Astrofizyka Czgstek w Polsce 2017

Krakow
20 - 22 wrzesnia 2017

New probes of cosmological expansion

Marek Biesiada
Department of Astrophysics and Cosmology
Institute of Physics,

University of Silesia
Katowice, Poland

N E;”:_gﬂ: ut F|zyk| UNIVERSITY OF SILESIA
im. Augusta Chetkowskiego yi IN KATOWICE



Standard candles:

*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 !




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 | New well calibrated

|
Kellermann 1993, Gurvitz 1994 Sample ' ‘

: M.B. et al. 2017 £ |
* Fanaroff-Riley type IIb S.Cao, stal. 20 !

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

* Clusters of galaxies: combined oo A
X-ray + SZ data
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*Gravitational Lenses -
a hew class of

standard(izable) rulers
M.B., S. Cao, et al. 3




Redshift reach of different cosmological probes
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Figure 3. Consiraints on compact source parameters obtained from three sub-
samples with different optical counterpans,
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Measuring the speed of light with
ultra-compact radio quasars

Shuo Cao,” Marek Biesiada,”” John Jackson,” Xiaogang Zheng,"
Yuhang Zhao" and Zong-Hong Zhu“

Ultra-compact structure in intermediate-luminosity radio quasars:
building a sample of standard cosmological rulers and improving
the dark energy constraintsuptoz ~ 3

Shuo Cao', Xiaogang Zheng'?, Marek Biesiada'*?, Jingzhao Qi', Yun Chen?, Zong-Hong Zhu'-*



120 VLBI sources
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GP reconstructed

H (z) from
cosmic
chronometers

GP reconstructed D, (z) from ILQSO (+ clusters right panel)
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Figure 7. Upper left: GP reconstructed D 4(z) using the data concerning quasars; Upper right:
GP reconstructed [3,4(z) using the data with both guasar and cluster observations: Lower left: GP
reconstructed H({z) data with Hubble parameter observations; Lower right: the measured speed of
light  at redshift = = 1.70 {blue square with error bars) and o at redshift z = 0 (red circle). Standard
assimnes that £ is a universal constant ¢y so the red horizontal line has also been added for comparison.

Speed of light
derived

accroding to
the idea of

V.Salzano ,
M.P. Dabrowski

R Lazkoz
Phys. Rev. Lett. 114
(2015) 101304
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New observational constraints on f(7') cosmology from radio
quasars
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Original idea of using strong lensing systems as a tool for cosmology

velocity dispersion -
spectroscopy

O DLS

0.=4 i
']\Eﬂc DS\

distance ratio
sensitive to cosmology

Astrometry - location of
images

PHYSICAL REVIEW D 73, 023006 (2006)

Strong lensing systems as a probe of dark energy in the universe

Mok Hicsinial® . ‘Gf Cosmology and Astroparticle Physics
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! from strong gravitational lensing
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Cosmic equation of state from strong gravitational lensing systems
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Spherical power-law mass distribution

pocr’

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

scaled to Einstein radius

118 lenses:

SLACS 57
BELLS 25
SL2S )
LSD 5

Lensing: mass inside Einstein radius | o
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Table 2
Dark Energy (XCDM Model and CPL Parametrization) Constraints Obtained on the Full 118 Strong-lensing (SL) Sample®

Cosmology (Sample) Wi . W _— =i ™~
XCDM1 (SL: o) S wi =0 / 1o = 2.03 £ 0.06 4 =0 ‘\
XCDM1 (SL; on) / wp = —L.155)38 wi =0 1o = 207 £ 0.07 =0
XCDM2 (SL; oyy) wp = — 1 487031 wi =0 1o = 2.06 £ 0.09 = —0.09 £ 0.1§
XCDM?2 (SL: op) wp = —1.3598] wp =0 1o = 2,130 7 = —0.00 £ 0.17
CPLI (SL: ap) wo = —0.155 5 wy = —6.95715: 1o = 2.08 £ 0,09 3 = —0.09 £ 0.17
CPL1 (SL: ap) wp = —1.00F ] 54 \ j=—1 85D = 2.1400° v = —0.10 £ 0.1§
CPL2 (SL; o) wp = —0.167131 wy = —6257532 7 = 2.08 W= —0.09
CPL2 (SL; ap) wp = —L.0SEH S = 16550 1 = 2.14 3 = —0.10
CPL2 (SN) wy = —1.00 = 0.40 wp = —0.127138 \ O N /
\ Robust inference of
/ mass density profile —
i . .

irrespective of

cosmological model
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' ' Table 1
1 g
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-GR
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Figure 3. Normalized posterior likelihood of the PPN + parameter obtained
with rigid priors on the nuisance parameters (o 3, &)

y =0.995"00

How much space curvature T T T
gIJ IS prOduced by unlt reSt the simul-:u::d LSST strong Icnsin:_:dum_ : s E 3 14
mass ?

=12 -11 -1 48 -08

05 08 1 1 102



THE ASTROPHYSICAL JOURNAL, 822:74 (Spp). 2016 May 10 doi: 10,3847 /0004-637X /822 /2 /74
D 2016. The American Astronomical Society. All rights reserved.

Crossiark
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—>|D,(2)(1+2z2) Etherington reciprocity relation
D, (2) Pre-assumptions:
L

*metric theory of gravity
*photon number conserved in the beam
D, dist. ratios l : :

If
[E—

DA)(1 + 2)?

=7n(z) = 1 + npz.

DX (2)

SL
oy —0.00523374 (1011535 (20)
a 0.1290 0 a3 stretching factor
3 6.70011911(101533%(20)  color factor
- 102233028 () 7y #0053 (97 . . .
4’ T e velocity dispersion factor
My cancels forthe ratios
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Gravitational waves detected 100 years after Einstein’s prediction

|&d Selected for a Viewpoint in Physics

PRL 116, 061102 (2016) PHYSICAL RENVIEW LETTERS

week ending
12 FEBRUARY 2016

S

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”

: @ jeptific Collaboration and Virgo Collaboration)
(Rec 21 January 2016; published 11 February 2016)
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Einstein gravitational wave Telescope

Conceptual Design Study

%llSh Emsteln Telescope
Consortium -
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looking to the future:

Einstein Telescope

*Increased sensitivity
great expectations

*Big catalogs of inspiral events
up to cosmological distances

*Multi-messenger astrophysics

Some of them would be
gravitationally lensed
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Predictions in papers:

ZOWnaI of Cosmology and Astroparticle Physics

ournal of Cosmology and Astroparticle Physics

Strong gravitational lensing of e
gravitational waves in Einstein

Telescope Strongly lensed gravitational waves
from intrinsically faint double compact
Aleksandra Piérkowska,” Marek Biesiada® and Zong-Hong Zhu® u . L . - .
A e binaries — prediction for the Einstein
epartment ol Astrophysics and Cosmology, [nstitute o nysics, Liniversity ol Silesia,
Uniwersytecka 4, 40-007 Katowice, Poland
bDepartment of Astronomy, Beijing Normal University, TEIESCDP E

Beijing 100875, China
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1 Nepartment of Astronomy. Beijing Normal University,

Beijing 100875, China
Ournal Of c05m0|ogy and AStrO pa rt|C|e PhyS|CS bDepartment of Astrophysics and Cosmology, Institute of Physics, University of Silesia,
e An 1P and SISSA journal Uniwersytecka 4, 40007 Katowice, Poland

¢Kavli Instituie for Theoretical Physics China, CAS.
Beijing 100190, China

Strong gravitational IenSing Of E—mzlfl'.]qling';xll.l.lwtl.gumail.lu|11.-:'d11.tn. marek_hiesiadaGins edu.pl,
athuvh @i b edu.on
gravitational waves from double

compact binaries — perspectives for X. Ding et al. JCAP12(2015)006
the Einstein Telescope

Marek Biesiada,”* Xuheng Ding,” Aleksandra Piérkowska’ and
Zong-Hong Zhu*

M. Biesiada et al JCAP10(2014)080
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StarTrack intrinsic merger rates
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PRL 118, 091102 (2017) PHYSICAL REVIEW LETTERS 3 MARCH 2017

Speed of Gravitational Waves from Strongly Lensed Gravitational Waves
and Electromagnetic Signals

Xi-Long Fan,'*" Kai Liao,” Marek Biesiada,” Aleksandra Piérkowska—Kurpas.J' and Zong-Hong Zhu'>"
'School of Physics and Technology, Wuhan University, Wuhan 430072, China
:De,'}m‘mmm_'; of Physics and Mechanical & Electrical Engineering, Hubei University of Education, Wuhan 430205, China
School of Science, Wuhan University of Technology, Wuhan 430070, China
4.-Dr:‘,r:rr:rm:.s’m of Astrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland
“Department of Astronomy, Beijing Normal University, Beijing 100875, China

Difference in SL
time delays
in EM and GW windows

allow testing
propagation speed of
Ws

New opportunity for
multimessenger
astronomy
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IS THERE EVIDENCE FOR DARK ENERGY EVOLUTION?
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h(z) = H(z)/Hq

om(z) = h™(z) — 1 Sahni, V., Shafieloo, A. & Starobinsky, A.A., 2008,
) = Phys. R ev. D, 78, 103502 [arXiv:0807.3548]

On(z) \cppr =250
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Two-point Om(z,, z,) diagnostic:
Om(z1,22) = Om(z1) — Om(z2)

h2(z) — 1 h2(z5) — 1

1+2z)3-1 (1+429)3—-1

Shafielo o, A., Sahni, V. & Starobinsky, A.A., 2012,
Phys. Rev. D, 86, 1 03527 [arXiv:1205.2870]

Left side: H(z),H,

Two-point Omh?(z,, z,) diagnostic:

Omh®(z;, z;) =

Right side:
Om(z.,zj.)ACDM =

l

h2(24) — h?(2)
T+ 27 = (L + %)

Sahni, V., Shafielo o, A. & Starobinsky, A.A., 2014,
Astrophys. 1., 793, L40 [arXiv:1406.2209]

fl
h(z) = H(z)/100 km s~ Mpc™

Left side:

H(z)

\ Right side:

Omhz(zf ) Zj)ACDM = Qm,0h2

A sample of n measurements offers us n(n-1)/2 different
values of two point diagnostics.

The price is — manifestly non-Gaussian, heteroscedastic 22
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LCDM model is not passing a litmus test ...
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Results obtained in collaboration with China

Beijing Normal University, Beijing, China

Group led by prof. Zong-Hong Zhu

> 20 common papers
during last 3 years

A.Piorkowska
visiting scientist
2014

24




Conclusion:

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

Stay tuned !
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