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6 Fatos sobre as ondas gravitacionais
(da Enciclopédia Britanica)

1. Ondas gravitacionais sao oscila¢oes do espac;o-tep

2. Ondas gravitacionais sao geradas por objetos muito
pesados

3. O efeito das ondas gravitacionais é muito, muito
pequeno

4. Medir ondas gravitacionais é muito dificil

5. O detector LIGO* é muito preciso

6. A astronomia de ondas gravitacionais nos permite ver

o universo de uma maneira totalmente diferente

*Laser Interferometer Gravitational Wave Antenna
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Relatividade geral e espaco-tempo curvo

geometria em 4 dimensdes ondas gravitacionais sao

oscilacoes do espago-tempo
rajectories
@ N spacetime
= tv =

"""" s Tive que trabalhar durante 10 anos para
terminar essa teoria em 1915...




Possiveis fontes de ondas gravitacionais

sistemas binarios

de objetos
: e
LIGO CHECKLIST compactos
iZ BINARY SYSTEM
@ BLACK HOLES
(@NEUTRON STARS
@itV EM COUNTERPARTS
r:. SUPERNOVAL

super novas
C] PULSARS Bz,

Qj STOCRASTLIC

NUTSINCE K1T8UNCHece @© 2019

pulsares
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Objetos compactos:
estrelas de néutrons e buracos negros

_ estrelas de néutrons
evolucao estelar |

Life Cycle of a Star
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» u‘ Red Giant Planetary Nebula
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Supergiant

Massive Star
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field lines
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pulsares
(e magnetars, sGRBs, FRBs, etc)

buraco negro + estrela
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Detectores de ondas gravitacionais
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Participagao
na colaboracao

LIGO

Riccardo Sturani

IIP - Natal

Odylio Aguiar e seu grupo
INPE - Sa0 José dos Campos

Projeto pioneiro
Detector Mario Schenberg
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Hanford, Washington (H1)

Exemplo: Primeira Deteccao
GW150914 (ano-més-dia)

Livingston, Louisiana (L1)

— H1 observed

“Inspiral-Merger-Ringdown™

3 estagios:

H = L1 observed

H1 observed (shifted, inverted)
I I

< .

Strain (1072%)

H — Numerical refativity
Reconstructed (waveiet)
mm Reconstructed (template)
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Observacoes realizadas até agora

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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Temos cada vez mais eventos...

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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Ja sao 50 eventos anunciados!

Masses in the Stellar Graveyard

in Solar Masses

'
- u J

i o
|

EM Neutron Stars

LIGO-Virgo Neutron Stars '

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestem
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Life Cycle of a Star

O que noés aprendemos?
O que noés ainda nao sabemos?
I. Massas dos buracos negros

Por que os buracos negros
observados em ondas gravitacionais (Viés observacional??)
possuem massas maiores?

E como eles sao formados?

Buracos negros com massas entre

~ 20 — 50 M, podem ser formados

pelo colapso de estrelas com baixa
metalicidade

Tabela periodica

para um astronomo

Tabela periodica
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Life Cycle of a Star

®» — — L = e
/Average
Star Dwarf
Red Giant Planetary Nebula

o A
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-
utron Star

O que noés aprendemos?
O que noés ainda nao sabemos?

- TR . 2. Massa minima?

Black Hole

QQual a menor massa possivel para um
buracos negro?
E qual a maior massa possivel para uma
estrela de neutrons?

O objeto com 2.6 M é uma estrela de
néutrons muito pesada, ou um buraco
negro muito leve?

Pode ser um buraco negro formado pela
colisao de duas estrelas de néutrons!

(QJ UFABC

GW190814

The coalescence of a black-hole and a compact,
unknown companion object

Discovery Distance 3 Detectors
f— Three detectors made the
14 August 2019 800 million observation: the two LIGO detectors

light years away in the USA and Virgo in Italy.

Binary Black
Hole Merger

(Probably)
We can't be sure what the ‘ o >
lighter object is - it's either BBH .
he lightes 1 black hole

Unequal 0.2 \
Masses adiitetas

There is an almost
nine-fold difference

GW energy
between the two @
objects’ masses. L

. -
Higher Harmonics
This event allowed the hum of higher harmonics to be measured in the

signal.

These are even stronger in this signal than for GW190412, thanks to the
greater asymmetry between the objects' masses

These allow new tests of General Relativity.

Everything continues to be consistent with Einstein’s theory following

these tests.




Life Cycle of a Star

5 - . O que noés aprendemos?

White
Dwarf

M O que noés ainda nao sabemos?
Stellar Nebula o — — ' o Neutron Star

& 3. Massas “proibidas™?

Red Supernova
Supergiant P Black Hole

Red Giant Planetary Nebula

Pair Instability

GW1 9052 1 Supernova:

The most massive black hole collision estrelas entre

observed so far
~ 150 — 230 M,...

Discovery Distance 3 Detectors
PO Three detectors made the
21 May 2019 17 billion observation: the two LIGO detectors
light years away in the USA and Virgo in ltaly.

> ) 2 X néo prOduzem Particle pair ¥
Binary Black ey H S buracos negros com RSP
Hole Merger : +
massas estre
‘ 85 66 Premerger ~ 50 —="70 M@ €

i s ~ 130 — 160 M,,...

\ § Merger
Masses ; =
Thi; is the heaviest I /‘
pair of black holes 2 Remnant Increased

which have ever
been observed ==

coling GW 1 9 O 5 2 1 ... mas buracos negros

COm €SSas mMassas

S, o B podem ser formadosa

R | partir de buracos
negros menores!

gravitational
force

—

. cxplosao destroi

completamente a
estrela!

o /

(8] s that they are both \

the r»;-';uit of previous b!a(l-; hole
ns.



Como sao formados os sistemas binarios
de buracos negros/estrelas de neutrons?

Possibilidade 1: evolucao de

, o Possibilidade 2: formacgao
um sistema binario isolado

dinaAmica do sistema binario

nme  a
Myr) | (Rsun) ZAMS (Poplll binary) J \
e MS = o
(50Msun) MS T Mg Ms T o MS
O sem @ Watom 205mF. ®oem
e . e Y 77 7222 777 | ™ e ]
GRS, . 4.2 cHeB e MS
“ s57.4M, WP g 419 M,
4.4 ;
g I cHeB
3 99.3 M,
1st BH formation E
=L
46 |36 (34?/|H ; = 4.8
sun, sun s MS | )
F[3-2 54.1 M, .
2nd RLOF (non conserval tive) L 6.2
7.2 _6-6
-12.0
2nd BH formation ~45.5
BH MS
L b (36Msun) (26Msun) v
‘ ‘N:Zravitational waves
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Gamma rays, 50 to 300 keV

Gravitational-wave strain
Sraviationgr wave Sl

GRB 170817A

GW170817

Binary neutron star merger

A LIGO / Virgo gravitational wave detection with

Colisoes de estrelas de néutrons

associated electromagnetic events observed by over

70 observatories.

12:41:04 UTC
Q A gravitational wave from a

binary neutron star merger is detected.

Distance
= 130 million light years
@ Discovered
17 August 2017
N\ Type
\-@ Neutron star merger

gravitational wave signal
Two neutron stars, each the size
of a city but with at least the
mass of the sun, collided with
each other.

GW170817 allows us to
measure the expansion rate of
the universe directly using
gravitational waves for the first
time,.

Detecting gravitational waves
from a neutron star merger
allows us to find out more about
the structure of these unusual
objects.

This multimessenger event
provides confirmation that
neutron star mergers can
produce short gamma ray bursts.

The observation of a kilonova
allowed us to show that neutron
star mergers could be
responsible for the production
most of the heavy elements, like
gold, in the universe.

Observing both electromagnetic
and gravitational waves from the
event provides compelling
evidence that gravitational
waves travel at the same speed
as light.

gamma ray burst g
)
+ 2 seconds

A short gamma ray burst is an
intense beam of gamma ray A gamma ray burst
radiation which is produced is detected.

just after the merger.

+10 hours 52 minutes
A new bright source of optical
light is detected in a galaxy
called NGC 4993, in the
constellation of Hydra.

kilonova

Decaying neutron-rich
material creates a glowing
kilonova, producing heavy
metals like gold and +11 hours 36 minutes

platinum. Infrared emission observed.

+15 hours
Bright ultraviolet emission
detected.

+9 days

X-ray emission detected.

radio remnant

As material moves away from
the merger it produces a
shockwave in the interstellar
medium - the tenuous material
between stars. This produces
emission which can last for
years.

+16 days
Radio emission
detected.



Dentro de uma estrela de neutrons

A NEUTRON STAR: SURFACE and INTERIOR

A densidade do nucleo de uma
estrela de néutrons é maior do

ATMOSPHERE

que a densidade do nucleo do .
atomo S

OUTER CORE
INNER CORE

HEAVY ION
COLLISIONS

Quark-gluon

_ _.
o e

—

Temperature (MeV)

Hadrons
and
nuclei

Csmams A composic¢ao é desconhecida:
; /o ; * Nucleons?

Wi =22 * Matéria estranha?
* Matéria de quarks?

) - ?
(OO UFABC Condensados




O que acontece quando estrelas de
néutrons colidem?

. Short gamma-
Inspiral -
ray burst
Remanescente +
Kilonova disco
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O que nos aprendemos com colisoes
de estrelas de néutrons

Determinacao da constante de Hubble
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Composicao de uma estrela de néutrons

~
10-2°
- GW150914
GW151012
— GW151226
— GW170817
10721 —— 01 noise
& —— 02 noise
TN —— Design sensitivity
=
§ 1022 4
=
g
107 \
|

102
freq (Hz)

Deformacao por
forcas de maré faz as
estrelas colidirem
mais cedo!
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Conclusoes

* Fiquem ligados! Mais novidades sobre
ondas gravitacionais podem aparecer a
qualquer momento...

* Um novo tipo de astronomia

* Objetos compactos: buracos negros,
estrelas de néutrons, e...?

* Futuro: nova geracao de detectores,
mais dados e, com certeza, mais
surpresas!
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medido

desconhecido

* Massa de Chirp M =

* Amplitude A

(mym,

)3/5

5/3

* Frequéncia

* Distancia de luminosidade Dy +localiza¢io no Ceu

permite obter o redshift z

HyDp

C

Lei de Hubble Z =~
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Formacao de elementos pesados

GW170817 produziu
o equivalente de 200
massas da Terra em ouro!

AEEFEFBEBEBER
H

Merging Neutron Stars .

Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission

—— Total abundances in the solar system
r-process comribution

. s o O ~.'»'J' 5-process contribution
De onde vem os elementos formados 2 Joudl LW . L
? 2 W
pelo processo r: 2 ‘ ‘\
?_lj Lith .u‘\ﬁk‘ ~,~. 1.q
: Wis * .
« ) o L L e
Supernovas Colisoes de estrelas |
A i S0 75 100 125 150 175 200
de neutrons Mass number (nautraons + protons)
Mais frequente Menos frequente

Quantidade menor  Quantidade maior

@ UFABC



