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GREGOS "A Astronomia

obriga a nossa alma
a olhar para cima e

a levar-nos do
nosso mundo para
outro."

Platao [} PENSADOR

Platdo (c 427-347 a.C.)

Lua lerra Venus ; Marte
Sol

> Terra fixa no centro do universo
(teoria geocéntrica).

» Planetas em espirais fixas.




UNIVERSO — Miihdo
ARISTOTELICO P irellns Supralunar

HED 3 (Esferas con
" e > planetas)

Es
esféricoy
finito

Es tnico,

ETERNO
Mundo Y 51’n
Sublunar vacio

(Tierra con los
cuatro elementos)

R

Platéo (c 427 —c 347 a.C.) ) :
e Aristoteles (384 _c322 a.C.), GEOCENTRICO Y GEOESTATICO

seu discipulo.

Universo geocéntrico (e finito);

Esferas naturais dos elementos (“‘caem” para elas);
Mundo mutavel e imperfeito (sublunar) e mundo imutavel
e perfeito (supralunar), feito de éter ;

» Camada de “ar superior” entre a esfera de fogo ¢ a lunar,
onde os fendmenos meteoroldgicos acontecem.
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SISTEMA PTOLOMAICO

Movimento retrogrado dos planetas ol \
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REVOLUCAO COPERNICANA

» Copérnico tinha conhecimento de que observagdes cuidadosas nao confirmavam o sistema ptolomaico;

» Os equantes quebravam a “regra do movimento absoluto”, segundo a qual todos os corpos celestes deveriam
mover-se a velocidades constantes;

» Posicionando o Sol no centro do universo e a Terra como mais um planeta, Copérnico criou um sistema
cosmoldgico bem mais simples (heliocéntrico);

» De Revolutionibus Orbium Coelestium (1543), ou Sobre a Revolugéo dos Corpos Celestes, foi publicado em
Nuremberg pouco antes de sua morte.
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Nicolau Copérnico (1473 — 1543). De Revolutionibus Orbium Coelestium (1543).



REVOLUCAO COPERNICANA

Leis de Kepler
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Johannes Kepler (1571 — 1630).



INVENCAOQ DO TELESCOPIO

Em 1608, o oOptico holandés Hans Lippershey (1570 — 1619)
deposita a patente da invencéo do telescopio.

Em 1609, o italiano Galileu Galilei (1564 - 1642) aperfeicoa o instrumento e 0 aponta para o
ceu. Suas descobertas foram relatadas no livro Mensageiro Sideral, de 1610.
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TELESCOPIO NEWTONIANOQ

Newton deu varias contribuicGes para a Optica, sintetizadas em seu livro
Optiks (1704).

«Construiu o primeiro telescopio
refletor (ou newtoniano):

*Descobriu que a luz branca era uma composicao
de varias cores refratadas diferentemente por um
prisma:

*E realizou o experimentum crucis:

- «Apresentou também os anéis de Newton:
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TELESCOPIO NEWTONI&ANO

Leis de Kepler

Primeira Lei Segunda Lei Terceira Lei
T

1 Planeta ‘; Planeta
‘: A ‘; T, ‘a
Fo 5= Sl T LA T
r Sol (F,) Fe ol (F,) “@ solF) < )

<

Sir Isaac Newton
(1642-1727)

« Em 1679, Newton voltou ao seu trabalho sobre mecanica celeste, considerando a gravitacéo e
seu efeito nas orbitas dos planetas, com referéncia as leis de Kepler.

» O cometa Halley ressurge na virada dos anos 1680-1681. Apds uma visita de Edmund Halley,
em 1684, Newton fica sabendo que Robert Hooke demonstrara que as 6rbitas elipticas sao
resultado da for¢a proporcional ao inverso do quadrado da distancia. Newton responde que ja
havia feito esta demonstracao, mas nao encontrava o documento. Em 1685, Newton
comunica o resultado a Edmund Halley, em "De motu corporum in gyrum" (Sobre o movimento
dos corpos em uma o6rbita).

» Halley financia e ajuda Newton a publicar o Principa.



AMPLIANDO O ALCANCE

William Herschel (1738 - 1822) e seu telescépio (1778) com um
espelho de 16 cm.

Telescopios do Observatorio do Monte Wilson: Edwin Hubble (1889 - 1953) em Monte Wilson.
a esquerda o de 150 cm e a direita o de 250 cm.



AMPLIANDO O
ALCANCE

Reflecting telescopes

Effecti
Name 4 ective 4 Mirror type 4 Nationality / Sponsors $ Site 4 Firstlight #
aperture
Large Binccular Telescope 11.9 m (469 in) Multiple Mount Graham International

USA, ltaly, Germany 2004

(LBT)

(combined)Z]

Two 8.4 m (331 in) mirrors

Observatory, Arizona, USA

Gran Telescopio Canarias 10.4 m (409 in) Segmented Spain, Mexico, USA Roque de IB.S Muchachos Obs., Canary
(GTC) 36 hexagonal segments Islands, Spain
. 1997
Hobby-Eberly Telescope 10 m (394 in) Segmented
} 3] o . ) USA, Germany McDonald Observatory, Texas, USA Aperture increased
(HET) (effective) [ 91 = 1 m (39 in) hexagonal segments forming a 11 m x 9.8 m mirror .
) Segmented Mauna Kea Observatories, Hawaii,
Keck 1 10 m (394 in) USA 1993
36 hexagonal segments USA
. Segmented Mauna Kea Observatories, Hawaii,
Keck 2 10 m (394 in) USA 1996
36 hexagonal segments USA
Southern African Large 9.2 m (362 in) Segmented South Africa, USA, UK, Germany, | South African Astronomical Obs., 2005
Telescope (SALT) (eﬁective)[4] 91 = 1 m (39 in) hexagonal segments forming a 11 m x 9.8 m mirror Poland, New Zealand MNaorthern Cape, South Africa
. ) Mauna Kea Observatories, Hawaii,
Subaru (JNLT) 8.2 m (323 in) Single Japan USA 1999
. ) . . Paranal Observatory, Antofagasta
VLT UT1 — Antu 8.2 m (323 in) Single ESO Countries, Chile ) ; 1998
Region, Chile
P | Ob tory, Antof; t
VLT UT2 — Kueyen 8.2 m (323 in) Single ESO Countries, Chile aranal *hservatory, Aniolagasia 1999
Region, Chile
P | Ob tory, Antof t
VLT UT3 — Melipal 8.2'm (323 in) Single ESO Countries, Chile SLCIEY SN ULIER L 2000
Region, Chile
. ) . . Paranal Observatory, Antofagasta
VLT UT4 - Yepun 8.2 m (323 in) Single ESO Countries, Chile . ! 2001
Region, Chile
" USA, UK, Canada, Chile, M Kea Ob: tories, Hawaii,
Gemini North (Gillett) i 8.1m (319 in) Single e anaca, Lhle. auna fes Ubservaonies, Rawat, 1999
Australia, Argentina, Brazil USA
USA, UK, Canada, Chile, C Pachdn (CTI0), Coquimb
Gemini South 8.1 m (319 in) Single AGASEUEREL UL, erro Pachon (CTIO), Coquimbo 2001
Australia, Argentina, Brazil Region, Chile
MMT (current optics) ‘ 6.5 m (256 in) Single Usa F. L. Whipple Obs., Arizona, USA 2000
Las C Obs., At Region,
Magellan 1 (Watter Baade)l?) - 6.5 m (256 in) Single USA c:: ampanas Lbs., Alacama Reglon. | 500
ile



https://en.wikipedia.org/wiki/List_of_largest_optical_reflecting_telescopes

AMPLIANDO O ALCANCE

Yerkes Observatory
refractor (40" lens
atthe same scale)

Williams Bay, Wisconsin,
|, USA(1893)

] e Large Sky Area
. A Mult-Object Fiber
Grea‘%ﬁ;‘:&ggbmm SPTE‘I:""SNPE Gran Telescopio
Cjsaesamests remChie (AR Kekelscmes
' (2009) CanaryIslands, USA (1993, 1996)

Spain (2007)

Hooker Telescnpe (1007)
Wt Wilso
Cal|fom|a USA(lQl?’)

. Gemini North Subaru -
S e e escye
Hobby-Eberly Southern African ] e g auna K.ea, Hawall, . .
ﬁ'ﬁ;ﬁ'ﬁ%‘i" Si2] " Telescope Large Telescope (1998) 5 (planned 2027) Gran Telescopio Canarias

Davis Mountains, utherland,
Texas, LISA South Africa
(1996) (2005)

USA(1948)

Gemini South
Cerro Pachan,
Chile (2000)

(19?9L1998) (1999-)
Multiple Mirror Telescope _ -
Mount Hopkins, Arizona, USA
Large Binocular

elescope
Mount Graham,
Arizona, USA (2005) Vera C. Rubin

Observatory

BTA-6 Large : )
[Large Zemgm Cerro Pachdn, Chile
Altazimuth Telescope (planned 2022)
Telescu’:elly British
Zelenchuksky, Columbia,
Russia Canada
(1975) (2003)
:m: Ke;er E WL . Keck telescopes
— i traili xremely Large Telescope
Earth (gtljlﬂj g E:ggrtrgrlgﬂg Very Large Telescore Cerro Armazones, Chile
Cerro Paranal, Chile (planned 2025)

(2009)  1gag, 1098, 2000, 2000)

2, '
Human ] 5 10m
-y Hubble Space atthe b 10 20

James Webb Telescope same scale

Magellan Telescopes
LaasgCampan as, Chile Giant Magellan Telescope

Las Campanas, Chile
(planned 2029)

e\\Bd‘

Space Telesco _et Low E_&tlr‘lh
Earth—5Sun L puin orhi
(planned 2021) (1990) (2000, 2002)

- ©Whelming}, Large TelescoP® eaf
e Observatory 305 m radio telescope at the same scale

-hundred-meter Aperture Sph
at the same sca



By &lt;a href=&quot;/commons.wikimedia.org/wiki/User:Cmglee&quot; title=&quot;User:Cmglee&quot;&gt;Cmglee&lt;/a&gt;; data on holes in mirrors provided by an anonymous user from IP &lt;a href=&quot;/commons.wikimedia.org/w/index.php?title=User:71.41.210.146&amp;amp;action=edit&amp;amp;redlink=1&quot; class=&quot;new&quot; title=&quot;User:71.41.210.146 (page does not exist)&quot;&gt;71.41.210.146&lt;/a&gt; - &lt;span class=&quot;int-own-work&quot; lang=&quot;en&quot;&gt;Own work&lt;/span&gt;, <a href="https://creativecommons.org/licenses/by-sa/3.0" title="Creative Commons Attribution-Share Alike 3.0">CC BY-SA 3.0</a>, <a href="https://commons.wikimedia.org/w/index.php?curid=33613161">Link</a>
By &lt;a href=&quot;/commons.wikimedia.org/w/index.php?title=User:Pachango&amp;amp;action=edit&amp;amp;redlink=1&quot; class=&quot;new&quot; title=&quot;User:Pachango (page does not exist)&quot;&gt;Pachango&lt;/a&gt; - &lt;span class=&quot;int-own-work&quot; lang=&quot;en&quot;&gt;Own work&lt;/span&gt;, <a href="https://creativecommons.org/licenses/by-sa/3.0" title="Creative Commons Attribution-Share Alike 3.0">CC BY-SA 3.0</a>, <a href="https://commons.wikimedia.org/w/index.php?curid=6880933">Link</a>
By T. Wynne / JPL - &lt;a rel=&quot;nofollow&quot; class=&quot;external free&quot; href=&quot;http:/planetquest.jpl.nasa.gov/images/keckTelescopes-hi.tif&quot;&gt;http:/planetquest.jpl.nasa.gov/images/keckTelescopes-hi.tif&lt;/a&gt;, Public Domain, <a href="https:/commons.wikimedia.org/w/index.php?curid=4963229">Link</a>
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Giant Magellan Telescope
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MEDINDO & COMPOSICAO
(ESPECTROSCOPIA)

1814 Fraunhofer inventou o espectroscdpio e descobriu
574 linhas de absorcdo no espectro do Sol e linhas
diferentes no espectro de Sirius.

Gustav Robert Kirchhoff Robert Wilhelm Bunsen
(1824-1887) (1811-1899)

Joseph Fraunhofer
(1787-1826)

1860 Kirchhoff e Bunsen mostraram que as
linhas de Fraunhofer estdo associadas aos
elementos quimicos presentes nas estrelas.




AMPLIANDO A JANELA DE OBSERVACAO

A = wavelength

-

E = oscillating electric field
B = oscillating magnetic field

Wavelength in meters

1012 1019 10°34% 10777 %1077 1074 102 1 102 10%

Gamma X rays Ultraviolet Infrared Microwaves Radio waves
ravs 3 ’ T Ty

FM Shortwave AM

4% 10 Sx10 6x 1077 7% 10




AMPLIANDO & JANELA DE OBSERVACAO

1864 James C. Maxwell (1831-1879) descreve as 4 equacOes do eletromagnetismo,
verificando que delas pode-se deduzir equacdes de onda.

onde

1888 Heinrich Hertz (1857-1894)
detecta ondas eletromagnéticas. E

A = wavelength

sender receiver \ h
E '
B.. X
‘l”’_..-"/‘
Tl oitittan o ek warere
the electric field or the magnetic 2 4 !
;‘.‘.&..”J‘:.‘%’:.T’.%%":?.‘::".’.m E = oscillating electric field
D oy o otoe e somia B = oscillating magnetic field
and his resonator, or receiver.



AMPLIANDO & JANELA DE OBSERVACAO

Karl Jansky
(1905-1950)

- Karl Jansk'y‘\‘fyith' his radio antenna.

1932 Karl Jansky descobre ondas de radio sendo emitidas pela
nossa galéxia, a Via-Lactea.



AMPLIANDO A JANELA DE OBSERVACAO
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AMPLIANDO A& JANELA DE OBSERVACAOQ




AMPLIANDO & JANELA DE OBSERVACAO

WWW.NEWS.CN

Very Large Array
(Novo México, EUA)

FAST: radio
telescopio chinés
(~500 m diametro)




« 1900 Wilson notou que eletroscopios perdem carga mesmo quando muito
bem isolados.

Charles Thomson
Rees Wilson
(1869-1959)

1927
(Wilson &
Compton)

* E. Rutherford teorizou que a maior parte da ionizacao seria devida
a radiacao natural, mas essd radiacdo era muito mais penetrante.

Ernest Rutherford
(1871 - 1937)

1908 (Quimica)



* 1910 Theodor Wulf mediu uma queda de 22,25 ions/cm3s (~ ao nivel do mar) para

15,7 ions/cm?3s, no topo da Torre Eiffel (330 m), mas deveria ter caido a metade em 80
m,

Phygs. Zed. 11 8 (1910)

Givit . lonen
Datum r e
28. Mirz Valkeuburg . . . . . . . 22,5
26 Paris, Boden' . « « « » 17,5
0. , Eiffelturm . . « . . 16,2
31 " " " TG S 4,4
1. April & i o oy | e LS 15,0
29 % : - N e 17,2
. AR L CROGEY” o vl o e lw | 18,3
& g I Valkenburg . . . . . . « § 220
Daraus ergeben sich als Mittelwerte fiir die
drei Orte |
[onen
Valkenburg :
CCm. - sec

Paris Boden.
Paris Eiffelturm




1912 Victor Hess subiu num baldo a 5 km e mediu um aumento na ionizacgéo (4 x
mais descargas a 4880 m): deve haver uma radiacdo de origem cosmica

lonizando a atmosfera.

o

Stettin®

Berlin
(<11

Victor Franz Hess
(1883-1964)

2 1936 (Hess &
Anderson)

Victor F. Hess (1912).
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NO SECULO XX

[

1912 Victor Hess descobre radiagc6es de origem cosmica
(raios cosmicos).

1936 Hess & Anderson

Victor Franz Hess
(1883-1964), fisico
austriaco-americano.

1912 Charles Wilson desenvolve a camara de navens.

1927 Charles Thomson
" Rees Wilson
Wilson & (1869-1959),

Compton fisico escocés.
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Fig. 2. Number of ions cm™?s™! measured by Hess at the seventh flight in August 1912
(1-3) [Hess 1912] and by Kolhérster (4) in 1914 [Kolhorster 1914].
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* Victor F. Hess called them "ultra-gamma radiation”;
« Egon von Schweidler called them “Hess rays”

» Werner H. G. Kolhdrster called them ”HoOhenstrahlung”
(altitude radiation);

 R.A. Millikan coined the term ~’cosmic rays”. Robert Andrews Millikan
(1868 - 1953)

1923 Millikan

ATAWE IRV N Lago Muir

hhhhhhhhhh

. o et

- —J . - .
-qﬂr-——-—

Lago Arrowhead

“Birth cry” of created atoms.
The New York Times, 23rd November 1925.




NO SECULO XX

(1938)

II —— Primary cosmic ray

Pierre Victor Auger (1899 - 1993)
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1948-1954 Van Allen langou foguetes lenvando a
bordo instrumentos para medir raios cosmicos.

Rz=Pnm
AR RN
3 ‘

e
|

-
COUNTING RATE vs.ALTITUDE
| S N— o SINGLE GEIGER COUNTER |

due to shower V-2 No.30
29 JULY 1947
d&\)(eLopmewt L alr A 4ioN

O ASCENT
| | X DESCENT |

g

COUNTS PER SECOND

James Alfred Van Allen
(1914-2006)

3
o

o * 80 0o 50
: ALTITUDE ABOVE SEA LEVEL = Km
Outer Bt ; Balloon expertiments
a3 12,000 — 25,000 miles

GPS Satellites.
_— 12,500 miles

Geosynchronous Orbit (GSO)
N lar

. Low-Earth Orbit (LEO)
International Space Station
230 miles

Van Allen Probe-A

1958 Cinturdes de Van Allen.
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1905 Albert Einstein formula a teoria da relatividade,
utilizando as transformacdes de Lorentz e estabelecendo
2 postulados:

®»As leis da Fisica sdo as mesmas em todos os referenciais inerciais;
®» A velocidade da luz é invariante em transformacdes de referenciais.

" e )
[/ AR §
< ¥ { g
»
- )
=, - o il
i, 't
3 : 7

Albert Einstein
(1879 - 1955)

i .‘. ‘.}r'
-
5 o
Time 1 time 1
¥
v x - e

Delsctor
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NO SECULO XX

1912 Albert Einstein tem “a idéia mais feliz de sua vida”.

a Equivaléncia: Um sistema inercial no qual ha um campo de gravitacéo
m aceleracao da gravidade é equivalente a um sistema ndo-inercial, sem
ravitacdo, com a mesma aceleracao.




NO SECULO XX

1916 Albert Einstein publica “Os Fundamentos da
Teoria da Relatividade Geral™.

872G
c? T/w

(teoria geomeétrica da gravitacao).

GW+AgW =

Previsoes:
»curvatura trajetoria da luz;
»ondas gravitacionais;
»Buracos negros.
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NO SECULO XX

Eclipse solar de 29/05/1919:

1919 Sir Arthur Eddington chefiou uma
expedicdo a ilha de Principe (Africa) para
tirar fotografias de um eclipse total. Ele
observou um desvio na luz das estrelas que
passavam pela vizinhanga do Sol,

confirmando a previsado de Einstein. Arthur Eddington
(1882 - 1944)

massive
object
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1917 Willem de Sitter produz um modelo NO SECULO XX

de universo com expansao acelerada.

Willem de Sitter
(1872-1934)
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1917 Willem de Sitter produz um modelo NO SECULO XX

de universo com expansao acelerada.

1916 Karl Scharzchild deu uma solucéo para o
campo gravitacional de uma massa pontual.

Willem de Sitter
(1872-1934)

Karl Scharzchild
(1873-1916)
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1917 Willem de Sitter produz um modelo NO SECULO XX

de universo com expansao acelerada.

1916 Karl Scharzchild deu uma solucéo para o
campo gravitacional de uma massa pontual.

Willem de Sitter
(1872-1934)

Karl Sc.harzchild
(1873-1916)
1920 Subrahmanyan Chandrasekhar mostrou

gue um corpo nao radiante acima de uma
certa massa colapsaria.

Subrahmanyan
Chandrasekhar
(1910-1995)



Willem de Sitter
(1872-1934)

Subrahmanyan
Chandrasekhar
(1910-1995)
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1917 Willem de Sitter produz um modelo NO SECULO XX

de universo com expansao acelerada.

1916 Karl Scharzchild deu uma solucéo para o
campo gravitacional de uma massa pontual.

Karl Sc.harzchild
(1873-1916)
1920 Subrahmanyan Chandrasekhar mostrou

gue um corpo nao radiante acima de uma
certa massa colapsaria.

1922 Alexander Friedmann elabora modelos
do universo em expansao e em contracao.

Alexander A.
Friedmann
(1888-1925)
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NO SECULO XX

1927 Geoges LeMaitre elabora a teoria
do Big-Bang e deduz a constante de
Hubble.

Georges H. J. E.
LeMaitre
(1872-1934)
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NO SECULO XX

1927 Geoges LeMaitre elabora a teoria
do Big-Bang e deduz a constante de

A " :
HUbee_ Lei de Hubble - Lemaitre r

Velogidade b{/”
.;.}.;::3_ 578
*’J’ i
distancia =
Georges H. J. E. . )
LeMaitre 1929 Edwin Hubble confirma a

(1872-1934) expansao do universo observando
0 desvio Doppler das linhas
espectrais de galaxias distantes.

Edwin P. Hubble
(1889-1953)



do Big-Bang e deduz a constante de
Hubble.

Georges H. J. E.
LeMaitre
(1872-1934)

1929 Edwin Hubble confirma a
expansao do universo observando
0 desvio Doppler das linhas
espectrais de galaxias distantes.

1931 Geoges LeMaitre publica a
teoria do atomo primordial.

z

NO SECULO XX

1927 Geoges LeMaitre elabora a teoria

Lei de Hubble

Velockdade

-

L] A:‘:;*« Ty

Lemaitre
',«z-

/
[ &

distancia

L

Edwin P. Hubble
(1889-1953)
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NO SECULO XX

1965 Penzias e Wilson detectam a radiacdo cosmica de
fundo nas freqliéncias de microondas.

Robert Wilson (1936-) e Arno Penzias (1933-).




Galaxy and Star
Formation

MATTER DOMINATED ERA

THE UNIVERSE BECOMES TRANSPARENT

Decoupling of Formation of
Matter-Radiation Atoms
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NO SECULO XVIIT

1783 John Michell (1724-1793) computou que um corpo
com 500 vezes o raio do Sol e a mesma densidade teria em
sua superficie sua velocidade de escape igual a velocidade da
luz, entdo seria invisivel.




1783 John Michell (1724-1793) computou que um corpo NO :SJ CU L@X[/III

com 500 vezes o raio do Sol e a mesma densidade teria em
sua superficie sua velocidade de escape igual a velocidade da
luz, entdo seria invisivel.

1796 Pierre-Simon de Laplace publicou a mesma idéia
na 12 edicdo do seu livro Exposition du Systeme du

Monde.

Pierre-Simon de
Laplace
(1749-1827)



1783 John Michell (1724-1793) computou que um corpo NOS SECULOS
com 500 vezes o raio do Sol e a mesma densidade teria em X[/]]]& XX

sua superficie sua velocidade de escape igual a velocidade da
luz, entdo seria invisivel.

1796 Pierre-Simon de Laplace publicou a mesma idéia
na 12 edicdo do seu livro Exposition du Systeme du

Monde.

1967 John Archibald Wheeler inventou o termo
buraco negro.

John Archibald Pierre-Simon de
Laplace

Wheeler
(1911-2008) (1749-1827)




1783 John Michell (1724-1793) computou que um corpo NOS SECULOS

com 500 vezes o raio do Sol e a mesma densidade teria em XVIII€é XX
sua superficie sua velocidade de escape igual a velocidade da
luz, entdo seria invisivel.

1796 Pierre-Simon de Laplace publicou a mesma idéia
na 12 edicdo do seu livro Exposition du Systeme du

Monde.

1967 John Archibald Wheeler inventou o termo
buraco negro.

John Archibald Pierre-Simon de
Wheeler Laplace
(1749-1827)

(1911-2008)

1967 Roger Penrose e Stephen
Hawking mostram que os buracos
negros sao caracteristicas inevitaveis
da teoria da gravitacao de Einstein e
estudam suas diversas propriedades.

: \\ 7=

Roger Penrose Stephen W. Hawking
(1931-) (1942-2018)
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Nova imagem (2021) obti , omos do Event Horizon
Telescope mostra luz saindo do buraco negro.



DETECTOR LIGO

Sinal de uma colisdo césmica invisivel '

) 4 o - " " . . ‘ \Ao atravessarem a Terra, as ondas gravitacionais
Ondas gravitacionais geradas em galdxia distante viajaram 1,3 bilhdo B imain o GRbieta, ora esilando éni uma

de anos-luz até chegar a Terra \ recdo, ora comprimindo emloutra

0 Ligo ‘usa lasers e espelhos Ondas gravitacionais Em seguida, as ondas fazem
para menitorar variaces primeiro esticam um dos o contrario, comprimem o
mindscllas no tamanho de seus bragos enquanto brago que esticaram

dois bragos perpendiculares encolhem o outro anteriormente e vice-versa

. +
* Espaco fiefo.nmado

‘ 5 ] T

' | ONOADETECTADA || ————7fi

{ Y J ¥ Mudancas na amplitude mh""‘"“‘ (i, 11

COLISAO DE BURACOS NEGROS / : e na frequéncia do ) YAVLII an

Em uma galdxia muito distante e y / * estica e puxa das ondas --“l'l-

ainda desconhecida, dois buracos : 4 2 g --—
. . y revelam detalhes

negros emitem ondas gravitacionais 2
do movimento dos

enquanto espiralam um ao redor do
outro até colidirem e se fundirem, 5 buracos negros
formando um novo buraco negro FONTE LIGO SCIENTIFIC COLLABORATION

INFOGRAFICO ANA PAULA CAMPOS ILUSTRAGAO FABIO OTUBO ~FOTO CALTECH/MIT  LIGO LAB

Em 14/09/2015, os detectores do
LIGO (Laser Interferometer
Gravitational-Wave Observatory)
captaram o sinal da fusdo de 2
buracos negros ha 1,3 bilhdo de
anos-luz da Terra. test mass
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light storage arm

test mass test mass

beam
splitter photodetector
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Kenneth Greisen (1918-2007),
K. Greisen, Phys. Rev. Lett., 16 (1966) 748 Georgiy Zatsepin (1917-2010) &
G. T. Zatsepin, V. A. Kuz'min, Pis'ma Zh. Eksp. Theor. Fiz. 4 (1966) 53 Vadim Kuz’min (1937-).
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Vorums 10, NuMBER 4 PHYSICAL REVIEW LETTERS ISth{nn 1963 »

EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10 evF

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 10 January 1963)

MIT Volcano Ranch (1962):

Vo F o ¥
N = 5X10%° particl | l/ '? (/(C/‘
N = JX. PAIRGIES ' % \ % N
E,= 1x10% eV T N
3 P e T
; \,\\ T
1.6x10 eV =1 Joule ot

John David Linsley (1925-2002)



1§ Particle Composition |
at ground:

~ 80 % photons
=~ 18 % electrons
= 1.7 % muons

' = 0.3 % hadrons

<) =106 secondaries
for 1015 eV proton

Fluorescence,
Cherenkov light

K.H.Kampert
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* Volcano Ranch, USA (1959-1962);
 Haverah Park, UK (1968-1987);

» SUGAR, Australia (1968-1979);

* Yakutsk, Russia (1969 -1990);

» Akeno, Japan (1980 ++);

* AGASA, Japan (1986 ++);

« EASTOP, Italy (1989-1999);

« CASA/MIA, USA (1990 ++);

« Kascade, Germany (1995 ++);

* Pierre Auger Observatory, Argentina (2001+
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Data and Observables at the Pierre Auger Observatory‘
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UHECR spectrum
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Figure 1: Aitoff projection of the celestial sphere in galactic coordinates with circles of radius 3°
centered at the arrival directions of the 28 cosmic rays with highest energy (above approximately
60 EeV) detected by the Pierre Auger Observatory. The positions of the 472 AGN (318 in the
field of view of the Observatory ) with redshift = < 0.018 (D < 75 Mpc) from the 12" edition of
the catalog of quasars and active nuclei (¥) are indicated by red asterisks. The solid line draws
the border of the field of view (zenith angles smaller than 60%). Darker colour indicates larger
relative exposure. Each coloured band has equal integrated exposure. The dashed line 1s, for
reference, the supergalactic plane. A significant correlation of the arrival directions 1s observed
over angular scales in the range between 3 and 6 degrees, with the AGN that are at distances
smaller than a maximum between 50 and 100 Mpc from Earth.
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t Period Il
15 20 25 30 35 40
Total number of events (excluding exploratory scan)

Figura 1.5: A esquerda: Diregio de chegada de 69 eventos medidos pelo Auger com energias acima
de 5.5 x 10" eV (pontos pretos) e a de galaxias com nicleos ativos distantes de até 75 Mpe (cirenlos
azuis, onde a cor mais eseura indica maior exposicao relativa do observatario): a direita: evolucao do
do gran de correlacao (Pgaie) em funcao do niimero total de eventos ordenados {estima-se atualimente
wmna correlacao de 0.38 £ 0.07. ou seja. > 20 do esperado para wma distribnicao isotrapica),
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latitude

longitude

5 10 15
Flux [1073 km—2sr tyr 1]
Figure 8. Flux map at energies above 40 EeV with a top-hat smoothing radius of ¥ = 25° in Galactic coordinates. The supergalactic plane is shown as a gray line.

The blank area is outside the field of view of the Pierre Auger Observatory. The complete figure set (49 images), which shows the map as a function of energy
threshold, is available in the online journal.
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Figure 7. TS of the starburst model and excess in the Centaurus region above the best energy threshold as a function of exposure accumulated by the Pierre Auger
Observatory. The fluctuations around the expected linear behavior are consistent with those expected from signal simulations, as illustrated in the right-most panels.

THE ASTROPHYSICAL JOURNAL, 935:170 (24pp), 2022 August 20
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Shower maximum & composition
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Figure 7. Xux (left) and o(Xpax ) (right) as a function of primary energy, and comparison to the expectations from
simulated showers with different hadronic models for proton (red) and iron (blue) primaries.
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Neutrino induced showers




Diffuse UHE neutrino limits
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PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

LIGO 5

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 1072, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 4107 1% Mpc corresponding to a redshift z = 0.09"J5;.
In the source frame, the initial black hole masses are 3673M, and 297$M ;, and the final black hole mass is
6213M , with 3.0703M ;¢ radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102




Correlation of UHE photons and
Gravitational Waves
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Figure 2. All GW events from GWTC-1 (green dots), GWTC-2.1 (blue squares), and GWT'C-3 (red triangles) in the space of source distance £ and local ization
{1500 Events which are not within the field of view in the 1 day time window are drawn with empty markers, while events which do at least partially overlap have
solid markers. Three red crosses mark the events which pass the selection criteria for the short time window and also have an overlap with the fizld of fiew during that
time. The shaded regions define the set of accepted events according to the selection citeria described in the text. The hatched region marks class I, which is solely
relevant for the short analvsis time window, and the solid regions mark classes 11, HL and IV,
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r=ct

Espaco-tempo quadridimensional

tempo

r=ct

>
espacgo

No espaco de Minkowsky definimos o

evento:
N=(ct,x,v,2)=(ct,F)

O intervalo entre este evento e o evento nulo
podeserde3tiposs g2 =)= ct=r

A) Tipo luz: s*>0=>ct>r

B) Tipo tempo: s°<0=>ct<r

C) Tipo espaco:

Eventos sdo conectados causalmente somente se
forem tipo tempo ou tipo luz.
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Existem outras dimensdes?

Dark Energy
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Existem outras dimensdes?

Dark Energy
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Level 1: Regions beyond our cosmic horizon

Features: Same laws of physics, different mitial conditions

Assumptions: Infinite space, ergodic matter distribution

Evidence: - Microwave background meaurements point to
flat, infinite space. large-scale smoothness
Simplest model

Level 2: Other post-inflation bubbles
Features: Same fundamental equations of physics, but perhaps

different constants, particles and dimensionality
Assumption: Chaotic inflation occurred

Evidence: - Inflation theory explains flat space. scale-invariant
fuctuations, solves horizon problem and monopole
problems and can naturally explain such bubbles
Explains fine-tuned parameters

Level 4: Other mathematical structures

Features: Different fundamental equations of physics

Assumption: Mathematical existence = physical existence

Evidence: - Unreasonable effectiveness of math in physics
Answers Wheeler’Hawking question

"why these equations, not others"

Level 3: The Many Worlds of Quantum Physics
Feature Same as level 2
Assumption: Physics unitary
Evidence: - Experimental support for unitary physics
- AdS/CFT correspondence suggests that

cven quantum gravity is unitary

Decoherence experimentally verified

Mathematically simplest model
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