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A Imagem do Buraco Negro
Vendo o buraco negro

I Quão revolucionária é esta imagem?
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A Imagem do Buraco Negro
Vendo o buraco negro

I Para procurar responder a esta pergunta, temos que tentar
responder também as seguintes perguntas:

1. O que é um buraco negro?
2. Como ele aparece teoricamente?
3. Como ele aparece na natureza?
4. Como é posśıvel detectá-lo?
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Buraco Negro
Definição

I O que é um buraco negro?

I Posśıvel definição:

Um buraco negro é um espaço-tempo estático ou
estacionário em que o observador externo está separado

da região interna por um horizonte de eventos.

I Um buraco negro é inviśıvel a um observador externo
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Buraco Negro
Definição

I Alguns tipos de buracos negros:

1. A solução estática de Schwarzschild (1916), caracterizada
unicamente pela massa M;

2. A solução estática de Reissner-Nordström (1916) caracterizada
pela massa M e pela carga Q;

3. A solução estacionária de Kerr (1963) caracterizada pela
massa M e pelo momento angular J.
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O Buraco Negro
Representação
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O Buraco Negro de Schwarzschild
Diagrama
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O Buraco Negro de Reisnner-Nordström
Diagrama
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O Buraco Negro de Kerr
Diagrama
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Buraco Negro
Definição

I Mas, podemos acrescentar também (livremente) o Corps
obscure de Laplace, apresentado no seu livro Exposition du
Système du Monde.
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Laplace
Le corps obscure

Pierre Simon Laplace (1749-1827)
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Buraco Negro
Definição

I A f́ısica newtoniana é baseada principalmente nas leis de
Newton.

1. Se a força é nula sobre um corpo, este corpo tem velocidade
constante:

~F = 0→ ~v = constante. (1)

2. Se a força não é nula, ela provoca aceleração.

~F = m~a. (2)

3. As forças aparecem em pares ação e reação:

~F12 = −~F21. (3)
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Buraco Negro
Definição

I A gravitação newtoniana diz como qual é a lei de força entre
corpos que se interagem gravitacionalmente:

~Fg = −GMm

r2
r̂ , (4)

G ∼ 6, 7× 10−11kg−1m3s−2. (5)
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Buraco negro
Gravitação newtoniana
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Buracos negros, imagens e sombras



Buraco Negro
Definição

I Um conceito importante é o de energia.

1. A energia cinética, relacionado ao movimento, é dada por

Ec =
1

2
mv2. (6)

2. A energia potencial depende da lei de força. No caso da força
gravitacional,

Ep = −G mM

r
. (7)
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Buraco negro
Gravitação newtoniana
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Buraco Negro
Definição

I Na mecânica newtoniana, a velocidade de escape é a
velocidade ḿınima necessária para que um corpo de massa m
possa se liberar do campo gravitacional de um planeta ou
estrela de raio R e massa M:

1

2
mv2 − G

Mm

R
= 0⇒ v2 =

2GM

R
. (8)

I Para que a velocidade da luz seja a velocidade de escape,
então a seguinte relação deve ser satisfeita:

2GM

Rc2
= 1. (9)

I Para corpos com massa superior a M, confinadas neste mesmo
raio R, a luz não consegue superar o campo gravitacional.
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Buracos negros, imagens e sombras



Teoria da Relatividade Geral
Teoria da Relatividade Geral

I No entanto, a moderna teoria da gravitação é a teoria da
Relatividade Geral.

I Nela a interação gravitacional é descrita como geometria do
espaço-tempo.

I A geometria deixa de ser a euclideana, no espaço
tridimensional, onde a distância entre dois pontos é dada por

ds2 = dx2 + dy2 + dz2, (10)

para ser descrita por uma estrutura quadri-dimensional,

ds2 = gµνdx
µdxν , µ, ν = 0, 1, 2, 3, (11)

onde os coeficientes gµν (a métrica) são a solução do
problema.
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Teoria da Relatividade Geral
Geometria
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Teoria da Relatividade Geral
Teoria da Relatividade Geral

I Existem dois motivos principais para substituir a gravitação
newtoniana pela teoria da relatividade geral:

1. A teoria de Newton não incorpora a ideia que existe uma
velocidade limite na natureza, a velocidade da luz c .

2. A teoria de Newton não incorpora naturalmente o prinćıpio da
equivalência.
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Buraco Negro
Teoria da Relatividade Geral

I O prinćıpio da equivalência estabelece que todos os corpos
caem da mesma forma no campo gravitacional.
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Prinćıpio da equivalência
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Teoria da Relatividade Geral
Equações

I As equações são,

Rµν −
1

2
gµνR = 8πGTµν , (12)

Rµν = ∂ρΓρ
µν − ∂νΓρ

µρ + Γρ
µνΓσ

ρσ − Γρ
µσΓσ

νρ,(13)

Γρ
µν =

1

2
gρσ(∂µgνσ + ∂µgµσ − ∂σgµν), (14)

R = gµνRµν , (15)

Tµν = (ρ+ p)uµuν − pgµν . (16)
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Teoria da Relatividade Geral
Teoria da Relatividade Geral

I No fundo estas equações querem dizer algo simples: a
geometria do espaço-tempo é determinada pela distribuição
de matéria.
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Teoria da Relatividade Geral
Geodésicas

I Part́ıculas livres se deslocando unicamente sob a ação da
gravidade seguem a equação da geodésica:

d2xµ

dλ2
+ Γµ

ρσ

dxρ

dλ

dxσ

dλ
= 0, (17)

onde λ é o parâmetro afim.
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Buracos negros, imagens e sombras



Teoria da Relatividade Geral
Geodésicas

I A equação da geodésica diz algo simples também: a part́ıcula
se desloca livremente em uma geometria curva.

I Não existe força gravitacional.

I O que interpretamos como força é simplesmente o efeito da
curvatura do espaço-tempo sobre o movimento da part́ıcula.
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Relatividade Geral
Consequências

I Algumas das consequências da teoria da relatividade geral:

1. As órbitas dos planetas são elipses girantes.
2. A luz é defletida pelos corpos massivos.
3. Existem buracos negros, objetos que contêm uma região

interna inacesśıvel para o observador externo.
4. Existem ondas gravitacionais.
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Teoria da Relatividade Geral
Órbitas
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Teoria da Relatividade Geral
Órbitas
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Teoria da Relatividade Geral
Órbitas
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Teoria da Relatividade Geral
Órbitas

I A precessão da órbita de Mercúrio já era conhecida desde o
século XIX.

I Efeitos (newtonianos) dos outros planetas sobre Mercúrio
explicava boa parte da precessão.

I Mas, um pequeno efeito residual de 40′′ por século resistia a
qualquer explicação.

I A Teoria da Relatividade Geral trouxe a explicação.
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Teoria da Relatividade Geral
Deflexão da luz

I A deflexão da luz por corpos massivos era (de uma certa
forma) predito pela teoria newtoniana.

I Mas, a Teoria da Relatividade trouxe uma explicação mais
coerente e com o valor correto.
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Teoria da Relatividade Geral
Ondas gravitacionais

I As ondas gravitacionais é uma das predições mais
espetaculares.

I Elas foram detectadas em 2017 e renderam um prêmio Nobel
aos ĺıderes do projeto que levou a esta detecção.
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Buraco Negro
Solução de Schwarzschild

I Schwarzschild, em 1916, praticamente no seu leito de morte,
encontrou a solução estática a simetria esférica, o que poderia
representar uma estrela nesta teoria.

I Ele partiu da métrica

ds2 = B(r)dt2 − A(r)dr2 − r2dΩ2, (18)

onde A(r) e B(r) eram as funções desconhecidas a serem
determinadas.
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Buraco Negro
Solução de Schwarzschild

I Solução:

ds2 =

(
1− 2GM

c2r

)
dt2−

(
1− 2GM

c2r

)−1

dr2 − r2dΩ2. (19)

I Logo se observou que algo estranho acontece em

2GM

c2r
= 1. (20)

I Aliás, este é a condição em que a velocidade de escape é igual
à velocidade da luz deduzida por Laplace.
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Buraco Negro
Solução de Schwarzschild

I No entanto, na Teoria da Relatividade Geral o raio tal que,

r =
2GM

c2
. (21)

é denominado de horizonte de eventos, uma h́ıper-superf́ıcie
que separa a região externa (que contém o infinito espacial)
da região interna, esta inacesśıvel ao observador localizado na
região externa (nós!).

I A existência do horizonte de eventos é a caracteŕıstica
essencial do buraco negro.
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Buraco Negro
Solução de Schwarzschild

I Apenas nas décadas de 50 e 60, mais de 40 anos depois da
solução de Schwarzschild, é que o conteúdo desta solução
começou a ser compreendido, quando Kruskal (1960) mostrou
que ela poderia ser re-escrita como:

ds2 =
32G 3M3e−

rc2

2GM

c6r
(dT 2 − dX 2)− r2dΩ2. (22)

I Neste momento, o conceito de Buraco Negro se consolidou.
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O Buraco Negro de Schwarzschild
Diagrama
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Buraco Negro
Caracteŕısticas

I Os buracos negros talvez sejam o objeto mais simples
existentes na natureza.

I Eles são caracterizados por apenas três parâmetros:

1. sua massa M,
2. sua carga Q,
3. seu momento angular J.
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Buraco Negro
Termodinâmica

I Campos quânticos na vizinhança de um buraco negro
permitem definir uma termodinâmica:

TdS = dM. (23)

I Nesta relação temos:

T =
1

8πM
(~ = c = G = κB = 1), (24)

S = 4πM2 =
AH

4
. (25)
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Buraco Negro
Classificação dos buracos negros

I Os posśıveis buracos negros podem ser classificados da
seguinte forma.

1. Buracos negros estelares, com massas M ∼ 3− 30M�.
2. Buracos negros supermassivos, M ∼ 106 − 109 M�.
3. Buracos negros com massas intermediárias, M ∼ 103 M�.
4. Buracos negros primordiais, com massas até uma massa solar.
5. Micro-buracos negros.

Frolov& Zelnikov, Introduction to Black Hole Physics (2011).
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Buracos Negros Estelares
Disco de acreção

I Existem vários candidatos para buracos estelares.

I Estes candidatos aparecem sobretudo em sistemas binários: a
existência de uma estrela companheira ”normal” permite
transferência de massa para o buraco negro, formando um
disco de acreção, com consequente emissão de radiação
eletromagnética, sobretudo sob a forma de raio-X.
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Buracos Negros Estelares
Disco de acreção
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Buracos Negros Estelares
Lista de candidatos
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Ondas Gravitacionais
GW150914

I Entretanto, em setembro de 2015 foi anunciada a primeira
detecção direta de ondas gravitacionais pela colaboração
LIGO.

I Este evento corresponde a fusão de dois buracos negros
resultando em um único buraco negro.

I A consequência deste processo é a emissão de ondas
gravitacionais.
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Ondas Gravitacionais
GW150914
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Ondas Gravitacionais
GW150914
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Ondas Gravitacionais
GW150914
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Buracos negros, imagens e sombras



Ondas Gravitacionais
GW150914
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Ondas Gravitacionais
GW150914
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Ondas Gravitacionais
GW150914
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Ondas Gravitacionais
GW150914

I Caracteŕısticas:

1. Coalescência de dois buracos negros, um de 35M� outro de
30M�;

2. O Buraco negro resultante tinha 62M�;
3. 3M� foram emitidos sob a forma de ondas gravitacionais

resultando em uma energia liberada de

Mc2 ∼ 5× 1047J; (26)

4. Distância de 440Mpc;
5. Duração do evento foi de 0,2 s;
6. Potência liberada de 2, 5× 1048 W (1020 vezes a potência

irradiada pelo Sol).
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Ondas Gravitacionais
GW150914

I Apesar dos rúıdos, a detecção das ondas gravitacionais teve
uma significância estat́ıstica de mais de 99%.
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Buracos negros, imagens e sombras



Buracos Negros Supermassivos
Onde existem

I Acredita-se hoje que praticamente toda galáxia hospeda em
seu centro um buraco negro supermassivo.

I Na região central da Galáxia, a densidade chega a
ρ ∼ 106 M�/pc

3.
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Buracos negros supermassivos
A Galáxia

Dynamical Evidence for a Supermassive
Black Hole at the Galactic Center

(Genzel et al.,
Ghez et al.)

Note:   RS (M = 2.6  106 M) = 7.8  108 cm = 6.5  10-8 arcsec
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Buracos negros supermassivos
Galáxias
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Buracos negros supermassivos
Galáxias
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Buracos negros supermassivos
Quasares
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Buracos negros supermassivos
Quasares

I Quasares (Quasi-estelar objects) são objetos compactos, com
desvio para o vermelho até de z ∼ 7 (presentes quando o
universo tinha a idade de menos de um bilhão de anos), com
forte emissão em rádio, e pasśıveis de serem visto no ótico.

I Possuem uma luminosidade da ordem de L ∼ 1012 − 1013L�,
mais que uma galáxia (grande) t́ıpica.

I Posśıvel fonte de toda esta energia: um buraco negro
supermassivo que está absorvendo a massa de toda uma
galáxia.
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Buracos negros supermassivos
Galáxias de núcleo ativo - AGM

I As galáxias de núcleo ativos (AGN) possuem um núcleo com
forte emissão de radiação que não pode ser explicada pela
presença de estrelas, sugerindo a existência de um buraco
negro supermassivo no seu centro.
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AGN
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Buracos negros supermassivos
EHT - Messier 87
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O projeto EHT
Detectando buracos negros supermassivos

I O projeto Event Horizon Telescope - EHT é constitúıdo por
uma rede de radiotelescópios espalhados na superf́ıcie
terrestre.

I O próprio nome do projeto indica o desafio representado pela
detecção de buracos negros: determinar o horizonte de
eventos, propriedade essencial de um buraco negro.
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O Buraco Negro M87
A rede de antenas

The array has a nominal angular resolution of λ/L, where λ is the
observing wavelength and L is the maximum projected baseline
length between telescopes in the array (Thompson et al. 2017). In
this way, VLBI creates a virtual telescope that spans nearly the
full diameter of the Earth.

To measure interferometric visibilities, the widely separated
telescopes simultaneously sample and coherently record the
radiation field from the source. Synchronization using the
Global Positioning System typically achieves temporal align-
ment of these recordings within tens of nanoseconds. Each
station is equipped with a hydrogen maser frequency standard.
With the atmospheric conditions during our observations the
coherent integration time was typically 10 s (see Figure 2 in
Paper II). Use of hydrogen maser frequency standards at all
EHT sites ensures coherence across the array over this
timescale. After observations, recordings are staged at a central
location, aligned in time, and signals from each telescope-pair
are cross-correlated.

While VLBI is well established at centimeter and millimeter
wavelengths (Boccardi et al. 2017; Thompson et al. 2017) and
can be used to study the immediate environments of black holes
(Krichbaum et al. 1993; Doeleman et al. 2001), the extension of
VLBI to a wavelength of 1.3 mm has required long-term
technical developments. Challenges at shorter wavelengths
include increased noise in radio receiver electronics, higher
atmospheric opacity, increased phase fluctuations caused by
atmospheric turbulence, and decreased efficiency and size of
radio telescopes in the millimeter and submillimeter observing
bands. Started in 2009 (Doeleman et al. 2009a), the EHT began
a program to address these challenges by increasing array
sensitivity. Development and deployment of broadband VLBI
systems (Whitney et al. 2013; Vertatschitsch et al. 2015) led to
data recording rates that now exceed those of typical cm-VLBI
arrays by more than an order of magnitude. Parallel efforts to
support infrastructure upgrades at additional VLBI sites,
including the Atacama Large Millimeter/submillimeter Array
(ALMA; Matthews et al. 2018; Goddi et al. 2019) and the
Atacama Pathfinder Experiment telescope (APEX) in Chile
(Wagner et al. 2015), the Large Millimeter Telescope Alfonso
Serrano (LMT) in Mexico (Ortiz-León et al. 2016), the IRAM
30m telescope on Pico Veleta (PV) in Spain (Greve et al. 1995),
the Submillimeter Telescope Observatory in Arizona (SMT;
Baars et al. 1999), the James Clerk Maxwell Telescope (JCMT)
and the Submillimeter Array (SMA) in Hawai’i (Doeleman et al.
2008; Primiani et al. 2016; Young et al. 2016), and the South
Pole Telescope (SPT) in Antarctica (Kim et al. 2018a), extended
the range of EHT baselines and coverage, and the overall
collecting area of the array. These developments increased the
sensitivity of the EHT by a factor of ∼30 over early experiments
that confirmed horizon-scale structures in M87* and Sgr A*

(Doeleman et al. 2008, 2012; Akiyama et al. 2015; Johnson et al.
2015; Fish et al. 2016; Lu et al. 2018).

For the observations at a wavelength of 1.3 mm presented
here, the EHT collaboration fielded a global VLBI array of
eight stations over six geographical locations. Baseline lengths
ranged from 160 m to 10,700 km toward M87*, resulting in an
array with a theoretical diffraction-limit resolution of ∼25 μas
(see Figures 1 and 2, and Paper II).

4. Observations, Correlation, and Calibration

We observed M87* on 2017 April 5, 6, 10, and 11 with the
EHT. Weather was uniformly good to excellent with nightly

median zenith atmospheric opacities at 230 GHz ranging from
0.03 to 0.28 over the different locations. The observations were
scheduled as a series of scans of three to seven minutes in
duration, with M87* scans interleaved with those on the quasar
3C 279. The number of scans obtained on M87* per night
ranged from 7 (April 10) to 25 (April 6) as a result of different
observing schedules. A description of the M87* observations,
their correlation, calibration, and validated final data products is
presented in Paper III and briefly summarized here.
At each station, the astronomical signal in both polarizations

and two adjacent 2 GHz wide frequency bands centered at
227.1 and 229.1 GHz were converted to baseband using
standard heterodyne techniques, then digitized and recorded
at atotal rate of 32 Gbps. Correlation of the data was carried
out using a software correlator (Deller et al. 2007) at the MIT
Haystack Observatory and at the Max-Planck-Institut für
Radioastronomie, each handling one of the two frequency
bands. Differences between the two independent correlators
were shown to be negligible through the exchange of a few
identical scans for cross comparison. At correlation, signals
were aligned to a common time reference using an apriori
Earth geometry and clock model.
A subsequent fringe-fitting step identified detections in

correlated signal power while phase calibrating the data for
residual delays and atmospheric effects. Using ALMA as a highly
sensitive reference station enabled critical corrections for iono-
spheric and tropospheric distortions at the other sites. Fringe
fitting was performed with three independent automated pipelines,
each tailored to the specific characteristics of the EHT
observations, such as the wide bandwidth, susceptibility to
atmospheric turbulence, and array heterogeneity (Blackburn et al.
2019; Janssen et al. 2019, Paper III). The pipelines made use of
standard software for the processing of radio-interferometric data

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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O Buraco Negro de M87
Observando o núcleo galático

(Greisen 2003; Whitney et al. 2004; McMullin et al. 2007, I. M.
van Bemmel et al. 2019, in preparation).

Data from the fringe-fitting pipelines were scaled from
correlation coefficients to a uniform physical flux density scale
(in Jansky) by using an independent apriori estimate of the
sensitivity of each telescope. The accuracies of the derived
station sensitivities were estimated to be 5%–10% in amplitude,
although certain uncharacterized losses (e.g., from poor
pointing or focus) can exceed the error budget. By assuming
total flux density values derived from ALMA interferometric
data (Goddi et al. 2019) and utilizing array redundancy via
network calibration (Paper III), we refined the absolute
amplitude calibration of telescopes that are colocated and have
redundant baselines, i.e., ALMA/APEX and JCMT/SMA.

The median scan-averaged signal-to-noise ratio for M87*

was >10 on non-ALMA baselines and >100 on baselines to
ALMA, leading to small statistical errors in visibility amplitude

and phase. Comparisons between the three independent
pipelines, the two polarizations, and the two frequency bands
enabled estimation of systematic baseline errors of around 1° in
visibility phase and 2% for visibility amplitudes. These small
limiting errors remain after fitting station sensitivities and
unknown station phases via self-calibration (Pearson & Readhead
1984) and affect interferometric closure quantities (Rogers et al.
1974; Readhead et al. 1980). Following data validation and
pipeline comparisons, a single pipeline output was designated as
the primary data set of the first EHT science data release and used
for subsequent results, while the outputs of the other two pipelines
offer supporting validation data sets.
The final calibrated complex visibilities V(u, v) correspond to

the Fourier components of the brightness distribution on the
sky at spatial frequency (u, v) determined by the projected
baseline expressed in units of the observing wavelength (van
Cittert 1934; Thompson et al. 2017). Figure 2 shows the (u, v)
coverage and calibrated visibility amplitudes of M87* for
April11. The visibility amplitudes resemble those of a thin
ring (i.e., a Bessel function J0; see Figure 10.12 in Thompson
et al. 2017). Such a ring model with diameter 46 μas has afirst
null at 3.4 Gλ, matching the minimum in observed flux density
and is consistent with a reduced flux density on the longest
Hawai’i–Spain baseline (JCMT/SMA-PV) near 8 Gλ. This
particular ring model, shown with a dashed line in the bottom
panel of Figure 2, is only illustrative and does not fit all features
in the data. First, visibility amplitudes on the shortest VLBI
baselines suggest that about half of the compact flux density
seen on the ∼2 km ALMA–APEX baseline is resolved out by
the interferometer beam (Paper IV). Second, differences in the
depth of the first minimum as a function of orientation, as well
as highly nonzero measured closure phases, indicate some
degree of asymmetry in the source (Papers III, VI). Finally, the
visibility amplitudes represent only half of the information
available to us. We will next explore images and more complex
geometrical models that can fit the measured visibility
amplitudes and phases.

5. Images and Features

We reconstructed images from the calibrated EHT visibi-
lities, which provide results that are independent of models
(Paper IV). However, there are two major challenges in
reconstructing images from EHT data. First, EHT baselines
sample a limited range of spatial frequencies, corresponding to
angular scales between 25 and 160 μas. Because the (u, v)
plane is only sparsely sampled (Figure 2), the inverse problem
is under-constrained. Second, the measured visibilities lack
absolute phase calibration and can have large amplitude
calibration uncertainties.
To address these challenges, imaging algorithms incorporate

additional assumptions and constraints that are designed to produce
images that are physically plausible (e.g., positive and compact) or
conservative (e.g., smooth), while remaining consistent with the
data. We explored two classes of algorithms for reconstructing
images from EHT data. The first class of algorithms is the
traditional CLEAN approach used in radio interferometry (e.g.,
Högbom 1974; Clark 1980). CLEAN is an inverse-modeling
approach that deconvolves the interferometer point-spread function
from the Fourier-transformed visibilities. When applying CLEAN, it
is necessary to iteratively self-calibrate the data between rounds of
imaging to solve for time-variable phase and amplitude errors in the
data. The second class of algorithms is the so-called regularized

Figure 2. Top: (u, v) coverage for M87*, aggregated over all four days of the
observations. (u, v) coordinates for each antenna pair are the source-projected
baseline length in units of the observing wavelength λ and are given for
conjugate pairs. Baselines to ALMA/APEX and to JCMT/SMA are
redundant. Dotted circular lines indicate baseline lengths corresponding to
fringe spacings of 50 and 25 μas. Bottom:final calibrated visibility amplitudes
of M87* as a function of projected baseline length on April 11. Redundant
baselines to APEX and JCMT are plotted as diamonds. Error bars correspond
to thermal (statistical) uncertainties. The Fourier transform of an azimuthally
symmetric thin ring model with diameter 46 μas is also shown with a dashed
line for comparison.
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A galáxia hospedeira
Messier 87

I A galáxia hospedeira do buraco negro observado pelo EHT é
uma galáxia eĺıptica gigante, distante a aproximadamente
16Mpc, com uma massa estimada M ∼ 2× 109 M�, maior
que a massa da nossa galáxia.
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Messier 87
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Detectando o buraco negro
Lentes gravitacionais

I O efeito que se usa para detectar os buracos negros em alguns
casos é o de lentes gravitacionais.
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O Buraco Negro M87
Artigos

I Seis artigos foram publicados no número de abril de 2019 do
Astrophysical Letters relatando os resultados das análises
feitas praticamente há dois anos atrás.
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O Buraco Negro M87
Comentários

When surrounded by a transparent emission region, black
holes are expected to reveal a dark shadow caused by
gravitational light bending and photon capture at the event
horizon. To image and study this phenomenon, we have
assembled the Event Horizon Telescope, a global very long
baseline interferometry array observing at a wavelength of
1.3mm. This allows us to reconstruct event-horizon-scale
images of the supermassive black hole candidate in the
center of the giant elliptical galaxy M87. We have resolved
the central compact radio source as an asymmetric bright
emission ring with a diameter of 42± 3µas, which is circular
and encompasses a central depression in brightness with a
flux ratio 10 : 1.
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O Buraco Negro M87
Comentários

Active galactic nuclei (AGNs) are central bright regions that
can outshine the entire stellar population of their host
galaxy. Some of these objects, quasars, are the most
luminous steady sources in the universe and are thought to
be powered by supermassive black holes accreting matter at
very high rates through a geometrically thin, optically thick
accretion disk. In contrast, most AGNs in the local universe,
including the Galactic center and M87, are associated with
supermassive black holes fed by hot, tenuous accretion flows
with much lower accretion rates.
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O Buraco Negro M87
Comentários

A typical GRMHD simulation in the library is characterized
by two parameters: the dimensionless spin a∗ = Jc/GM2,
where J and M are, respectively, the spin angular momentum
and mass of the black hole, and the net dimensionless
magnetic flux over the event horizon ϕ = Φ/

√
(MR2

g ) , where
Φ and M are the magnetic flux and mass flux (or accretion
rate) across the horizon, respectively.
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O Buraco Negro M87
Caracteŕısticas

I Tamanho angular: 2, 0× 10−11 rad (∼ 40µas).

I Distância: 16Mpc.

I Tamanho em km: 5× 109 km (da ordem do Sistema Solar).

I Rs ∼ 5× 109 km.
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O Buraco Negro de M87
A sombra do buraco negro
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O Buraco Negro de M87
A sombra do buraco negro

I Desafio maior: reconstruir a imagem global de um objeto do
qual só se conheciam partes.

I Trabalho computacional de montar um quebra-cabeça
evitando que a resposta seja dada a priori.

I Ao mesmo tempo, criando-se uma biblioteca de posśıveis
objetos que poderiam corresponder ao buraco negro no centro
de uma galáxia.
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O Buraco Negro de M87
Imagem reconstitúıda

maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where Sis the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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O Buraco Negro na nossa galáxia
Sagitarius A

I Por que não observar o buraco negro no centro da nossa
galáxia?
Another primary EHT source, SgrA∗, has a precisely
measured mass three orders of magnitude smaller than
that of M87*, with dynamical timescales of minutes
instead of days. Observing the shadow of Sgr A* will
require accounting for this variability and mitigation of
scattering effects caused by the interstellar medium.
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O Buraco Negro no centro da Galáxia
Evidências
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O Buraco Negro de M87
É um buraco negro?

At the same time, it is more difficult to rule out alternatives
to black holes in GR, because a shadow can be produced by
any compact object with a spacetime characterized by
unstable circular photon orbits.
Indeed, while the Kerr metric remains a solution in some
alternative theories of gravity, non- Kerr black hole solutions
do exist in a variety of such modified theories.
Furthermore, exotic alternatives to black holes, such as
naked singularities, boson stars, and gravastars, are
admissible solutions within GR and provide concrete, albeit
contrived, models.
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O Buraco Negro de M87
É um buraco negro?

Some of such exotic compact objects can already be shown
to be incompatible with our observations given our maximum
mass prior. For example, the shadows of naked singularities
associated with Kerr spacetimes with a∗ > 1 are substantially
smaller and very asymmetric compared to those of Kerr
black holes. Also, some commonly used types of wormholes
predict much smaller shadows than we have measured.
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O Buraco Negro de M87
É um buraco negro?

However, other compact-object candidates need to be
analyzed with more care. Boson stars are an example of
compact objects having circular photon orbits but without a
surface or an event horizon.
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O Buraco Negro no centro da Galáxia
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Sobral e a Teoria da Relatividade Geral
O eclipse de 1919

I Uma história que, de uma certa forma, começa em Sobral,
Ceará, em 29 de maio de 1919.
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