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after S. Suyu; lectures XXIV Canary Islands Winter School of Astrophysics 2012

[A. Einstein (1915); proved by A. Eddington in 1919]

Deflection of the light path near massive body can be calculated within 
Newtonian theory of gravity:

But the deflection angle drived from GR is as twice as it !

impact parameter

deflection angle

true position

aparrent position

problem of photon orbits in Schwarzschild geometry

the lens

Solar eclipse, 29 May 1919 [Sobral/Principle Island]



  

[Schneider et al.1992]

[M. Bartelmann 1996]

The effect of spacetime curvature on the light paths can be expressed 
in terms of an effective index of refraction n:

in classical optics lens bends light 
rays due to the difference 
in refractive index between lens 
material and surrounding medium

but in vacuum n=1 !

Deflection is the integral along the light path of the gradient of n 
perpendicular to the light path 

Newtonian potential 
of the point mass lens: 



  

multiple images

time delays between images

images distorted into rings/arcs

Different regimes of gravitational lensing:

Einstein Cross (Q2237+030), HST
Cosmic Horseshue (SDSS J1148+1930), HST

slight distortions of 
background sources

deflection angles not 
generally observable

statistical approach 
higly needed → intrinsic 
galaxy shapes →  noise

Joshua A. Frieman, Lectures, University of Chicago



Fermat potential

Strong gravitational lensing:

https://chandra.harvard.edu/

Bartelmann& Schneider, 2001

in the light ray formalism:
(thin screen approximation)

Schneider, 2006

S. Suyu; lectures XXIV Canary Islands 
Winter School of Astrophysics 2012

effective lesing 
(Fermat) potential

Massimo Meneghetti, Introduction to 
Gravitational Lensing; Lecture scripts

Travel time of light rays from images  time delay:→

lens equation

Schneider, Kochanek, Wambsganss, ‘Gravitational Lensing: Strong, Weak and Micro’

Schneider, Ehlers, Falco, 
‘Gravitational Lenses’

Images are located at points where the 
total time delay function is stationary



  

Liouville's Theorem

after S. Suyu; lectures XXIV Canary Islands Winter School of Astrophysics 2012

Magnification and distortion:
main features of gravitational lensing !

magnification 

Jacobian matrix for gravitational lensing:

Galaxy Cluster RCS2 032727-132623 
(HST image/NASA)

stretches source image 
tangentially around the lens

magnifies source image by increasing its size



  

"there is no great chance of observing this phenomenon"
[Einstein, 1936]

Einstein ring - 
introduces angular scale characteristic of a given lensing configuration

for the lens of 
and for typical galactic 
distances of
 

~

unobservable!

MICROLENSING!

strong lensing of stars by a star:

small value of deflection angle

unlikely alignment requirement for lensing 

Einstein radius



  

The first observation:

now we know hundreds 
of strong lensing systems !

spectroscopic searches 
concentrated on sources!

SLACS, BELLS, CFHT – SL2S,
CLASS, SQLS, HAGGLeS, AEGIS, 

COSMOS, CASSOWARY

1978-1992 – only 11 strong lensing systems 
                     was discovered

Era of massive galaxy surveys:

https://web.physics.utah.edu/~bolton/slacs/Images.html



  

● looking for the presence of emission 
lines at redshifts higher than that of 
the target galaxy

● + HST ACS follow-up imaging

http://www.physics.utah.edu/~bolton/slacs/What_is_SLACS.html

Sloan Lens ASC Survey SLACS

BOSS emission-line lens survey BELLS

Two main observational startegies for lens detection:

● targets: massive red galaxies
 

● fully automated software (RingFinder) looking 
for tangentially elongated blue features around
lensing galaxy 

[Gavazzi et al. 2014]

Strong Lensing Legacy Survey SL2S 

http://www-sl2s.iap.fr/

early-type galaxies more likely serve as intervening galaxies they contain most of the stellar mass of the Universe 
which affects gravitational lensing statistics



  

Gravitational lenses as a tool for cosmology

lenses as standard(izable) rulers !

Singular Isothermal Sphere (SIS)
– the simplest realistic model

Biesiada (2006)

Biesiada, AP (2008)

Biesiada, AP, Malec (2010)

Biesiada, Malec, AP (2011)

majority of cases the
lens is a late-type 
E/SO galaxy

Koopmans et al. 2006, 2009

possibility to constraining the cosmological model 
provided that we have good knowledge of the lens model

‘Hubble Tension’

gets canceled in the distance ratio

Image Credit: D’arcy Kenworthy

dimensionless expansion rate dependent on 
redshift z and cosmological model parameters



  

"for the discovery of the accelerating expansion of the 
Universe through observations of distant supernovae" 

Aghanim et al. (2021)

Aghanim et al. (2021)

If Dark Energy is a generic dynamical fluid, its equation 
of state parameter should in general be a function of time.

DE pressure and density 
(spatially-averaged )

Dark Energy equation of state parameter :

Chevalier, Polarski (2001); Linder (2003)



  

lenses as standard(izable) rulers – next steps forward

compilation of 118 lenses from SLD, SLACS, BELLS and SL2S catalogues

S. Cao, M. Biesiada, R. Gavazzi, AP & Z.-H. Zhu (2015)

generalization of the SIS model to spherically symmetric power-law mass distribution

making sample more uniform – velocity dispersion correction

mass inside the Einstein radius: dynamical mass inside the aperture projected to lens plane
(from solving the Jeans equation):

[Koopmans et al. 2005]

[Schneider et al.1992]

new observable:

[Jorgensen et al.1995]

uncertainties of the effective radius contribute 
less than 1% to the uncertainty of

we need to transform all velocity 
dispersions measured within an 
aperture to those, measured within 
circular aperture of radius Reff / 2

taking into account possible evolution of the power-law index  g  with redshift
 
[Ruff et al. 2011]
[Brownstein et al. 2012] 
[Sonnenfeld et al. 2013]



  

Monte Carlo (CosmoMC package) simulations of the posterior likelihood

g  taken as a free parameter !

5%
SLACS Team

S. Cao, M. Biesiada, R. Gavazzi, AP & Z.-H. Zhu (2015)



  

lenses as standard(izable) rulers – next move and future prospects

compilation of lenses carefully chosen 
from known catalogues:

a careful statistical analysis of the data in terms of 
observables to ensure the robustness of our sample

Chen, et al. (2019)

currently the largest sample
with both high resolution imaging 
and stellar dynamical data

will provide pairs of redshifts
for 10 000 strong-lensing galaxies
(lenses) and background galaxies
(sources)

velocity dispersions will also
be measured for 5000 lenses

about 20 terabytes of data every night 
during the ten-year survey !

previously:

strong lens candidates from:

The Euclid mission

To date, several hundred galaxy-galaxy strong lenses have been discovered in heterogeneous searches 
of photometric and spectroscopic survey data

Known lenses are rare because even the most massive galaxies are only capable of deflecting light by 
an arcsecond or two and only a small fraction of the sky has been observed to sufficient depth and with 
good enough image resoution to identify a typical Einstein ring.



  

gravitational lenses as a tool for quantum gravity

side effect of similarity 
between EM and GW:

in SIS model + 
standard physics:

in SIS model +
massive graviton:

Lowenthal, PRD (1973)
small extra term

In massive graviton scenario Einstein radius is 
slightly different when compared to the standard case



  

no experimental indication 
which way is correct ?

effective phenomenology
e.g. 

sensitivity requirements for tests are very strict 

-  we need accuracy better than

(1930)Fierz & Pauli

first theory of a massive spin-2 field 
propagating on a flat spacetime

do not uniformly reduce to those 
of general relativity in the limit

at small scales when one takes into 
account nonlinear effects!

de Rham-Gabadadze-Tolley 
(dRTG) gravity

(shorter tan the Compton wavelength of the graviton)

(2010)

https://en.wikipedia.org/wiki/Boson
https://en.wikipedia.org/wiki/Minkowski_space


  

do GWs really exist and, if yes, can we detect them directly ?

stress tensor

(analogy to the Hooke's Law)

elastisity modulus

strain tensor

physical effect 
of gravitational wave:

the proton radius is ...

!

wave intensity:
relative amplitude
of deformation!

GWs generation 
mechanisms effective in 
systems with 

- sizes of the order of 
   Schwarzchild radius

- velocities of the order of 
   speed of light in vacuum

compact object binaries:
BH-BH, BH-NS, NS-NS

Searching for QG – lesson from GW detection history 



  

Interferometric detectors: GEO600, TAMA300, LIGO, VIRGO

mirrors
separator

photodetector

GW signal doscovered 100 years after formulation of GR

apart from Hulse and Tylor indirect proof (Nobel Prize 1993)

LIGO – two detectors!

observation run started on 
25 February 2020+

KAGRA detector 
in Kamioka mine



  

2017 Nobel Prize in Physics
„For decisive contributions to the 

LIGO detector and the observation of gravitational waves." 



  

we can constrain directly 
speed of GWs with lensing

See also: 
T. E. Collett and D. Bacon, Phys. Rev. Lett.118, 091101 (2017) Fan, Liao, Biesiada, AP & Zhu (2017)



  

lenses as a tool for quantum gravity – future prospects

O1
O2

O3a

O3b

O4

started on 25 February 2020

+

Hundreds of GW signals registered so far !

B.P.Abbott et al. [LSC, Virgo Collab.], Phys. Rev. X 13(4):041039 (2023)

R.Abbott et al. [LSC, Virgo Collab.], arXiv:2010.14527 [gr-qc] (2020)

R.Abbott et al. [LSC, Virgo Collab.], arXiv:2010.14533 [astro-ph] (2020)

B.P.Abbott et al. [LSC, Virgo Collab.], Phys. Rev. X 9, 031040 (2019)

Next generation GW detectors:

https://decigo.jp/index_E.html

Kawamura, S., et al. (2019)

  

Nakamura T., et al. (2016)

http://www.et-gw.eu/



  

multifrequency 

f: 0.1 mHz – 100 mHz 

f: 1 mHz – 100 Hz

inaccessible from the ground 
due to irremovable seismic noise

GW astrophysics !

A. Piórkowska-Kurpas et al, ApJ 908 196 (2021)

DECIGO sensitivity significantly affected by unresolved BH-BH 
systems; B-DECIGO affected much less

Isoyama, S. et al., Prog. Theor. Exp.
Phys. 073E01 (2018)

GW150914 and GW170817
could have been visible in 

(B-)DECIGO band for ∼ 10 days 
and ∼ 7 yrs prior to coalescence
with large numbers of GW cycles

Remark:



  

Detection rates for aLIGO and ET

lensed NS-NS mergers !

~10% of NS-NS systems 
will be aligned as to give 
observable SGRBs

for galaxy-galaxy strong lensing with

kilonovae duration of order of days

short GRBs duration of order of 0.1 - 1s

P.S.Cowperthwaite and E.Berger,
 ApJ 814, 25 (2015)

D.B. Fox et al., Nature 437, 845 (2005)

jet collimation

FRB duration of order of ms
D.Thornton et al., Science 341, 53 (2013)
D. J. Champion et al., MNRAS 10.1093 (2016)

EM counterpart of NS-NS or NS-BH mergers visible as:

lenses as a tool for quantum gravity – perspectives:

Let’s do some statistics...

M. Biesiada et al. JCAP10(2014)080

A. Piórkowska-Kurpas et al, ApJ 908 196 (2021)



  
~a few lensed 

NS-NS /yr

lensed  NS-NS mergers

GW lensing in ET discussed in papers:

A. Piórkowska et al. JCAP10(2013)022

M. Biesiada et al. JCAP10(2014)080

X. Ding et al. JCAP12(2015)006

robust 
prediction:

results corrected for Earth’s rotation effect:
L. Yang et al. ApJ 874, 139 (2019)

50-100 lensed DCO events per year

[Multi-messenger Observations of a Binary Neutron Star Merger; ApJL, 848:L12, 2017]

GW170814 LIGO/VIRGO

GRB 170817A

SSS17a /
AT 2017gfo

Follow-up observations: 

First Multimessenger Transient

GWs

Fermi/GBM

in NGC 4993

radio emission

g-rays

bright optical transient

UV-blue transient
X-ray emission ~9 days after merger

~16 days after merger

~15h after merger

multi-wavelength evolution within the first 12–24 hr



  

SNR above 
threshold of 8

25

lensing rates calculated if all accessible 
sources were resolvable ...

 

confusion noise of 
unresolved systems 
influence our ability 
to detect inspiraling 

DCO systems

merger rates according to Dominik et al. 2013

StarTrack code

Yagi & Seto 2011
Isoyama et al. 2018

optical depth corrected for finite duty cycle of detector

4 binary evolution scenarios:

1. Standard

2. Optimistic 
    Common 
    Envelope (OCE)

3. Delayed SN 
    explosion

4. High BH kick

!
2 galaxy metallicity 

evolution models



  

lenses as a tool for quantum gravity – next step:

mass inside the Einstein radius:

dynamical mass inside the aperture 
projected to lens plane 
(from solving the Jeans equation):

analysis performed on the sample of 
167 strong gravitational lensing systems:

Within the Einstein radius, we suppose that

Observation: discrepancy between            and 

for SIS model

Idea:

e.g. within massive photon scenario:

Lowenthal, PRD (1973)

i.e. Einstein radius as is expected 
within standard theory

some correction which depends on the details
of a particular QG model (i.e. on its parameters)

Li et al. ApJ (2018)

the stringest upper limit for the photon mass is: 
(from pulsar timing and fast radio bursts FRBs data)

Wang et al. (2024)

Li et al. ApJ (2018)



  



  

Thank you for your attention .
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