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Standard candles:
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•Supernovae Ia 
Riess 1998, Perlmutter 1999, Wood-Vasey 2007, 

Kowalski 2008, Amanullah 2010

Gamma Ray Bursts (GRBs) 
Schaffer 1996 , 

Ghirlanda 2004, Amati 2006, 

Capozziello et al. 2011; Dainotti 2009 

Standard sirens (inspiralling binaries)
we are in era of GW astronomy !
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Standard rulers:

Statistical standard rulers:   

*CMBR acoustic peaks Spergel et al. 2007, Komatsu et al. 2011,

* BAO Eisenstein 2005

Individual standard rulers:
* Ultracompact radio sources 

Kellermann 1993, Gurvitz 1994

New well calibrated 
sample !Kellermann 1993, Gurvitz 1994

* Fanaroff-Riley  type IIb  

double-sided radio sources 
Daly 1994, Daly et al. 2002, 2007 

* Clusters of galaxies: combined

X-ray + SZ data

*Gravitational Lenses –

a new class of 

standard(izable) rulers

M.B., S. Cao, et al. 3

sample !
S.Cao, M.B. et al. 2017



Redshift reach of different cosmological probes
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z = 5
ILQSOs
Cao, MB et al. 2017 
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Conclusion: 

only radio quasars 
are promissing for 
further 
calibration
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Steps:
1. expansion rate reconstruction 

l = 11.03 ±0.25 pc

120 VLBI sources 
at 2 GHz
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1. expansion rate reconstruction 
from H(z) data (cosmic chronometers) 

2. robust selection of luminosity sample 

3. calibration of standard rulers 

4. DA (z) reconstruction (GP) from binned 
ILQSO data  or use of calibrated ILQSO 
for cosmological parameter inference
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GP reconstructed DA (z) from ILQSO (+ clusters right panel) 

GP reconstructed 
Speed of light 
derived 
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GP reconstructed 
H (z) from 
cosmic 
chronometers 

derived 

accroding to 
the idea of 

V.Salzano ,
M.P. Dabrowski
R Lazkoz 
Phys. Rev. Lett. 114 
(2015) 101304
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Astrometry – location of 

images

velocity dispersion -

spectroscopy

distance ratio 

sensitive to cosmology

Original idea of using strong lensing systems as a tool for cosmology
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Lensing: mass inside Einstein radius

Stellar dynamics (spherical Jeans equation): 
mass inside projected aperture radius 
scaled to Einstein radius

  r

Spherical power-law mass distribution
118 lenses:

SLACS   57
BELLS    25
SL2S        5
LSD 5
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A.Ruff , R.Gavazzi et al. 2010

� slope evolution

vs.

Based on 
SLACS
Koopmans et al.
2006
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Robust inference of 
mass density profile –
irrespective of 
cosmological model 

Li, Cao, Zheng, M.B., Zhu 
2015

ApJ submitted
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simulated LSST data

How much space curvature 
gij is produced by unit rest 
mass ?
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A
Etherington reciprocity relation
Pre-assumptions:
•metric theory of gravity
•photon number conserved in the beam 
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DA dist. ratios 
from SL systems DL dist. ratios from SN Ia   

stretching factor 

color factor 

cancels for the ratios
velocity dispersion factor 
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looking to the future:

Einstein Telescope

•Increased sensitivity
great expectations

•Big catalogs of inspiral events 
up to cosmological distances

Polish Einstein Telescope
Consortium
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up to cosmological distances

•Multi-messenger astrophysics

•Some of them would be 
gravitationally lensed



Predictions in papers:

X. Ding et al. JCAP12(2015)006

A. Piórkowska et al. JCAP10(2013)022

M. Biesiada et al JCAP10(2014)080
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StarTrack intrinsic merger rates

NS-NS

NS-BH

M. Biesiada et al JCAP10(2014)080
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BH-BH

Differential lensing rate



20

Difference in SL 
time delays
in EM and GW windows 

allow testing
propagation speed of 
GWs

New opportunity for 
multimessenger 
astronomy
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22The price is – manifestly non-Gaussian, heteroscedastic



23

LCDM model is not passing a litmus test …



Results obtained in collaboration with China

Beijing Normal University, Beijing, China

Group led by  prof. Zong-Hong Zhu
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> 20 common papers 
during last 3 years

A.Piórkowska
visiting scientist
2014



Conclusion:

Incoming era of precision cosmology 
requires not only more accurate but also 
independent probes of the Universe
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Stay tuned !
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