. 343, 353 (2003) [astro-

ph/0302547].

M. V. Sazhin et al., astro-ph/0406516.

M. V. Sazhin et al., Mon. Not. Roy. Astron. Soc. 376, 1731 (2007) [astro-

ph/0611744]. 
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CSL -1 case

vertical shift in spectra – only

for visualization

Eventually HST revealed a 

matter bridge (merger) … 

But in LSST era it is worth

seeking for lensing by string
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Conclusions

• Vera Rubin Observatory (LSST survey) will become a game changer 
in precision cosmology 

10 000 strong lensing systems including 1000 quasar lenses. 

• Great opportuinity to advance alternative cosmological probes

strong lensing systems
strongly lensed SN Ia (and other transient events)
anomalies in time delays and DM substructure, fuzzy DM ? 
K.Liao, ... ,M.B., et al. ApJ 867:69, 2018

multiwavelength (optical, IR, radio) study of SL systems

lensed GRBs

• New generation of ground-based and space-borne GW detectors 
(ET, CE, DECIGO, LISA) will considerably enhance the statistics of 
GW events – lensed signals will be detected

• Opportunity to explore the fundamental questions in Physics, gravity 
theory beyond GR, QG, nature of DM.  

HST / WFC3- F160 lens 

subtracted

ALMA

SDP.81 lens
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