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Plan prednasky

Ohyb svétla v gravitacnim poli
Princip gravitacni ¢ocky

Silneé cockovani galaxiemi & kupami galaxii
- gravitacni dalekohled

Gravitacni mikrocockovani hvézdami - detekce exoplanet

Slabé cockovani kupami & kosmologickymi strukturami

- mapovani rozlozeni hmoty ve vesmiru



Prichod svetla gravitacnim polem

Newtonovska gravitace + nehmotné fotony:

Newtonovska gravitace + hmotné fotony: «

Obecna teorie relativity: a= 4?2('




Strucna historie ohybu svétla v gravitacnim poli

2GM

1801 - Soldner: newtonovsky ohyb v gravitacnim poli o 2
C

1911 - Einstein: ohyb paprsku z principu ekvivalence (stejné velky)

1914 - Freundlich: pokus o naméreni - neuspésny

1915 - Einstein: obecna teorie relativity o

1919 - Eddington: experimentalni ovéreni



Méreni odklonu paprsku v gravitacnim poli Slunce (29. 5. 1919)

Actual position of star

.+" .= Apparent position
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Frank Watson Arthur Stanley
MNegligible difference between actual
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Ohyb sveétla v gravitacnim poli Slunce (Eddington 1919)
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Prichod gravitacnim polem jinych astrofyzikalnich objekta?

dilci poznatky: Eddington 1920, Chwolson 1924, Link 1936

1936 - Einstein: odvozeni hlavnich vlastnosti gravitacni cocky



EinsteinGv zaplsmk 1912 (Renn Sauer & Stachel 1997) m——
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Gravitacni cocka
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Zobrazeni nebodového zdroje svetla

kazdy bod zdroje svetla zobrazen nezavisle
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Einsteinlv prstenec

Uhlové zvetseni obrazd — zjasnéni svételného toku






A. Einstein (1936, Science 84, 506):

“Some time ago, R. W. Mandl paid me a visit and asked me to publish
the results of a little calculation, which | had made at his request.”

“there is no great chance of observing this phenomenon”

Pruvodni dopis editorovi:

“Ich danke Ihnen noch sehr fiir Ihr Entgegenkommen bei der kleinen
Publikation, die Herr Mandl aus mir herauspresste. Sie ist wenig
wert, aber diese arme Kerl hat seine Freude davon.”

388 SciENCE NEws LETTER for December 19, 1936
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knov
Approval for Relativity Test =
Great Mathematician Helps Obscure Czechoslovakian ZZ'::

To Present ldeas on Astronomical Test of Theory appe

stein




Rudi Welt Mandl (30.1.1894 Vsetin - 31.12.1948 Los Angeles)

ati Sibir, utek 1918)

You see, the light from a distant star will be bent as it
passes the nearer star and the effect will be a great
brightening that anyone can see with a small telescope.
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F. Zwicky (1937, Physical Review 51, 290):

“Last summer Dr. V. K. Zworykin (to whom the same idea had
been suggested by Mr. Mandl) mentioned to me the possibility
of an image formation through the action of gravitational
fields.”

“extragalactic nebulae offer a much better chance than stars
for the observation of gravitational lens effects”



Prvni gravitacni cocka: dva obrazy kvasaru 0957+561

(Walsh, Carswell & Weymann 1979)

-

http://www.astr.ua.edu/keel/agn/q0957.html
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Gallery of Gravitational Lenses
Hubble Space Telescope « WFPC?2

PRC99-18 « STScl OPO « K. Ratnatunga (Carnegie Mellon University) and NASA
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Slozitejsi cocky

n hmotnych bodu:
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Cocka s elipsoidalnim rozlozenim hmoty
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Narayan & Bartelmann (1999)




Gravitational Lens G2237+0305

http://hubblesite.org/newscenter/newsdesk/archive/releases/1990/20/image



Efekt velikosti zdroje - splyvani obrazu
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Narayan & Bartelmann (1999)



Original Image

Gravitational Lens and Quasar PG 1115+080
Hubble Space Telescope « NICMOS

PRC98-37 « STScl OPO « C. Impey (University of Arizona) and NASA




v Master Lens Database

Containing 628 Gravitational Lens Systems:

Version: 2013-10-17 needs

e 424 Grade-A Lenses update
e 97 Grade-B Lenses
e 79 Grade-C Lenses
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noirlab2104 — Science Release

Doubling the Number of Known
Gravitational Lenses

Machine learning key to discovery of over 1200 gravitational
lenses

13 January 2021

Data from the DESI (Dark Energy Spectroscopic Instrument) Legacy Imaging Surveys have revealed over 1200
new gravitational lenses, approximately doubling the number of known lenses. Discovered using machine
learning trained on real data, these warped and stretched images of distant galaxies provide astronomers
with a flood of new targets with which to measure fundamental properties of the Universe such as the
Hubble constant, which describes the expanding Universe.



Statistics of strong gravitational lenses
Master Lens Database (as of 2025-03-11)

w Natched 8 Lens Kinds

kind =
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https://test.masterlens.org/

Galaxy Cluster RCS2 032727-132623

Hubble Space Telescope * WFC3/UVIS/IR
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NASA, ESA, J. Rigby (NASA GSFC), and K. Sharon (Kawli Institute for Cosmological Physics, University of Chicago)

STScl-PRC12-08a






Galaxy Cluster Abell 68 HST ¢« WFC3/IR « ACS/WFC

| - 4. i 3 . - - . : i
NASA and ESA STScl-PRC13-09a




Distant Galaxy Lensed by Cluster MACS J0647

HST =

-

- #
z=11 — vyzarenot =420 Myr po BB
. : .D » . - .
JD3 ! '
/
” . ® . .
N
- ., - v » ol
o1 | ¥ ‘*H
PN W poee A
- . - -
‘. \ o" . e .
o'_ m| ..‘ _‘
m = \ .
5. ‘ . kR Ay
: .\.3\}[]
JD2 w ?

ACS = WFC3
o
-:.'-. X
"
-
‘ -

NASA and ESA

STScl-PRC12-36b



.v - - D, . 3 v = o ~
- ' .

Kupa galaxu SMACS JO723 3. 7327

. oy -' .\
S e
\.'. .. N ’ .
\ E
: o
‘.
2
, -\
-
. \ .
» ,‘,-‘

‘NASA/ESA/ CSA/ STScl






GALAXY CLUSTER SMACS 0723
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WEBB SPECTRA IDENTIFY GALAXIES IN THE VERY EARLY UNIVERSE

NIRCam Imaging

NIRSpec Microshutter Array Spectroscopy
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Rezimy gravitacniho cockovani

silné ¢otkovani - pozorovani nasobnych obrazl zdroje

(Cocka: galaxie, kupa galaxii; Zdroj: kvasar, galaxie)



Gravitacni mikrocockovani

= cocky ~ hvézdnych hmotnosti

= obrazy nerozlisitelné, zména zjasnéni zdroje pozorovatelna

Objet massif
en mouvement

Surface "efficace"
de la lentille ]
(rayon Rg= rayon d'Einstein)

Etoile

Etoile

EROS



Zjasneni svetelného toku
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B.S.Gaudi, http://www.astronomy.ohio-state.edu/~gaudi/movies.html


http://www.astronomy.ohio-state.edu/~gaudi/movies.html

Pozorovani: monitorovaci projekty (MACHO, EROS, OGLE, MOA)
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SuperMACHO



Vylouceni temné hmoty

ve forme MACHOs

Tisserand (2007)
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Navazne projekty (PLANET, pnFUN, RoboNET, ...)
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Dvojité mikrococky

MACHO Event 88—-8SMC-1
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Polohy obrazu a svételna krivka dvojité mikrococky
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B.S.Gaudi, http://www.astronomy.ohio-state.edu/~gaudi/movies.html
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Mapy zjasneni bodoveého zdroje dvojitou mikrocockou

pomeér hmotnosti
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OGLE 2003-BLG-235 / MOA 2003-BLG-53
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Brightness

OGLE 2003-BLG-235 / MOA 2003-BLG-53
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http://spiff.rit.edu/classes/resceu/lectures/microlens/OB05390-adaptive-hires.mp4

OGLE 2006-BLG-109 Gaudi et al. (2008)

14

16

I magnitude
—
9]
IIIIIlIIIIIIIIIIllIIIIIlIII

T T | T T
OGLE
uFUN Auckland

uFUN Wise 7

uFUN CTIO 1 B
uFUN CTIO H |
KFUN Mt. Lemmon _|
MFUN New Mexico _|
uFUN Farm Cove

PLANET Canopus

IlIIIIIIIlI

M, =0,71+0,08M,

a, =2,3+0,2AU
M. =0,27+0,03M,
a, =4,6£05AU

3820 3829 3830
HJD-2450000.

M. =0,50+0,05M,,




Planety zname pred 30 lety
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Exoplanety nalezené mikrocockovanim
PoZet (2025/04/21): 237
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Celkovy prehled nalezenych exoplanet

Pocet (2025/04/21): 5876
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Pozorovani mikrocockovani z kosmu

ROMAN ST (NASA)
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Cockovani kupou galaxii

Galaxy Cluster Cl 0024+17 (ZwCl 0024+1652) HST +« ACS/WFC
. 6 -
> . T .
.‘ —“4 . ..’4 ’ %
. - . ;. . " T.
. ° .
. . ™ .. R
. .v. . . 5 Al
‘ : Z ..' A .‘ ". : "‘ ! ,’\' y
ST ‘2 BV -- s 2 e
\ . ’(J; .. .- *’r
T R S, sl "
- .‘.‘ . > .' < N )
- q ¢*S : .
. - . g N g g 8. 5" 2 ‘
’ ’ . - - P
R e 2
; - S .
\ o \ ' Pt P
i '.- N? 0. .‘ ./ Y ..'. ”
. : - \ e ' ;.
.t o : 2 : " ‘
. e e .. " ..
=t L B ¢ )
+ K ”‘.. R @
t e p B WY
“ S . . - " ’
. - ; -‘ : .‘ ‘ ‘.
\ : - f’ .. -
. - »
ul 6. i e
NASA, ESA, and M_J. Jee (Johns Hopkins University) STScl-PRC07-17b

silné (nasobné obrazy):

rozlozeni hmoty v centru

slabé (deformace obrazu):

celkové rozlozeni hmoty



Tvar obrazu — lokalni chovani cockove rovnice

zobrazeni blizkych bodu:

K konvergence
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k,y <<l = Slabe cockovani
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) convergence only

Postup pri mapovani hmoty:

mereni y -> vypocet K -> ziskani plosné hustoty
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Simulace deformaci obrazu vzdalenych galax

hmoty v popredi
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Efekt na kosmologické skale: Cosmic shear

14 /4

= slabé cockovani kosmologickym rozlozenim (temné) hmoty




(Massey et al. 2007)

Slabé cockovani + fotometrickeé redshifty = 3-D mapovani hmoty

Hubbledv kosmicky teleskop: 1,6 deg?, 2 miliony galaxii

Relative Sizes of HST ACS Surveys
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Projekt COSMOS - rozlozeni temné hmoty

Rozlozeni hmoty
(HST)

Pocet galaxii

R. Massey et al. (Nature 2007)




Tomograficke rezy podle vzdalenosti galaxii
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Ocekavana celooblohova mapovani rozlozeni hmoty
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Gravitacni cockovani je nastrojem uzitecnym pro:
o experimentalni overeni OTR
o pozorovani nejvzdalenéjsich objektu

o hledani exoplanet

o mapovani rozlozeni hmoty ve vesmiru
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