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“Nao ha perguntas hohas:
tﬂda nergunta e ym grito
Dara t,ompreender 0
mundo.”



PROGRAMA
PRELIMINAR

o Overview de lentes e formalismo basico
o Exemplos
o Arcos e efeito forte

. o Efeito fraco de lentes

o Lentes e cosmologia (desvio temporal)
. o Tépicos avancados:

o Cosmologia (LSS + CMB)

o Lentes e modelos de matéria escura

o Testes de gravidade modificada
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Uma nova visao do espago-tempo
@ Einstein 1905

A velocidade da luz (no vacuo) € uma constante fundamental
da natureza e a mesma para todo ohservador!

Nova visan da meeanica (fisica dos movimentos, forcas, ete.)
Revolugao no conceito de espago e de tempo

— Mundo quadri-dimensional (Minkowsky)

“Ay visoes de espaco-e de
rog = ct tempo- que pretendo-
apresentow aqui provéeny
A52 — (AZL‘O)2 S (A$1)2 2 (AZUQ)Q b (AZUS)Q dwﬁzmwcpwbm&nta/be/
nisso- reside av sua forean.”

@ Equivalencia massa-energia

%3"56‘

Yale em qualquer escala, mas ficoy conhecida pela energia nuclear:
estrelas, reatores, homhas..




Caminho para a relatividade geral

@ 1905 mudou nossas visoes de In rocket

espago, tempo, massa, energia, ¢
luz... mas a maior contribuicao i
o R R | 2
individual de Einstein ainda =l

estava por Vir...

Rijuig

@ 1907: principio de equivalencia

__"

Referencial acelerado "= gravidade
Queda livre “=" sem gravidade

in space far '

from any stars freely falling
towards the Earth
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reference zero motion constant velocity acceleration
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The path of a light beéam In three different types of reference

¢ £ et f tto th /o the elevat
= g . . rames moving with respect 1o the person oulvoe the elevator.
Taken from Conceptual Physics, 4th ed. Paul Hewitt The light path shown is what the person /as/de the elevator sees.
Under large acceleratlon, the beam of |lght will curve downward,

It should also do that in a region of strong gravity

% 9( B DIO de e Al E :
' y y y { ( , y { l { l { ‘ :

da livre m gravidade K
» desVvio d3 //—’/ —
S - - a Terra Estrela
: C C ® (] C Dle @ Sol



A luz fazendo a curva

Propagacan da luz e relatividade geral

1905: Tinstein bronoe a relatividade restrita
i9ii: Ontem o desvio da luz (igual a0 newtoniano)
1915: Teoria da relatividade geral
Espaco-tempo curvo ﬂl
= |

- - - - TN

Tudo o que existe “seate” a gravidade:
raio logo existo

© E"I'H-Bi)lioﬂw_ké;




Relatividade Geral (1915):
A teoria de Einstein da gravidade

@ 10 anos depois da relatividade especial, uma nova revolugao

0 eshaco-temno e cyrvo! Seguindo a matematica do espaco-temdo cuyrvo
(Riemann) e a fisica fisica da gravidade

. Sl "
V2 T . A [0A%
A materia diz a0 espaco como se curvar,
0 eshaco diz @ materia como se mover

“T'ecido” do espago-tempo, com
nrovriedades dinamicas!




Relatividade Geral (1915):
A teoria de Einstein da gravidade

@ 10 anos depois da relatividade especial, uma nova revolugao

0 eshaco-tempo e cyrvo! Seguindo a matematica do espaco-tempo cyrvo
(Riemann) e a fisica fisica da gravidade : .
ha @ Compativel com a lei
=

S — = T de Newton (para baixas

L velocidades e baixas massas)
R materia diz a0 espaco como se curvar, :
0 espaco diz  materia como se mover @ Compativel com a
relatividade restrita
@ Explica a precessao do
perihelio de mercurio
@ Preve muitos

fenomenos novos

“T'ecido” do espago-tempo, com
nrovriedades dinamicas!



Relatividade Geral (1915):
A teoria de Einstein da gravidade

@ 10 anos depois da relatividade especial, uma nova revolugao
0 eshaco-tempo e cyrvo! Seguindo a matematica do espaco-tempo cyrvo
(Riemann) e a fisica fisica da gravidade
i 81G i @ Desvio da luz (fator dois)
e er TP @ Lentes gravitacionais
A materia diz a0 espaco como se curvar, @ Cosm ologia moderna
@ Buracos negros

0 eshaco diz @ materia como se mover
@ Ondas gravitacionais

@ Referenciais acelerados
(paradoxo dos gemeos)

@ GPS!..




DETECCAO DA DEFLEXAO DA LUZ PELA
GRAVIDADE

® [este do desvio da luz: W Zosil t0.X. 73
Eclipse total do Sol ;4 poaloKin His Kollegs’
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DETECCAO DA DEFLEXAO DA LUZ PELA
GRAVIDADE

® 1912: Expedicao argentina para observar eclipse solar no Brasil
B Choveu




DETECCAO DA DEFLEXAO DA LUZ PELA
GRAVIDADE

® 1912:. Expedicao argentina para observar eclipse solar no Brasil
B Choveu

® 1914 Expedicao de Erwin Freundlich’s para observar um eclipse
na Crimeia (Russia)

B Presos por causa da primeira guerra mundial

® 1919: Sobral (Brasil)
B Deteccao do desvio da luz pela gravidade
(tempo melhor do que na lIha de Principe)

. . - ot J
, e .
e - -0 g, % e
el s B Aa-ig g -

“A questao que minha mente formulou fol L Lo B
respondida pelo céu ensolarado do Brasil” 7- =



BREVE HISTORICO DO
LENTEAMENTO GRAVITACIONAL

® Einstein 1911-12: previsdes de Einstein e primeira tentativa
de observacio

® Sobral 1919: deflexido da luz pela gravidade
® Chwolson 1924: primeiro artigo sobre lentes

® Finstein 1936: lenteamento por estrelas

°[...] there is no great chance of observing this phenomenon
LﬁT’ECt[y[...]” Therefore,_there is no great chance of observing

this phenomenon, even if dazzling by the light of the

much necarer star B is disregarded. This apparent
amplification of ¢ by the lens-like action of the star

B is a most curious effect, not so mueh for its becom

ing infinite, with z vanishing, but sinee with increasing
distance D of the observer not only does it not deerease,

but even inercases proportionally to /D,
ALBERT EINSTEIN
INSTITUTE FOR ADVANCED SBTUDY,
Prixcerox, N. J.



BREVE HISTORICO DO
LENTEAMENTO GRAVITACIONAL

® Finstein 1911-12: previsdes de Einstein e primeira tentativa
de observacio

® Sobral 1919: deflexdo da luz pela gravitade

® Chwolson 1924: primeiro artigo sobre lentes

® Einstein 1936: lenteamento por estrelas

“Of course, there is not much hope of observing this
phenomenon directly”

® Zwicky 1937: otimista

“The probability that nebulae which act as gravitational lenses
will be found becomes practically a certainty”

® Walsh, Carswell, Weymann 1979:
Descoberta do primeiro quasar lenteado

(imagem dupla de QSO 0957+561)




® Sobral 1919: deflexio da luz

® Walsh, Carswell, Weymann 1979: descoberta do
primeiro quasar lenteado (imagem dupla de QSO
0957+561)

® Roger Lynds e Vahe Petrosian 1986, Soucail, Fort,

& Picat 1987: Descoberta dos arcos gravitacionais:

arcos em A370, A2218, CL.2244-02

ninguém previu...
¢ Hewnitt, et al. 1988: anel de Einstein (no radio)

S

% Irwin et al. 1989: microlenteamento de Quasares

s Colaboracses EROS & MACHOQO, 1993:

Primeira deteccio de microlenteamento

% Bond et al., 2003: Primeira deteccio de planetas

2k ~2 planetas com massa de Jupiter em ~3 AU



DESVIO DA LUZ PELA GRAVITACAO

Geodesica nula,
RIS ds® = 1+% ot 1—% do?
principio de Fermat

CZ()-:C/\/1+2¢/62N0(1—|—2¢/C2)

dt

e
® Acromdtico M T

4GM 1
¢’ E

Desvio da Luz (fonte pontual) ¢ =




UMA MIRIADE DE
FENOMENOS

Intensidade

® Lenteamento forte
Grandes magnificagoes
Imagens multiplas
Distorcoes
® Aneéis

® Arcos

® L enteamento fraco

Pequena rotagao
Pequena magnificagao

Detectado estatisticamente

Escala angular

® Mili-lenteamento

MACHOS
Busca de planetas

® Micro-lenteamento
Quasares

® “Macro-lenteamento”
Galaxias
Aglomerados
Estrutura em grande escala



Imagens miltiplas, grandes deformacaes,
magnificacio, atraso temporal

Geodésicas nulas

brilho superficial conservado v S

. Telescépios gravitacionais
acromatico
estrutura de galdxias e aglomerados 9 matéria escura e barions

informagdes complementares sobre a cosmologia e testes da

gravidade

22 arcos gravitacionais
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Geometria do lenteamento por um unico plano

(a) (b) et o
@ gene ¥ Lame —_— -
: ‘ n .. JFonte
o ] '.
® ; Plano da fonte
. ' . E ‘:\ .. ,': E .
0. ‘l N . S - l ."
B 02 : o : | | D s
et % - /
!
L—) 51 s 01 T h
Plano das fontes Plano da lente 2

Coordenadas
fisicas (distancia) y f

Coordenadas 5 9
angulares

Observador



Geometria do lenteamento por um unico plano

S, n >

Observador



A Equacao da Lente

)



Lente pontual

Lente pontual & = 4G M
CQ€<—DOL9
A ~ . DLS AGM
Angulo de deflexao reduzido a =
g - DOSDOL 62(9

~ 02

Equagao da Lente g =9 éE
Dis 4AGM

Angulo de Einstein 4y = \/

DosDor,  c?



Magnificagao

B2 02
[—> 51 T—-) 01

Lente/imagens

Comprimento 40 Magnificacio  df
radial radial ds
Comprimento 0 dpg Magnificagao d% 0

tangencial

tangencial
" 1)1% b



Imagens e Magnificagao

0%
/

(5 + /B2 + 492)

Equagao da Lente 3—=9¢

~ 1
Solugoes 010 = 5

0 db
Magnificagao p = Gdo



Imagens e Magnificagao

Equagao da Lente 3—=9¢

- 1
Solucoes 010 = 5 (ﬁ -

Magnificacao 1,2 = (1 —

Magnificagao total

0%

012

0

p— —|— p—
po= ||+ |2 N

- /B2 + 492)

u? 4+ 2

2_|_4



Microlenteamento |
Lente Pontual

B u? + 2
uvu? + 4

T u=3/0g

o
1

w - «n
w - o o ()
|| T T T T

magnificagao

n
wn w
T 1

05

Plano das fontes o o
Distancia a lente na direcao x;

em unidades do raio de Einstein



Micro(mili)lenteamento na galaxia

Monitorar um grande

’

:

nimero de estrelas... :
% Observed

i

i

ji

e TR

Image
) a = 0.6 mas
Observer , E * Source star
Microlens plane Source plane
(#1-8kpc) (=7-10 kpc)

Arnaud Cassan ARI/ZAH, Heidelberg University, talk @ Institut d’Astrophysique de Paris, Jan. 11, 2008
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Observacoes de

micro(mili)-lenteamento
Projetos MACHO, OGLE, EROS...

OGLE-2008-BLG-060
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Microlenteamento por lente composta

® Estrutura da caustica ® Curvas de luz

: ) | 1 I | | ) | l ] 1‘ 1 | | ] | | 1 | T-‘
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time/t,

Arnaud Cassan ARI/ZAH, Heidelberg University, talk @ Institut d’Astrophysique de Paris, Jan. 11, 2008



Primeiro planeta: 2004
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15 * Robonet * Perth _
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1 R
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Light Curve of OGLE-2005-BLG-390

ESO PR Photo 03b/06 (January 25, 2006) @ ESO

[Reprinted by permission from Macmillan Publishers Ltd: Nature 439 437-440 (26
January 2006) doi:10.1038/nature04441, Copyright 2005.]



http://dx.doi.org/10.1038/nature04441

- Curso de lentes com exemplos em python:
http://pico.oabo.inaf.it/~massimo/teaching.html
https://github.com/maxmen/Lensinglectures/

- Peter Schneider, Christopher S. Kochanek, Joachim Wambsganss, 33rd
Advanced Saas-Fee Course on Gravitational Lensing (2003):

¢ Saas-Fee Advanced Course 33 - Springer

¢ https://astro.uni-bonn.de/~peter/SaasFee.html

- Ramesh Narayan and Matthias Bartelmann, Lectures on Gravitational

Lensing (Proceedings of the 1995 Jerusalem Winter School)
@ http://arxiv.org/abs/astro-ph/9606001,

¢ http://www.mpa-garching.mpg.de/Lenses/Jerul.ect.html, (recomendo
a opc¢ao: http://www.mpa-garching.mpg.de/lL.enses/JI. co art.ps.gz
para baixar direto)

- Schneider P., Elhers J., Falco E. E., 1992, Gravitational lenses. Springer-
Verlag, Berlin

- Mollerach, S, Roulet, E, 2002. Gravitational Lensing and Microlensing,
World Scientific, Singapore.

- Petters A.,O., Levine H., Wambsganss J., 2001, Singularity Theory and

Gravitational Lensing. Birkhiuser, Boston

36


http://www.google.com.br/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=0CDAQFjACahUKEwiro9erytnGAhUBH5AKHTO2A8w&url=http%3A%2F%2Flink.springer.com%2Fcontent%2Fpdf%2Fbfm%253A978-3-540-30310-7%252F1.pdf&ei=r3SkVeuPCoG-wASz7I7gDA&usg=AFQjCNEe-aDjgtN9tL5P_Xtf2gjWM_0lsQ&sig2=wNmKd1jlh_SeMCiWO-p7Hw&bvm=bv.97653015,d.Y2I
https://astro.uni-bonn.de/~peter/SaasFee.html
http://arxiv.org/abs/astro-ph/9606001
http://www.mpa-garching.mpg.de/Lenses/JeruLect.html
http://www.mpa-garching.mpg.de/Lenses/JL_co_art.ps.gz

PROGRAMA

</

: @ Aula 2: Conceitos e formalismo
o Lentes extensas, simetria axial, SIS
o Cdusticas e curvas criticas

o Arcos e anéis de Einstein

o Reconstrucio das massas e cosmologia







Lentes Extensas

/ -

/ n \.Fonte /

/
/

/Plano da fonte

/
/

\jy T Dos
Plano da lente

B ='

| 1
|
::0
|.

Observador

AGM
c2E
Densidade superficial de massa

(9= [ o6

Contribuicao do elemento de area

-Gyl

Fonte pontual a =

Angulo de deflexio

4G d262(5>

§—¢

‘_/‘2



Lentes Extensas

Potencial projetado ¢ (5) — /dzgo(f_; 2)

Equacio de Poisson V:¢ (5) = 4G (é?)

Usando a funcao de Green 2D

0 (§) =26 [ ez (@) ml ¢

Comparando com o angulo de deflexao

i~ [P (@) g

Obtemos a = %ﬁ ¢<f_>



Lentes Extensas

. 3 A~ 2 5 5
Angulo de deflexio  d = 5Vey (g)
convertendo variaveis d&; = Do do;

Angulo de deflexio reduzido

— Q»DLS 2 DLS — -
B2 o)
Dos  ¢? DosDor, e

2  Drg

Potencial de Lente(amento U (7)) =

W

_ —

Equagio dalente f=60-a (9) =0 — Vo0 (9)



Mapeamento de Lentes

mapeamento imagem — fonte 2 autovalores:

2 N 1 1
86i=6_._alp(9) Wy =y =
08, 7 90,00, Y Y

plano unico 2 magnificacio local e
razao axial:
2
Y = ¢ (E Z)dz _
C DOSDOLf’\ K 1 12
/ potencial gravitacional
_ M1
distancias cosmologicas r=|—
2

D,s=D,(z,,z5)-..



B>

Mapeamento de Lentes

mapeamento imagem — fonte

2 autovalores:

2 N 1 1
aﬁi=6 _8‘}’(@) M1=1 K+'Y,M2=1 K —y
00 . v 00.00 .
J ! J
(a) (b) et "o
O T o =
O o :: .
* L~
...“... \‘ . "
Ba . 05 ,
---------------- Re—
L B1 causticas T_.) (91 e -“"curvas criticas

Plano das fontes

Lente/imagens



ARCOS GRAVITACIONAI{S

- - P ) o
; "
‘. | ’ : .\ :
~ 5 o) e
4 ’ -\ il \
e .
- » b :
o ; .
- - ‘
\ .. .4 -
-
’ »

- -
-

N R"-ACRQ L'EN.TEAME. NTO -
~ EFEITO FORTE



“Aneis de Chwolson-Einstein”

Ablenkung und y, der Maximumwert an der Oberfliiche, so
ist yo=y=o. Die Grofe des Winkels ist bei der Sonne
1073 8L = 177; es diirften aber wohl Sterne existieren, bei denen
yo gleich mehreren Bogensekunden ist; vielleicht auch noch
mehr. Es sei A4 ein groBer Stern (Gigant), 7" die Erde,

von B aus gesehen, sei 8. Es ist dann
y = a+8.

‘Ist B sehr weit entfernt, so ist annihernd y
kann also @ gleich mehreren Bogensekunden sein, und der
Maximumwert. von @ wire etwa gleich y;. Man sieht den
Stern B von der Erde aus an zwei Stellen: direkt in der
Richtung 7’8 und auBerdem nahe der Oberfliche von 4,
analog einem Spiegelbild. Haben wir mehrere Sterne 5, C, D,

—

Petrograd, 1924 Jan. 28.

UUber eine mogliche Form fiktiver Doppelsterne.
og PP
Es ist gegenwirtig wohl als hdchst wahrscheinlich an- |

sunehmen, dafl ein Lichtstrahl, der in der Nihe der Oberfliche
eines Sternes vorbeigeht, eine Ablenkung erfihrt. Ist y diese |

B ein entfernter Stern; die Winkeldistanz zwischen A4 und 5, |
von 7" ads gesehen, sei @, und der Winkel zwischen A4 und 7, |

Von 0. Chwolson.

einem gewShnlichen Spiegel, ndmlich in der Reihenfolge 2, C, B,
wenn vor A aus gerechnet wird (2 wiire am nichsten zu 4).

-
-
-

D-r
55
Der Stern A wiirde als fiktiver Doppelstern erscheinen.

Teleskopisch wire er selbstverstindlich nicht zu trennen.
Sein Spektrum bestiinde aus der Ubereinanderlagerung zweier,

| vielleicht total verschiedenartiger Spektren. Nach der Inter-
| ferenzmethode miifite er als Doppelstern erscheinen. Alle

«. Es |

Sterne, die von der Erde aus gesehen rings um 4 in der Ent-

| fernung y,— @ liegen, wiirden von dem Stern A gleichsam

i

eingefangen werden. Sollte zufillig 7475 eine gerade Linie
sein, so wiirde, von der Erde aus gesehen, der Stern 4 von
einem Ring umgeben erscheinen.

Ob der hier angegebene Tall eines fiktiven Doppelsternes

so wiirden die Spiegelbilder umgekehrt gelegen sein wie in | auch wirklich ‘vorkommt, kann ich nicht beurteilen.

0. Chwolson.

349.0

10.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRC05-32




“Aneis de Chwolson-Finstein”

P -

J073728.45+321618.5

‘&

J095629.77+510006.6

@ .

J120540.43+491029.3

J125028.25+052349.0

J140228.21+632133.5

J162746.44-005357.5

\.

J163028.15+452036.2

J232120.93-093910.2

Einstein Ring Gravitational Lenses
Hubble Space Telescope « Advanced Camera for Surveys

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRC05-32
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Modelagem inversa

Arcos e imagens multiplas
Parametros da distribuicao de matéria

v/ Perfis de aglomerados em regioes
centrais

v/ Subestrutura
Sensibilidade a cosmologia

~ Reconstrucio das fontes "

Gabriel Caminha, MM




Modelagem Inversa

Atraves das posicoes das imagens multiplas € possivel determinar propriedades da
distribuicao de massa da lente

Definimos a funcao: 5
nobs ymod [ 2 11
gobs _ (5, H)

2 E :
Xlente c= ,
j O.Qbs

"

Posicao das imagens multiplas

Erro associado a
posicao das imagens
multiplas

Os parametros que minimizam esta fungao (ou maximizam a verossimilhanga) sao
os parametros de melhor ajuste

Podemos citar os programas lenstool, gravlens e glafic que fazem a modelagem
inversa da lente,



Modelagem inversa para o
sistema SOGRAS0041-0043

o o Modelagem com
2.357 011 % 10" M SRR

Ajuste |: 3 imagens
Ajuste 2: 4 imagens

ou[km/s] 622713 6427
0[] || 135.2707 | 135.2%13
| Tiente|”] | 3| 050755

i -l F0.17 1 10.06
ylcnw[ ] —0.15 —0'86—0.03

~ 0.9” de desvio entre galaxia central
e centro da distribuicao de massa

( )

Estimativa de erro a partir das
simulagoes (Caminha et al. in prep.):
~ 8% de viés na massa

~ 5% incerteza estatistica
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Supernova em MACS JI 149. 6+2223
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Imagens multiplas por galaxia do aglomerado
+ pelo potencial global (passado/futuro)
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Usar a previsao do surgimento de imagens
multiplas da supernovas para testar os modelos
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THE STORY OF SUPERNOVA ‘REFSDAL’ TOLD BY MUSE*
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ABSTRACT

We present Multi Unit Spectroscopic Explorer (MUSE) observations in the core of the Hubble
Frontier Fields (HFF) galaxy cluster MACS J1149.5+42223, where the first magnified and spatially-
resolved multiple images of supernova (SN) ‘Refsdal’ at redshift 1.489 were detected. Thanks to a
Director’s Discretionary Time program with the Very Large Telescope and the extraordinary efficiency
of MUSE, we measure 117 secure redshifts with just 4.8 hours of total integration time on a single
1 arcmin? target pointing. We spectroscopically confirm 68 galaxy cluster members, with redshift
values ranging from 0.5272 to 0.5660, and 18 multiple images belonging to 7 background, lensed
sources distributed in redshifts between 1.240 and 3.703. Starting from the combination of our catalog
with those obtained from extensive spectroscopic and photometric campaigns using the Hubble Space
Telescope, we select a sample of 300 (164 spectroscopic and 136 photometric) cluster members, within
approximately 500 kpc from the brightest cluster galaxy, and a set of 88 reliable multiple images
associated to 10 different background source galaxies and 18 distinct knots in the spiral galaxy hosting
SN ‘Refsdal’. We exploit this valuable information to build 6 detailed strong lensing models, the best
of which reproduces the observed positions of the multiple images with a root-mean-square offset of
only 0.26”. We use these models to quantify the statistical and systematic errors on the predicted
values of magnification and time delay of the next emerging image of SN ‘Refsdal’. We find that
its peak luminosity should occur between March and June 2016, and should be approximately 20%
fainter than the dimmest (S4) of the previously detected images but above the detection limit of the
planned HST /WFC3 follow-up. We present our two-dimensional reconstruction of the cluster mass
density distribution and of the SN ‘Refsdal’ host galaxy surface brightness distribution. We outline
the roadmap towards even better strong lensing models with a synergetic MUSE and HST efiort.

Subject headings: gravitational lensing — galaxies: clusters: general — galaxies: clusters: individuals:
MACS J1149.5+2223 — Dark matter




"REFSDAL" MEETS POPPER: COMPARING PREDICTIONS OF
THE RE-APPEARANCE OF THE MULTIPLY IMAGED
SUPERNOVA BEHIND MACSJ1149.5+2223

T. Treu'?8, G. Brammer?, J. M. Diego®, C. Grillo, P. L. Kelly®, M. oguri®7+ A free-form prediction for the reappearance of supernova Refsdal in the
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Hubble Frontier Fields cluster MACSJ1149.542223
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Monthly Notices

MNRAS 457, 2029-2042 (2016) doi: 10,1093/ mnrus/stw069

Hubble Frontier Fields: predictions for the return of SN Refsdal with the
MUSE and GMOS spectrographs

M. Jauzac,'>** J. Richard,* M. Limousin,” K. Knowles,’ G. Mahler,* G. P. Smith,°
J.-P. Kneib,>” E. Jullo,® P. Natarajan,® H. Ebeling,” H. Atek,® B. Clément,*
D. Eckert,'’ E. Egami,!! R. Massey!+? and M. Rexroth’

of MACS J0416.1-2403 and Abell 2744. In light of the discovery of the first resolved
quadruply lensed supernova, SN Refsdal, in one of the multiply imaged galaxies identified in
MACS J1149, we use our revised mass model to investigate the time delays and predict the
rise of the next image between 2015 November and 2016 January.
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DEJAVU ALL OVER AGAIN: THE REAPPEARANCE OF
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Aglomerados de Galaxias

(322 D(ZL;OL Voy (5)

Familias de imagens de fontes com distintos redshifts
[A vinculos na cosmologia, além da distribuicio de matéria

0= (A

A razao das distancias diametro angular para 2 (ou mais)
imagens com fontes em diferentes desvios para o vermelho
defina uma ‘razao de familias’

D(z1,zq) D(0, zp)

D(0, zq1) D(21, 2s2)

™ Jullo et al. 2010, Science: exemplo de limites competitivos na
cosmologia com um sistema de lente forte (Abell 1689)
M 8 familias de fontes com desvios para o vermelho entre |.15 e

4.86
M Caminha et al. 2016: RXC |2248.7-4431 (Abell S1063), 16

fontes, 47 imagens

E(’Zl: 25l <52 gzl\'l: QX 'U""’X) —



Caso plano:

1 2
D =
- (ZleQ) Leitoo 21 H(Z)
No modelo wCDM D= Wwp

H(a) = H} (0,07 + Qaa™ + Qua™ + Qppa—20+2)]

de modo que

(1+ z2 dz’

DA (Zla 22)

/ VOl + 2 + (1 — Q) (1 + 2/)30+w)

Dis =Da(zr,2s). ete.



COSMOLOGICAL CONSTRAINTS
Frontier Field Cluster AS1063 (aka RXJ2248)

RX)2248 (z=0.35), HST/ACS _
(B.Caminha et al. 2016a,b) +

-

. ! ’
3b
», ”
» ‘.‘ .l
. !
s O
g 11D
Total of 17 families (10 spectroscopic) g

48 (30) multiple imageés, Zrange= 1.0-6.2 o

2016

MUSE SV programme + GO (PI: K.Caputi)

(Karman et al. 2015)
(W.Karman et al. 2016, arXiv/160601471)

Caminha et al,,

Strong lensing
RXJ2248

Planck
release 2

1 arcmin2 FoV

2.6 A resolution (4800-9300 A)
0.2 arcsec/pxl

Exp.=5 hrs




Novos limites com Abell S1063

- Dobro de familias de imagens multiplas
- Comparacao e combinacao com outros observaveis

Bom, Makler, Caminha, Vitenti, Penna-Lima (2019, in prep.)

Limites exclusivamente
de Strong Lensing:

SL (AS10603)
Jai +0.062
it +0.030

Unico sistema!

Teste de consisténcia
Refsdal

Futuro promissor,
especialmente para DM




THE HST FRONTIER FIELDS

THE DEEPEST DATA EVER'-OBTA ,EQ FOR LENSING GALAXY CLUSTERS !!!

Abell 2744 -z = 0308 o W e L , , K "~ MACS J0416 -z = 0.396
Fully observed "+ & U R A Y ¢ - .o Fully observed
. o ‘o p ¥ e ey ELAH T -
Atek et al. 2014a, ApJ, ' B R ) . % SRR kR T | ,. . Jauzac et al. 2014, MNRAS, 443,
786, 60 ; Laporte et al. T S ¥ AP 1549; Lam et al. 2014, ApJ, 797,
2014, A&A, 562, 8; Zitrin et " e g e T LI f- " 98; Jauzac et al. 2015, MNRAS,
7slh ?01:; Atpi.';g.;i,s 12;,.; ~3 . . pay ‘ 2 °',~ ' 446 4132; Grillo et al. 2015, ApJ,
igaki et al. 3 » D, O ; % 800, 38 ; Harvey et al. 2016,
~‘::‘99, 18200 At&_k. jt al. 201t5'l 'j. - - ~ Ty ,x’ MNRAS, 458, 660 ; Caminha et
;:.2:;15 00, 18; :;5;2«;;7?.. : o . . .. ® al, 2016, arXiv1607 0346 |
| Wans'lela'-'.A'pJ.B",?é. | .y el e ‘. 4
Ll . ] » .. B . .. : ‘. ’ e '8 . . : .
,4‘ - MACS J1149 - z = 0.543 - / - - ,‘ S
= Fully observed oy ) .
. # Kelly et al. 2015, Science, 347, 1123 ; R P o - ‘.; * .
. - Sharon & Johnson 2015, ApJ, 800, 26; - ,.. . &N -~ ol
e B W Oguri 2015, MNRAS, 449, 86 ; Diegoet al: . - ’ ' -
T B~ - . 2016, MNRAS, 459, 344 ; Jauzac et al. 2016, * © an 344
\ “ e MNRAS, 457, 2029 ; Treu et al. 2016, ApJ, s °':231°63 o
MACS J0717-2=0.545 = 17, 60 ; Grillo et al. 2016, ApJ, 822, 7 '/ ully observed
: « 817,60; oeta , ApJ, 822,78
FU”y observed - '~. e DIGgO Qt aI 2016, MNRAS 459 3447
Diego et 8’. 2015, MNRAS, ! . ..' . M r. 3 . "s'a N ‘hal ~ "
451, 3920 ; Limousinetal. ~ = . g ’ {8 CSLtg") z= .0375 T A
2016, A&A, 588, 99; o - . A > $0 g0 W 't - - ,
Kawamata et al. 2016,ApJ, - ' .. _-» " R SRS . .
819, 14 F. R
' \ ' ;‘ A ’ "- .\..... . .‘;
lelte‘s mals fortes b e T ,
. ’ . . .

estudo de S|stemat.|cos T ey
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Teorema de Gauss
Equacio de Poisson Vgt (é?) = 4drGL ({)

A o 2. s
Angulo de deflexdo a = 5V (5)

Assim: ¥.5= Uy (g)

2

Qp

Teorema de Gauss 2D
7{ 32 ﬁ, Como na lente pontual!
Cz

/ Raio de Einstein, etc.

6 from= [oen 2 - 410
o

M (€)




Equacao da Lente

A _ ~  4AGM A
Angulo de deflexao a = CQg(f)ﬁ
. - o ~Drs - 4GM(0) »Dpg
E da lente — 0 — — 0 0
quagao b=0—« Do 202Dor Do
S AGM(0)Dps 1\ =
— (1 v
6 ( CQDOLDOS (92>
Angulo de Einstein (5 = O)
Di g AGM (6’ E) Estimativa
O = 5 |:> da massa
DosDor ¢ em 6 < 05
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Esfera Isotermica Singular

2
Oy

2w Gr?2

p(r) =

Densidade projetada (superficial)

0.2

sz 52 n z2 pYer:

%(8) =

Massa contida em raio &

5T

£
M(§>=/O 5 (¢) 276! de = 02T

Angulo de deflexio

|:> (%Z - 4G02‘]\4§(€)§ — A (U_(;U)Qg constante!




Magnificagao

— D70
%G OL

27'('

M = o

Magnificagao tangencial

0 M (6) - > Dps'l
— =11 _
6 ( chritDQOL(92> (1 A ( C ) DOS v

Magnificacao radial

o _ [ 1 d (MO _,
d3 | 7SeneD?; df I

)



Equacao da Lente

— QDLS , Oy 2 .

Oé_aDos a_4ﬂ(?) §
~Drs 0y\? Drs ; 0

Y = (v :4 (—) :0

o &Dos " DOS§ E&

L A Oe \ 7

S

- 0
Solucgoes: 1) se 1 QE > ()

22
0

entao 5:<1 >0:9—6’EI::> 0 =03+4+0g
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Fonte circular

Circulo no plano das fontes:

5 = Bpcos ¢ + \/R2—6886n2¢ 0=05+0g

0 =05 —

Caso geral 3 = Bycos(¢p — ¢o) £ \/R2 — Bgsen?(¢ — ¢o)
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@ Aula 3: Desvio temporal e Efeito fraco de lentes
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Desvio temporal
gravitacional

Obs.: Deducao rigorosa em Petters, Levine,VWambsganss



geometrico

N\
..... T
9—[‘3\ ................................ ,
O
DosDor 7 =0
oL = 7
2D, 5 (6 — B)
DOSDOL . ~
Otgeom = 0L/c = 0 — 3)?
g / 2¢D7 g ( B)

Obs.: Deducao rigorosa em Petters, Levine,VWambsganss



Desvio temporal total

Desvio total no referencial da lente

5tL — 5tgeom =+ 5tgrav

DosDor -

5t eom — 6[1 C — 9—)_ 2
som = 6L c = DO50L 5 g
2 2  Dig
7 c c? DosDor, v




Desvio temporal total

Efeito Doppler

Oto, /0, = ao/ar = (1+ zL)

Obs.: Deducao rigorosa em Petters, Levine,Wambsganss



Time delay

——




Teorema
de Burke
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MULTIPLE GRAVITATIONAL IMAGING BY DISTRIBUTED MASSES!

WiLLiam L. BURKE
Lick Observatory, Boards of Studies in Astronomy and Astrophysics and in Physics, University of California, Santa Cruz, CA 95064
Recetved 1950 September 26; accepted 1950 November 5

ABSTRACT

A transparent galaxy, not necessarily spherical, acting as a gravitational lens produces an odd

number of images.

Subject headings: galaxies: general — gravitation — quasars

In a recent Letter (Dyer and Roeder 1980) it was
shown that a transparent spherical galaxy of finite mass
acting as a gravitational lens produces an odd number
of images. The result is in fact true for arbitrary mass
distributions as long as the bending (roughly m/7) re-
mains bounded as 7 goes to infinity. This covers all
realizable cases, since larger masses would be within
their own event horizons.

A proof of this stronger result is easy. Parametrize
the rays leaving the source by their impact parameters
(#, v), measured in some plane near the defiector and
transverse to the rays. See Figure 1. You may think
of this plane as the celestial sphere. The action of the
gravitational lens bends a ray. Let us look at the inter-
section of this bent ray with another transverse plane,
this one passing through the receiver. We can measure
the bending by the direction cosines (s, w) between
two lines: one from the source to the point (%, ) in the
deflector plane, and one from that point to the point
where the actual ray hits the receiver plane. By a
transparent deflector we mean one for which all the
rays hitting the first plane also hit the second. This
excludes solid objects and black holes.

1 Lick Observatory Bulletin, No, 848,

SOURCE

Fie. 1

The action of the gravitational lens is specified by
giving the bendings (s, @) as functions of the impact
parameters (#, v). Such functions can be represented by
a vector field on the (#, v)-plane with components (s,
). A ray with impact parameters (u, v) will reach the
receiver only for specific bendings (s, w). This condition
can also be represented as a vector field. The gravita-
tional lens will form an image of the source at the re-
ceiver whenever these two vector fields are equal.

Subtract these two vector fields. Our problem is to
study the zeros of this difference vector field. Since the
bending is assumed bounded, for large impact param-
eter the difference vector field is dominated by the
requirement that it takes a large bend for the ray to
reach us. For large impact parameter the difference
vector field is mainly radial. The zeros of a vector field
on the plane are constrained by the Poincaré-Hopf
index theorem (see Guillemin and Pollack 1974), which
assigns an index to a region by counting the net rota-
tion of the vector field around the boundary of the
region. The index of a region is the sum of the indices
around the zeros. Simple zeros of a vector field are either
sources, sinks, or saddle points. Sources and sinks have
index +1 and correspond to direct images, while
saddle points have index —1 and correspond to in-
verted images (as in Dyer and Roeder’s 1980 Fig. 2).
The sum of the indices of the zeros for our difference
vector field must be 4-1 because of the behavior at
large impact parameter. Thus if there are only simple
images, there must be an odd number of them, with
one more direct image than inverted images.

Because this is a topological argument the transverse
planes need not be flat, the bendings can be measured
by angles, tangents, or whatever, and the straight lines
need only be straight in some coordinate chart. The
(%, v)-plane can be thought of as the celestial sphere of
the source or, since rays are reversible, as the celestial
sphere of the receiver.

This research was done at the Aspen Center for
Physics, and their hospitality and the partial support
of the National Science Foundation are gratefully
acknowledged.
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Curvas de luz de Quasares

Defasagem temporal entre imagens
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Defasagem Temporal

C

DosDor, /
Onde Da = (1+2zL) D; s modelagem inversa
T (imagens multiplas)

“time delay distance”

Principal dependéncia cosmolégica: o H '



Exemplo: RX J1131—=1231

o COSMOGRAIL: the COSmological
MOnitoring of GRAvltational Lenses

® Curvas de luz + modelo da lente

v =1
3—7' Ok

Hubble Space Telescope Swiss Leonhard Euler Telescope Euler deconvolved
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Lentes Extensas

4G

—

/

A 3 g E—¢&
Angulo de deflexio a=—= [ ¢3S (&) =—=
; a ) €~ ¢

/‘2

Equacio de Poisson V:¢ ({) = 4drGY (5)

Equacio dalente F=6-a (5) =0 — Vol (5)

2 Dy g
c? DosDor

convertendo variaveis d&; = Doy, db;

2 Dis
c? DosDor

Potencial de Lente(amento) ¥ =

Vel = D3 47G ¥




Convergencia

Equagao de Poisson

Vg = 2P p2 gy (5) - (5)
p— 7-‘- —
0 c? DOSDOL OL Zcrit

Densidade superficial critica

02 DQS

ZCri —
’ 47TG DOLDLS

) 7
i (9) T Serit

Equacao de Poisson Vol = 2k (5)

Convergencia . (ﬁ)




Jacobiana da transformacgao

2 2 2
.. ( J
ij




Jacobiana da transformacgao

J=(1—r)I-—
(1=~) ( Woq —2 (Uy1 — Uyo)

() =

Fonte / Imagem

convergencia e cisalhamento




Cisalhamento

L (W — Wyy) o
T (1P 2 (P11 22 12 )
( ) ( Woq —% (U1 — Uyo)
Cisalhamento:
L
Y1(0) = 5 (V11 — Pa2)
R Y = \/v% +73

Y2 (0) = Wio = Woy

Em termos do cisalhamento e convergencia temos

J:(l—/i)I—I-( TR )

—Y2 71
Autovalores de J 1
1 1

:ulz]._/{_fya Mzzl—/ﬁl—|—’7
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Efeito fraco e forte de lente

aglomerado o
observador galaxia
. de fundo

Non-Linear

<4
Multiple -
Images \ ’

<
Arclets .,

Weak Shear ~ ~<b
A

Linear



® | enteamento forte:
B Grandes magnificagoes
B |[magens multiplas
B Grandes distorgoes (arcos, aneis)

B Defasagem temporal

N>=5

B Regioes centrais de galaxias e aglomerados BN

.......
-----------------

®\Veak Lensing:

11111

B Mudanca na “orientagao’” (+magnificagao) - =

B Regioes nao centrais/de baixa massa de
galaxias e aglomerados

B Estrutura em grande escala




P mapeamento imagem — fonte

a_I3i=6 _8211’(6)

6= 9000

P plano dnico

w22 (i (g, 2)d:

e Dys Do, '\

/ potencial gravitacional

distincias cosmoldgicas

DD (z 7).

2 autovalores:

1 1

o T 1-x + Y i = -y

2 magnificagio local e

razao axial:

po=qatlonas e ;]
2
? densidade superficial
critica
> 62 DOS

o 47TG DOLDLS

2 convergéncia




- Fonte circular

b
< Magnificagao
Aimagem [ 2 2 o
= — ]
£ Afonte ( ) ?
- Elipticidade
a—b Y
G T T
a-+ b 1 —k s
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MAPEAMENTO LINEAR

< Efeitos:
< Distorg¢ao: variagao na orientagao (mais usual)
< Magnificacao: mudanga na area e na densidade de objetos

< Analogamente a”) a elipticidade possui 2 componentes:
matriz, pseudo-vetor ou numero complexo

e tae =
a—>b Y
ci— =
Dipsie S

k< lemn <l

101



- Centro do objeto (imagem)

5 _ [ [1(6))0:
o fd20gr [ (8)

~ Momenta de segunda ordem

i f d26’q1 [](9)]((9@ — ‘9—@)(93 i (9])

@i EZ0)
< Area
1/2

Q= (Q11Q22 — Q)
- Elipticidade
- Q11— Q22 + 21 Q12
Q11+ Q22 +2(Q11Q22 — %2)1/2

e



~ Momenta de segunda ordem

[ dP0q[1(9))(6: — 0:)(8; — ;)
J d20q;[1(0)]

Qij

- Elipticidade
£ Qi1 — Q22+ 2i Q1o
Q11+ Q22 +2(Q11Q22 — %2)1/2

¢ .

-~ Distorcao linear

Lo i (0)
ks 0'e; : 1 — k() lg| <

€s
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~ Regime de lenteamento fraco

oo sd Gt

< “teorema fundamental do lenteamento fraco’’:

(€) =g

- Mas

g <K €

- desafios observacionais, instrumentais,
computacionais e teoricos!



Medindo o lenteamento fraco

® Sinal <81>=Y (81=8S+Y)

’ 1/2
® Ruido =<‘852> ~03>y

® Ganhar do ruido fazendo uma media em um
grande numero de galaxias

Regime 5 ¥/0. N., for S/ N~ |
weak lensing by clusters 0.03 0.1 102
galaxy-galaxy lensing  0.003 0.01 104
cosmic shear 0.001 0.003 10°

Much more galaxies for precision measurements needed.
(de Kilbinger)



Desafios T ecnicos

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

® Modelar as distorcoes da PSF (muitas fontes)
Bmedir um grande numero de estrelas no campo

- ) | 1 § ]’, 2 /);,;'/th T r ,.I' . : C) O
s ~ > n/// ;» . . ) |
- p 4 ", v.:_/‘.s & A m m
B n 1
- 5 l N ;%
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YR AN AN

eDificuldades: estrelas saturadas, eficiéncia de
transferéncia de carga, halos, acompanhamento...

JIPLIE YBIES
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From Sarah Bridle ‘-
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Caminho

1) Obter as medidas de forma das galaxias O dOm I'nlo

|dentificar as estrelas

da
Modelar as distorcoes da PSF (muitas fontes) .
Medir forma das galaxias estatistica
Aplicar a PSF nas medidas de forma das galaxias

Selecionar as galaxias (z, S/N, tamanho/magnitude, etc.)

2) Realizar as medidas das quantidades relevantes

Miriade de observaveis e de estimadores estatisticos

Obter estimadores optimos, levando em conta efeitos
instrumentais e observacionais

Determinar incertezas



Exemplo:
separagao estrela-galaxia

07.06 | ! | | ! | | | | | | |
|SPREAD_MODEL|<0.003
|SPREAD_MODEL|>0.003
0.05H - [|SPREAD_MODEL|>0.003 and |[CLASS_STAR|>0.95 11 i
0.04
0.03F
0.02f
0.01F
0.00} -
0.01} 1t .
0097 18 19 20 21 22 23 ©93892333
MAG_AUTO NYS88SR



Desvios para o vermelho fotometricos

® Caracteristicas
marcantes do
espectro

(quebra de 4000 A)

® Diferenca no fluxo
através dos filtros
quando a galaxia e
desviada para o
vermelho

0.6

Flux
0.4

0.2

4000 6000 8000
A (R)

10000

12000



2 Regimes e Metodos

Lenteamento por galaxias e aglomerados
® Maior sinal
® Centro de referéencia
® Ajuste de modelos
® Objetos individuais ou Stacking do sinal
Estrutura em grande escala
® Mapas de convergencia (tambem em aglomerados)
® Correlacoes:
® espectro de poténcias, fungao de correlagao

® varios pontos, entre bins de z, com massa, CMB, etc.



