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Istota zjawiska

Zwykta Soczewka
zakrzywia promienie
Swiatta dzieki roznicy
we wspotczynniku
zatamania osrodkow

Soczewka grawitacyjna ?

Dlaczego ?!!!
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EINSTEIN RING Finstsin Ring formed when earth-lens-object Konsekwenc.a:

IMAGE are parfectly aligned

soczewkowanie
grawitacyjne

Einstein — pierscien
Einsteina

LENS GALAXY

Eddington 1920

iIdea wielokrotnych
obrazow

Multiple images formad when alignment is not perfact




Soczewkowanie grawitacyjne

* Einstein sceptyczny co do obserwowalnosci

efektu

soczewki o masach rzedu masy Stonca 1 M, przy odlegtosciach
wzajemnych typowych dla Galaktyki 5 — 10 kpc majg promienie
Einsteina rzedu 0”.001 — nieobserwowalne !

«Zwicky 1937 (!) galaktyki w roli soczewek |
Galaktyki majg masy rzedu 101 — 1012 M, i n T
ich wzajemne odlegtosci to 10 Mpc — 1 Gpc
daje to promien Einsteina rzedu 1”.

To juz mozna zobaczy¢ !

Fritz Zwicky
1898 - 1974




Science, 1936

LENS-LIKE ACTION OF A STAR BY THE
DEVIATION OF LIGHT IN THE
GRAVITATIONAL FIELD:

SoMmE time ago, R. W. Mandl paid me a visit and
sked me to publish the results of a little calculation,
hich I had made at his request. This note complies
vith his wish. .
The hght coming from a star 4 traverses

tational field of another star'B, whose radius is R,.
Let there be an observer at a distance D from B and
at o distance x, small compared with D, from the ex-

tended central line AB.  According to the general
theory of relativity, let a, be the deviation of the light
ray passing the star B at a distance R, from its center.

IFor the sake of simplicity, let us assume. that AB
is lnrge, compared with the distance D of the observer
from the deviating star B, We'also neglect the eclipse
(geometrical obscuration) by the star B, which indeed
is negligible in all practically important cases. To
permit this, D has to be very large compared to the
radius R, of the deviating star. ‘

It follows from the law of deviation that an observer

situatgd exactly on, the extension of the central line - ¢ nabruments..

AB will pereeive, instead of a point-like star 4, a

luminius circle of the angular radius yaround the

center of B, where x

. ‘!
: ‘ 5=Jao%' g

It should be noted that thiSfangular ,diameterﬂﬂ does

\
i

DISCUSSION ' Mikrosoczewkowanie gravitacyjne

not decrease like 1/D; but like 1/\/3, as the distance
D increases.,

" Of course, there is no hope of observing this phe
nomenon directly. First, we shall scarcely ever ap-

proach closely enough to such a central line. ~Second,
the angle B‘ will defy the resolving power of our
instruments., For, a, being of the order of magnitude’
of one second of are, the angle R,/D, under which the
deviating star B is seen, is much smaller. Therefore,
the light cor}ning from the luminous cirele can not be
distinguishcq by an observer as geometrically different
from that c|bming1‘, from the star B, but simply will
manifest itsqlf as [increused apparent brightness of B.

The same will happen, if the observer is situated at
a small distance x‘;tfrom the extended central line 4B.
But then thp observer will sce 4 as two point-like
light-sources whi% are deviated from the true geo-
metrical position of 4 by the angle 8, approximately.

The apparent bxlightness of A will be increased by

" the lens-like laction of the gravitational field of B in

the ratio q. | This 1\q will be considerably larger than
unity only if| z is sp small that the observed positions
of A and B cpincidé, within the resolving power of our
Simple geometric cohsidcrationis Jead

to the',exprc%sion .
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muls e ORbY oD s v
WS PR g=— : g T, \ 4
ALY RN AN 3 \ ¢ ¢ { ‘ il \ ; i
: e R A R
i imation, since 7 may be neglected,
is a sufficient gpproxxma. ion, since 77 may be neglected,

Ever in the most favorable cases the length 1 iswon‘ly.
s few light-seconds, and = must be small compared
with this, if an appreciable increase of the apparen
brightness'of A is to be produced by the‘lens-lik:e
"action of B, . |
Therefore, there is no great chance  of "ob‘serv:iné
this phonomcnon, even if dazzling by the light ofith,ef‘
nuch nearer star B is disregarded. - This ap'paren\t
amplification of g by the lens-like action of the §ta!r
B is a most curious effect, not so much for its beco L
ing infinite, with = vanishing, but si'nce with in"crcnéing
distance D of the observer not only doeﬁ not decrc;asé,
but even increases proportionally to vV D. -

)

ALBERT KEINSTEIN |
INSTITUTE ¥OR ADVANCED STUDY, : f

W |
PrINCETEN, N. J. |



Bohdan Paczynski (1940 — 2007)

Wybitny polski astrofizyk: pracujgcy od 1981 w Princeton

zapoczatkowat:

teorie ewolucji gwiazd w uktadach podwojnych

jako pierwszy przewidziat role emisji fal grawitacyjnych w ewolucji ciasnych uktadéw podwojnych
teorie dyskow akrecyjnych

teorie mikrosoczewkowania grawitacyjnego (,,poprawit Einsteina”)
wyjasnit nature btyskow gamma

rozwoj ,terabajtowej astronomii’
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Gdy zrédto przekracza
pierscien Einsteina pojawiajg
sie 2 obrazy
Milk}f Way * odlegte o ok. 1 mas
nie sposob ich zobaczy¢ oddzielnie
widzimy 1 obraz zrédta, lecz
jasniejszy niz bez soczewkowania
* ruch wzgledny soczewki i zrodta
przejawia sie zmiang jasnosci
~ Large Magellanic 7zrodta w czasie
- Cloud

Bohdan Paczynski 1986 ~
pomyst obserwacji TN
mikrosoczewkowania / \\\‘1

- o 7 ““ L I \
Chlle, ': -1‘.“,‘_.: \ . / 1 e | = \
Las Campanas - | Y &

Gravitational lenses (e.g., brown dwarfs)

ruch wzgledny
zrodia i soczewki

ALy

l&. '} Eksperyment OGLE

\ ',} | OA UW - prof. Andrzej Udalski




Krzywa blasku w zjawisku mikrosoczewkowania

soczewkowana
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Poszukiwania planet pozastonecznych — B.Paczynski, Shude Mao 1991
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Obecnie prof. w Tshinghua U.
+ Manchester U. (Jodrell Bank)

tg technikg odkryto juz
19 pozastonecznych
uktadow planetarnych
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Daraus ziehen wir in Anlehnung an Poinecarés Zykeltheorie
den iiberdies recht anschaulichen Schluf: Der Lichtstrahl, der
3)s3

im Unendlichen auf den Abstand 4 == == ¢ hinzielt, biegt sich

nach inven und nahert sich auf einer Spirale asymptotisch dem
Kreise » = 2e.  Dann ergibt sich fir die Gesamtheit der he-
trachteten Strahlen die Fig. 23. Nie zeigt uns die Kreise » = «,

Fig. 23.

e e ““"/, g i ~‘/;-’_> 7__ﬁ=‘;
s — ——
Y — 2 O |

/1‘ / ".'\\ |
/”..K_ . ACATIC S e
iy \ i,
[\,

an welchem jeder herankommende Lichtstrahl endigt (ist doch

P a)s
dort die Lichtgeschwindigkeit 0), ferner r == ¢ und r = ﬁt .

Max von Laue (1921):

“Die Relativitatstheorie. Zweiter

Band”, Vieweg, 1921

stabe der r, zwischen « und :}u liegt , so vergriBert, dall sie ihm den

Halbmesser

8)3a
2

optiseh vergrogert. Die im Text folgende Rechnung gibt fir die rela-

Based on David Hilbert
(1916): lectures, “Die
Grundlagen der Physik”

Black Hole “photon orbit”:
3

Black Hole “cross section”:

D == 3\/§R5~5.2RS

Credit: Heino Falcke “Imagining black holes”
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« zu haben scheint. Uberhanpt alle Kugeln werden

Ekstremalny przypadek

soczewkowania grawitacyjnego

Obraz horyzontu czarnej dziury
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Credit: S.E. Gralla, D.E. Holz, R.W. Wald arXiv:1906.00873



THE ASTROPHYSICAL JOURNAL LETTERS, 875:L1 (17pp), 2019 April 10

© 2019. The American Astronomical Society.
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First M87 Event Horizon Telescope Results. L.
The Shadow of the Supermassive Black Hole

The Event Horizon Telescope Collaboration

(See the end matter for the full list of authors.)
eved 2019 March 1; revised 2019 March 12; accepted 2019 March 12; published 2019 April 10

Monika Moscibrodzka
Maciej Wielgus

Moscibrodzka et al. (2016) Simulated EHT observation

50 pas

CrossMark

Figure 1. Eight stations of the EHT 2017 campaign over six geographic

locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87" (+12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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Soczewkowanie grawitacyjne

* Refsdal 1964 pomiary H,z soczewkowania
* Walsh, Carswell & Weynmann 1979 - QS0-0957+561A,B

« Jtajemnicze” olbrzymie tuki w gromadach

w gromadach A370,Cl2244 (Paczynski sugeruje
soczewkowanie)

Soucail, Fort, Mellier 1987 potwierdzajg to
spektroskopowo

*w okresie 1978 — 1992 odkryto 11 soczewek
*w 2006 znano ich ok. 70
*obecnie ponad 300 soczewek: biezgce przeglady

SLACS, BELLS, CFHT — SL2S, CLASS, SQLS,
HAGGLeS, AEGIS, COSMOS, CASSOWARY

*w przysztosci Pan-STARRS, LSST, JDES, SKA
dostarczg tysiecy nowych silnie soczewkowanych uktadow



Gravitational lensing — geometric optics

Light rays formalism

Wavefront formalism

\'ﬂ_

Source plane

(Fermat principle)

|'/ f/ Afave front
| | |
o

¢
!

Observer

“\Travel time
e plaIne.': = ywesk lBnsing Vﬂﬁt — 0
B

Lens ~equation

&(0) Dy, + BD, = 0D,

/

B
Tap D
""l__

0 — 83— Vo =0
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Einstein radius
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A0 =50

o= Vg0

1

n(0) = detA(0)

magnification
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Newtonian

geometrical term potential at lens
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- c Dls

Time delay distance

Observables:

* image positions\/”
and shape distortions \

* time delay between images

* flux ratios
magnification ratios
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Dygresja Zasada Fermata

wspotczynnik zatamania $wiatta Swiatto porusza sie po drodze, wzdtuz ktére;
“ai
- czas przelotu | . jest ekstremalny
) /A n(Z(1))dl =0 przyblizenie stabego pola w OTW

ds® = g datde” = 1+ 22 2 (1-22) (awy
H -2

c2

geodetyki zerowe (1 n %) c2d? = (1 _ @) (dF)?

c 2

dz 1+ 27 20
r:":|—£:c };@xc(l—i——g)

dt - = c
, 1 2P , . .
n=c/c = 5 ~ 1 - = Efektwny wspotczynnik zatamania
1+ ' w obecnosci ciat masywnych
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Gravitational lensing — geometric optics

Light rays formalism

Wavefront formalism
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Zastosowania silnego soczewkowania

RCS2 032727-132623

HST WFC3: UVIYJH

. 7 » GraVitaﬁonal : : . Sharon et al. (2012)
Badanie struktury galaktyk w réznych lensing : :

stadiach ewoluciji: magnifies .
soczewkowanie + kinematyka gwiazd tha
soczewki jako ,kosmiczne teleskopy” diztart
universe
Badania ciemnej materii w skali galaktyk:
,brakujgce” skupiska masy na matych skalach: N W
anomalne jasnosci makroobrazow ‘ \
mikrosoczewkowanie *| ke 0 spacetelescope

Simulated Massive Galaxy Observed Massive Galaxy

Anomalie jasnosci

A {minimum)
Roznice jasnosci / Efekt

makro-obrazoéw; > st () (w soczewkowania przez

C (saddle) . . .
Teoria podpowiada — zageszczenia ciemnej 18
sekwencje jasnosci S materii (?)




Supernowa ,Refsdala”

Supernowa ,Refsdala” odkryta 11 listopada 2014
Kelly et al. (2015) Science 347, 1123

galaktyka eliptyczna z=0.54
nalezgca do gromady
MACS J1149.6+2223

* Template
CLASHXALASS

g
-
-
-
N
| 3
>4
”
&
-

-
~
>
S
<
-

galaktyka spiralna z=1.49
zrodto

Dif ference

galaktyka macierzysta SNII

Fig. 1: HST WFC3-IR images showing the simultaneous appearance of four point
sources around a cluster member galaxy. From left to right the columns show imaging
in the F105W flter (Y band), F125W (.J). and F140W (JH). From top to bottom the

19



Supernowa ,Refsdala”

Fig. 2: Color-composite image of the galaxy cluster MACSJ1149.64-2223, with critical
curves for sources at the = = 1.49 redshift of the host galaxy overlaid. Three images of the
host galaxy formed by the cluster are marked with white labels (1.1, 1.2, and 1.3) in the

left panel, and each is enlarged at right. The four current images of SN Refsdal that we

detected (labeled S1 to S4 in red) appear as red point sources in image 1.1. Our model
indicates that an image of the SN appeared in the past in image 1.3, and that one will
appear in the near future in image 1.2. The extreme red hue of the SN may be somewhat
exaggerated, because the blue and green channels include only data taken before the SN
erupted. In image 1.1, both a single bright blue knot (cvan circles) and SN Refsdal are
multiply imaged into four distinet locations. The image combines infrared and optical
HST imaging data from the Frontier Fields and GLASS programs, along with images from
the CLASH and the FrontierSN programs (GO-13790, PI: S.AR.).

Powtdrne pojawienie sie
przewidziane za ok. 1 rok

W jednym z obrazow galaktyki
macierzystej soczewkowanej
przez gromade

20



Supernowa ,Refsdala”

F125W+F160W {Jan 2011)

Kelly et al. (2016) ApJL

11 grudnia 2015

SNII zaobserwowana

w obrazie SX —

zgodnie z przewidywaniami

Wielki sukces astrofizyki
(OTW + teoria soczewkowania
+ modelowanie rozktadu
masy)

Poréwnywalny z triumfem
mechaniki niebieskiej w XIX w.
przy odkryciu Neptuna
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Metoda opoznien czasowych w Kosmologii
RXJ1131-1231

t(g‘) _ (1 T Zd) Dy D

C Ddf,

Opodznienie czasowe — najwieksza
osiggalna doktadnos¢ 1.5%

008 2005 2006 2007 2008 2009 = 2010
| QSO RXJ1131-123 COSMOGRAIL EPFL :

A
0.5- Swiss Euler Telescope, 259 epochs Fi %
M. Tewes, F. Courbin, G. Meylan S
= 1.0 A :".a\ 2 - i.'" ' )
.'% e A . “"" b # e o 'i\
g et - "..\-«_\' 3 g\,v'v §
. 2.0 8 w3 " ‘/\.( ’,.*. J
J4 4 | N L 3 »
S. Suyu, 2014/11/17 B8 S P G- s — wu"’*’»‘:; 3
3 s N L T 4 ) 5
E = 3 c -\ i ,\‘i_ri “A |f'g“v »
“g‘ - il -’
ek o e, ™
. Tk s R LN
Results: Wong, Suyu et al. 2020 sof D o -
53000 53500 54000 T sasoo 55000

HID - 2400000.5 [days]
+1.7 1 p -l
H,=73.32,5kms ~ Mpc
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HOLiCOW XIII. A 2.4% measurement of H, from lensed

quasars: 5.30 tension between early and late-Universe

probes

Kenneth C. Wong,!?* Sherry H. Suyu,>*® Geoff C.-F. Chen,® Cristian E. Rusu,>"6
Martin Millon,® Dominique Sluse,” Vivien Bonvin,® Christopher D. Fassnacht,’
Stefan Taubenberger,® Matthew W. Auger,'® Simon Birrer,!! James H. H. Chan,®
Frederic Courbin,® Stefan Hilbert,'?!? Olga Tihhonova,® Tommaso Treu,'! Adri-
ano Agnello,' Xuheng Ding,!* Inh Jee,? Eiichiro Komatsu,*' Anowar J. Shajib,!!
Alessandro Sonnenfeld,'” Roger D. Blandford,'® Léon V. E. Koopmans,'” Philip J.
Marshall,'® and Georges Meylan®

probability density

Hy €[0,150] Q,, €[0.05,0.5]

| | | | | | | | | | | |
80 [—=7] KP I I -
B SH,ES |
- — CHP i
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QO 75 0
£ B N - [ _
= i A 3 il
b (W A = i
E 7o | A Awmape -
=, | WMAP3 |
s | WMAPS5 |

£ Az
I » WMAP7 !
[ | WMAP1 gHanl
me P13 -
. L |l Distance Ladder A AC{DM -
| | | 1 I | 1 | 1 | 1 I
2000 2005 2010 2015

Publication Year

71072,
Hy-78.2"31
Hy:71.7%5%
Hy:68.9 21
Hy:71.6

Hy:81.1"27

Hy:73.3411

— A
B1608 (Suyu+2010, Jee+2019)
RXJ1131 (Suyu+2014, Chen+2019)

HE0435 (Wong+2017, Chen+2019)
J1206 (Birrer+2019)

WFI2033 (Rusu+2019)

PG1115 (Chen+2019)

90

LIGO/Virgo

2017
GW170817

70*12 o km st Mpct
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Zagadkg jest przyspieszajgce tempo ekspansji Wszechswiata

oy ™

Znane jako ,problem ciemnej energii”

Rownania Einsteina przewidujg, ze
tempo ekspansiji powinno spowalniac i
(jesli Wszechséwiat bytby wypetniony i bl ot
zwyktg materig), natomiast widzimy, Nagroda Nobla z Fizyki 2011

ze przyspiesza ...

Pytania fizyki fundamentalnej

Co jest za to odpowiedzialne?

Czy ogolna teoria wzglednosci
jest wtasciwg teorig grawitacji ?

Czy state fundamentalne mogg
mie¢ nature dynamiczng ?

Czy mozna testowac kwantowg
teorie grawitacji ?

24



Gravitational lensing

Sloan Lens ACS (SLACS) Survey

HST (Snapshot) Survey of spectroscopically selected
lens-candidates from the SDSS. (Bolton et al. 2004, 2005, 2006)

- ’ » »

J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3 J125028.25+052349.0

- L - »

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

Stellar dynamicg y
(spectroscopy)

Pomys’f dyspersja predkosci —
spektroskopia

—
DLS

N C DS

A
Z astrometrii
obrazéw
lloraz odlegtosci
zalezy od modelu
kosmologicznego
P s @
Mon. Not. R. Astron. Soc. 406, 1055-1059 (2010) doi:10.11114j.1365-2966.2010.16725 x

Cosmic equation of state from strong gravitational lensing systems

Marek Biesiada,* Aleksandra Piérkowska® and Beata Malec*

Department of Astrophysics and Cosmology. Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland
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10urnal of Cosmology and Astroparticle Physics

10 gromad w roli soczewek
70 galaktyk w roli soczewek

Constraints on cosmological models z przegladu SLACS

from strong gravitational lensing

systems , P
e Mook Biocide Wiedsini . Probka uktadow

Shuo Cao,” Yu Pan,”" Marek Biesiada,” Wlodzimierz Godlowski R

and Zong-Hong Zhu™! Z 2 Obrazaml

36 SLACS lenses

Source : H s 2
0 =45 2SS D —
p—all—; osrs = fE00
Lens C DS
2 ima eS“\‘ ﬂgﬂ;; ) ) ]
g N Do = T2z Marginalizacja po fg
o fmg[]f};

Cosmological model Best-fitting parameters (n = 80) Best-fitting parameters (n = 46)

on+0.07 € 0.11
wCDM w=—1.027028 w=—1.157031
CPL wy = 0.60 £ 1.76 wy = —0.24 £ 2.42
W, = —7.37 £ 8.05 we = —6.35£9.75
WMAP7+BAO+HO
Q, =0.272

w=-1.10+£0.14

w, =-0.93+0.13
w, =-0.41+ 0.71
Komatsu et al. 2011
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COSMOLOGY WITH STRONG-LENSING SYSTEMS

SHUD le, M&REK BIESIADA ', RAPHAEL GAVAZZI", ALEKSANDRA PIORKOWSKA~, AND ZONG-HONG ZHU'
DL‘"pa:l:anL of Aatmm:nm!. Beijing Normal L|nl1-L'I"sII'.'|r Beijing 1008735, China; zhuzh @bnu.edu.cn
Dmmmmt of Asrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007, Katowice, Poland
? Institute d’ Astrophysique de Paris, UMR7095 LNR‘:—LInnmm, Pierre et Marie Curie, 98bis bd Amgo, F-75014 Pans, France
Rf‘cfnfd 2005 January 23; accepted 2015 May 1 publivhed 2015 June I7

Sferycznie symetryczny potegowy profil rozktadu masy

o r—Y Dynamika gwiazd (sferyczne réwnanie Jeans'a):
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1. Strong lensing systems as a new probe of
parametrized post-Newtonian (PPN) gravity

Parametrized post-Newtonian (PPN) formalism is a very convenient way to study
and compare gravity theories beyond GR

One useful PPN parameter «y measures ammount of spatial curvature generated

by unit mass
In the weak field limit the metric is characterized by two potentials 0

ds* = a*(1) [(1 + 26—3)) Adt? — (1 — 219_?) gijdmid:nj] = 5

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

. 1+7- 1T+~ (4GMg Dy \7°
AppN = AGR O = + 7 (26Ms D
2 2 ¢ DD,

And the Einstein radius of spherically symmetric lens is -
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TEST OF PARAMETRIZED POST-NEWTONIAN GRAVITY WITH GALAXY-SCALE STRONG
LENSING SYSTEMS
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We used a catalog of 80 intermediate mass Ignsmg systems
from SLACS,BELLS, LSD and SL2S ~ < O S 00 kms

l. 2015, A 1 .
(Cao et al. 2015, ApJ 806:185) lensing gives GMg _ 2 iDs‘ N
Rg (1 + ) 4 Dy
lens model stellar velocity dispersion gives
( ) (r o gz(r) [GME] 2 [ , ]2—a
mass r) = pol — 2(r) = I
p 7ol o) Re | V7 (€ — 28\ (@) \Re
(r)” Best fits
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A precise extragalactic test
of General Relativity

Thomas E. Collett'*, Lindsay J. Oldham?, Russell J. Smith®, Matthew W. Auger?,
Kyle B. Westfall**, David Bacon®, Robert C. Nichol}, Karen L. Masters"?®,
Kazuya Koyama', Remco van den Bosch®

Einstein's theory of gravity, General Relativity, has been precisely tested on Solar
System scales, but the long-range nature of gravity is still poorly constrained. The
nearby strong gravitational lens ESO 325-G004 provides a laboratory to probe

the weak-field regime of gravity and measure the spatial curvature generated per

unit mass, v. By reconstructing the observed light profile of the lensed arcs and the
observed spatially resolved stellar kinematics with a single self-consistent model,

we conclude that y = 0.97 £ 0.09 at 68% confidence. Our result is consistent with

the prediction of 1 from General Relativity and provides a strong extragalactic constraint
on the weak-field metric of gravity.

Science 360, 1342-1346 (2018)

Fig. 1. Color composite image of ES0325-G004. Blue, green, and red channels are assigned to
the F475W, F606W, and F814W HST imaging. The inset shows a F475W and F814W composite of the
arcs of the lensed background source after subtraction of the foreground lens light. Scale bars are in
arc seconds.
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2. Strong lensing systems as new probes of

cosmic curvature

Geometry of the Universe

homogeneous, isotropic

Friedman-Lemaitre-Robertson-Walker models

“implied by the Einstein equations
Time Erg
9 9 ) { 3 0
) ds™ = dt* — a(t) (W + r‘ri!!‘)
= e — kr=
flat .. 4 \ |
hyperbolic |
& £ all spatial distances
‘ k (including wavelength of light)
0 1/d2 Qk = — W arﬁ s;:alr(]ed by a(_t) _
ol D 0 wnich changes In time
. Cosmic curvature parameter
k=+1 k=0 k=-1 curvature
Q. >1 o (), , < 1 density parameter
fot Qtﬂ't o 1 fot Planck
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- Otor = 100310 012
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- Inference from
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Coherent picture of emergence of the large scale
structure Emerging spatial curvature

Physical Space X, /

o,
= M' FLRW Space Section %
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Dark matter distribution today (simulated)
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Strong lenisng systems
offer us
,2degenerated triangles’

One can obtain Q, if

d, dg, d are known

Observations:
Z,, Z,— known

d;, = d, — d; rulevalid in flat FLRW metric

Images -- > dg/dg

Distance sum rule — valid in any FLRW metric Time delays -- > d,d, / d

So: di bl
dis = /1 + Qe dy — T+ 2 d) >0 QS meastrab’

d, — match by redshift some
_di+di+dl-2didi -2dr A5 - 2da

Qi (z,2,) = R standard candle (or ruler)
1™ s s

This is a function of two redshifts, but within the FLRW metric
it should be just a single number !



PHYSICAL REVIEW D 100, 023530 (2019)

Mozliwos¢ wyznaczenia krzywizny
Strongly gravitationally lensed type Ia supernovae: WszeChéWIata Y4 SoczeWkowanyCh
Direct test of the Friedman-Lemaitre-Robertson-Walker metric S N I a
di
q \/ 1 + Q;d;

Jingzhao Qi '2 Shuo Cao,™” Marek Biesiada,*” Xiaogang Zheng, Xuheng Ding, and Zong-Hong Zhu**
Departmem of Physics, College of Sciences, Northeastern University, Shenyang 110819, China
Department of Astronomy, Beijing Normal University, Beijing 100875, China
3Depan‘n‘umt of Astrophysics and Cosmology, Institute of Physics, University of Silesia,

75 Putku Piechoty 1, 41-500, Chorzéw, Poland
*School of Physics and Technology, Wuhan University, Wuhan 430072, China

® (Received 13 October 2018; published 19 July 2019)

We present a new idea of testing the validity of the Friedman-Lemaitre-Robertson-Walker (FLRW)
metric, through the multiple measurements of galactic-scale strong gravitational lensing systems with type
Ia supernovae in the role of sources. Each individual lensing system will provide a model-independent
measurement of the spatial curvature parameter referring only to geometrical optics independently of the
matter content of the Universe. This will create a valuable opportunity to test the FLRW metric directly. Our
results show that with hundreds of strongly lensed SNe Ia observed by the Large Synoptic Survey
Telescope, one would produce robust constraints on the spatial curvature with accuracy AQ; = 0.04
comparable to the Planck 2015 results.

10(p+2.5logu)/5-5
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Testing the cosmic curvature at high redshifts: the combination of LSST VERA C.RUBIN
strong lensing systems and quasars as new standard candles OBSERVATORY

Tonghua Liu,' Shuo Cao,'* Jia Zhang,” Marek Biesiada,** Yuting Liu'* and
Yujie Lian'
! Department of Astronomy, Beijing Normal University, 100875 Beijing, China

2School of Physics and Electrical Engineering, Weinan Normal University, Shanxi 714099, China
3National Centre for Nuclear Research, Pasteura 7, PL-02-093 Warsaw, Poland
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Figure 1. Scatter plot of the flux measurements of 1598 quasars (Risaliti &
Lusso 2019).



Results

Table 1. Constraints on the cosmic curvature and lens profile parameters for three types of lens models, in the framework of standard polynomial and
logarithmic polynomial cosmographic reconstrucg

~\

Standard polynomial Qe fe y o 8
SIS 0.002 £ 0.035 1.000 =+ 0.002 | a m}
Power-law spherical —0.007 £+ 0.029 [m} 2.000 +£0.012 m} [m}
Extended power law 0.003 £ 0.045 [m} m| 2.000 £ 0.014 2.171 £0.035
Power-law spherical (with HST imaging) —0.008 + 0.028 [m} 2.000 = 0.012 [m} [m}
Logarithmic polynomial Qe fe y o 8
SIS —0.001 £+ 0.030 1.000 £ 0.003 | m| [m}
Power-law spherical —0.007 £ 0.016 [m} 2.000 = 0.013 [m} [m}
Extended power law 0.002 £ 0.031 m} | 2.002 £ 0.016 2.172 +0.035
N
»»»»» - redshift bins
- Standard -~ Standard T i i
—— Logarithmic —— Logarithmic
03 Five sub-samples
02
St . \ 0.1
K4 o &
@ o > & A 0.0 }
& & o /
-0.1
. AC T AR I I IR R X SHNCAIRC S 4 CC I ]
S5 R -02
Q fe Q v s
H 03 ! 2 3 4
Different lens models + 2

different cosmographic distance reconstructions

Figure 7. Determination of cosmic curvature with five subsamples 0 < z
<10,10<z<20,20<z<3.0,30<z<40and4.0 <z < 5.0 based
on the source redshifts of SGL sample characterized by the SIS lens model.

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

of local Q, measurement
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3. Strong lensing systems as a new tool to
measure the Speed of |Ight using extragalactic objects

Ole Rgmer XVI/XVIII w,
James Bradley XVIII w

Measurements of ¢ using extragalactic objects

Comparison of Distance Measures 0 < z < 10,000

IS an unexplored territory:

first proposal:

Salzano, Dabrowski, Lazkoz (2015) PRL, 114:101304
to be tested with future BAO data

distance in Gly or age in Gyr

awl b = DA (Zmax)H(Zmax) |

Luminosit: Y. ~“naive Hubble

Lookback time

Angular diameter

first measurement on extragalactic sources:

Cao, Biesiada, Jackson, Zheng, Zhu (2017) JCAP 02, 012
H(z) from passive evolving galaxies; D,(z) from intermediate L compact

radio QSOs (standard rulers) B ¢ (2=1.70) = 3.030(: 0.180) x 10° m\
LN ]
=0 '\\ |

Cao, Qi, Biesiada, Zheng, Xu, Zhu (2018) ApJ 867:50 T

Combination of strongly lensed and unlensed SN la
predictions for the LSST
Ac/c = 0.005
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Testing the Speed of Light over Cosmological Distances: The Combination of Strongly
Lensed and Unlensed Type Ia Supernovae

Shuo Cao , Jingzhao Q1 Marek Biesiada'™ , Xiaogang Zheng , Tengpeng Xu', and Zong-Hong Zhu'
Departmen( of Astronomy, Beijing Normal Umversuy Beijing 100875, People’s Republic of Chma zhuzh@bnu.edu.cn
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from lensed images
C.. = Df(l + EI)DE(I + zs) | &qﬁu,
(1 + z9)Ds — (1 + z1) Dy At; 5

from redshift matched from lensed SNIa
unlensed SNla
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Figure 1. Individual measurements of the speed of light from the forthcoming Figure 2. Probability distribution of the speed of light ¢ possible to obtain from
LSST survey. the forthcoming LSST survey.
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Precise Measurements of the Speed of Light with High-redshift Quasars: Ultra-compact
Radio Structure and Strong Gravitational Lensing

Shuo Cao' @, Jingzhao Qi*, Marek Biesiada®®, Tonghua Liu', and Zong-Hong Zhu'

Depanment of Astronomy, Beljmg Normal University, 100875, Beijing, People s Republic of Chma caoshuo@bnu.edu.cn, zhuzh@bnu.edu.cn
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We used a catalog of 118 —_
lensing systems from SLACS, ¢ (20.22-2.94) from
BELLS’ LSD and SLZS 6l radioQSO+s'trong lensing
(Cao, MB, et al. 2015, ApJ 806:185) '
observable / measureable _
E 4
5 3:
CZS
¢ (2=0.00) ¢ (z=1.70) f:Sm QSO+H(z)

-0.5 0 0.5 1 1.5 2 25 3 3.5

obtainable from (redshift matched)
ultra-compact radio QSOs

c(z) = 3.005(+0.060) x 10°kms™'
summary
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IS

Prediction for the LSST partcipating v 22 1 RUBIN
and future VLBI compact radio QSOs OBSERVATORY
Ac
=10~
C
Table 1

Best-fit Values with 1o Uncertainty for the Speed of Light Derived from
Forthcoming Wide-area Surveys, with the Best Single Epoch, the Full and the
Optimal Stack Imaging

Survey DES (Best) DES (Full) DES (Optimal)

¢ (10° kms™ 2994 4+ 0.016 2.995 4+ 0.014 2994 + 0.015
Survey LSST (best) LSST (full) LSST (optimal)

¢ (10° kms™") 2.996 + 0.004 2.995 £+ 0.002 2.995 £+ 0.003
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Perspektywy:

*Silnie soczewkowane uktady o zmierzonych dyspersjach predkosci
w galaktykach soczewkujgcych stanowig nowg klase
"standardowych linijek"

(promien Einstein wystandaryzowany przez kinematyke gwiazd)

* juz dostarczyty pierwszych ocen parametrow kosmologicznych

* przy pomocy soczewek mozna wyznaczycC krzywizne przestrzeni !
* Z pewnoscig stang sie technikg komplementarng do innych metod

« Zza pomocg soczewek bedzie tez mozna testowac ,,egzotyczna fizyke
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Discussed In papers

A. Piorkowska et al. JCAP10(2013)022 (NS-NS only)
M. Biesiada 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)

BH-BH systems contribute 91 — 95%;

50 — 100 lensed events per year NS-NS systems 1 — 4%

Table 1

THE ASTROPHYSICAL JOURNAL, 874:139 (6pp), 2019 April 1 https://doi.org/10.3847/1538-4357 fab095¢ Predictions of Yearly Lensed GW Event Rates for which Only /_ Image or
© 2019. The American Astronomical Society. Al rights reserved. Both /_ and I, Images are Magnified above the Threshold p, = 8
Croseatark Metallicity Evolution High High Low Low
How Does the Earth’s Rotation Affect Predictions of Gravitational Wave Strong Lensing Which Event Rate Onlyl. L andl,  onlyl  Landl
Rates?
- 1 1 L1023 R 12 NS-NS
Lilan Yang @, Xuheng Ding’ ©©, Marek Biesiada™ ©, Kai Liao™ ®, and Zong-Hong Zhu Initial Design 0.7 0.4 0.6 0.4
! School of Physics and Technology, Wuhan University, Wuhan 430072, People’s Republic of China; yang_lilan@whu.edu.cn, zhuzh@whu.edu.cn,
R zhuzh@bnu.edu.cn Xylophone 14 L1 12 0.7
? Department of Astronomy, Beijing Normal University, Beijing, 100875, People’s Republic of China
? Department of Astrophysics and Cosmology, Institute of Physics, University of Silesia, 75 Pulku Piechoty 1, 41-500, Chorzéw, Poland BH-NS
School of Science, Wuhan University of Technology, Wuhan 430070, People’s Republic of China Initial Design 22 18 29 23
Received 2018 September 3; revised 2019 January 10; accepted 2019 February 20; published 2019 April 1 Xylophone 35 29 43 36
BH-BH
Initial Design 106.6 943 130.3 1154
Xylophone 143.5 128.0 177.6 159.2
’
z A GW si I Total
NE signa Initial Design 109.5 9.5 133.8 118.1
' Xylophone 148.4 132 183.1 163.5

Note. Results are shown for the standard model of DCO formation and two

I n ag re e m e nt With configurations of the ET. The “high™ and “low” represent the “high-end” and

“low-end” galaxy metallicity evolution.
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Gravitational lensing of gravitational waves: a statistical perspective
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Precision cosmology from future lensed
gravitational wave and electromagnetic signals

Wielka precyzja pomiaru
opdznien czasowych
miedzy obrazami bedzie

Kai Liao'Z, Xi-Long Fan?®, Xuheng Ding"#>, Marek Biesiada®® & Zong-Hong Zhu'* prze*omowa '

The standard siren approach of gravitational wave cosmology appeals to the direct luminosity
distance estimation through the waveform signals from inspiralling double compact binaries,
especially those with electromagnetic counterparts providing redshifts. It is limited by the
calibration uncertainties in strain amplitude and relies on the fine details of the waveform.

The Einstein telescope is expected to produce 10%-10° gravitational wave detections per year,

50-100 of which will be lensed. Here, we report a waveform-independent strategy to achieve

precise cosmography by combining the accurately measured time delays from strongly

lensed gravitational wave signals with the images and redshifts observed in the electro-
magnetic domain. We demonstrate that just 10 such systems can provide a Hubble constant

uncertainty of 0.68% for a flat lambda cold dark matter universe in the era of third-
generation ground-based detectors.

02 04 06 O8

Oy
Table 2 The average constraining power of 10 lensed gravitational wave + electromagnetic systems

Flat ACDM Flat ACDM Flat wCDM Open ACDM

42y, fied)

H.u Hg .':?!.!_ Hu ﬂ!'! W Hu ﬂ!'! 'l'?k
Umncertainty 037% 0.68% 27% 2.2% 36%: 25% 1% 38% +0.18

We concerns cosmaological parameters in different scenanios: flat lambda cold dark matter (Flat ACDM) with or without dimensionless matter density £y fiaed, flat @CDM where the dark enengy
equation of state e is a free parameter, and open ACDM whene cosmic curmature (3 i a free parameter. For the same number of lensed quasars, the power is weaker by a factor of -4 acoonding to the
uncerainty propagation using Eg. {17 and Table 1
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Speed of Gravitational Waves from Strongly Lensed Gravitational Waves
and Electromagnetic Signals
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Roznice w opoznieniach
czasowych miedzy
soczewkowanym
sygnatem EM i GW
pozwolg testowac
predkosc¢ propagacii fal
grawitacyjnych

47




|dea

OTW - fale grawitacyjne (GW) rozchodzg sie z predkoscig swiattg ¢, w zmodyfikowanych
teoriach grawitacji mogg sie propagowac z inng predkoscig vg,, (rozng od c)

Opodznienia czasowe At~y Miedzy soczewkowanymi sygnatami grawitacyjnymi
oraz odpowiednimi sygnatami swietinymi (EM) ﬂf—;. bedg rézne

Metoda jest wolna od zatozen odnosnie czasu emisji GW i EM ze zrodia
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Gravitational lensing time delays as a tool for testing Lorentz-invariance
violation

Marek Biesiada® and Aleksandra Piérkowska*

Depariment of Astrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersyvtecka 4, 40-007 Katowice, Poland

Podobnie mozna bedzie
testowac teorie tamigce
niezmienniczosc¢ Lorentza
(LIV

Lorentz Invariance
Violation)

Zmodyfikowana relacja
dyspersyjna dla fotonow
(zalezna od energii)
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