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§ Lecture 01 (4/13)﹕ A brief history of BHs / 黑洞簡史

§ Lecture 02 (4/20)﹕ BHs in Einstein’s theory of general relativity / 廣義相對論中的黑洞

§ Lecture 03 (4/27)﹕Observational discovery of BHs / 黑洞的觀測證據

§ Lecture 04 (5/4)﹕ BH accretion disks / 黑洞吸積盤

§ Lecture 05 (5/11)﹕ Supermassive BHs and Active Galactic Nuclei (AGN) / 超大質量黑洞與活躍星系核

§ Lecture 06 (5/18)﹕ The SMBH at our Galactic center / 銀河系中心的超大質量黑洞

§ Lecture 07 (5/25)﹕ Relativistic jets from BHs / 黑洞噴射流

§ Lecture 08 (6/1)﹕ AGN feedback on galaxies / 黑洞對星系的反饋效應

§ Lecture 09 (6/8)﹕Origin of SMBHs / 超大質量黑洞的形成機制

§ Lecture 10 (6/15)﹕ Recent triumphs of GR – gravitational waves & the first image of BH / 廣義相對論
的最新驗證--重力波和首張黑洞影像



April 10, 2019



Feb 11, 2016



§ First image of BH
§ The image of the M87 BH observed by EHT
§ BH shadows
§ What to expect in the future

§ Gravitational waves (GWs)
§ Properties of GWs
§ Indirect detection of GWs
§ First GW detection by LIGO
§ First detection of NS-NS merger 
§ Current status and future prospects



§ Taken by the Event Horizon Telescope (EHT), which 
included 8 radio observatories across 4 continents 
observing on and off for 10 days in April 2017

§ Diffraction limit of telescopes: 

§ Extraordinary resolution ~ 25 microarcsec! 

𝜃 ∝ 𝜆/𝐷



THE M87 SMBH

§ MBH~6.5x109 Msun
within M87 galaxy 
in Virgo cluster

§ Distance~55 million 
light years

§ Radiatively
inefficient thick 
accretion flows

§ Relativistic jets and 
lobes extending to 
105 light years 



§ BH “shadow” – dark region due to light rays 
captured by the BH

§ Bright ring – synchrotron emission from the 
thick accretion flow

§ Asymmetry – because of relativistic beaming

§ Properties well described by GR!

§ Shadow diameter ~ 42 microarcsec
§ MBH ~ 6.5 x 109 Msun

§ Rs ~ 0.002 light years ~ 7.6 microarcsec
§ Shadow size does NOT correspond to the event 

horizon! 



§ For a Schwarzschild BH, the event horizon is at 
Rs = 2GM/c2

§ Innermost stable circular orbit (ISCO) for 
particles is at RISCO = 3 Rs

§ Photon sphere at Rph = 1.5 Rs
§ The radius photons can maintain a circular orbit
§ But unstable -> so photons would either go in or 

out given any perturbations

§ But the shadow size does NOT correspond to 
the radius of photon sphere either!?



§ Light rays are strongly bent due to curved spacetime near the BH -> gravitational lensing

§ Light rays would be captured within the photon capture radius Rc = 2.6 Rs -> this times 2 is 
the size of the shadow! 

§ The shadow size is mainly dependent on MBH, though the exact shadow radius and shape 
would be slightly modified by resolution, spin, inclination, etc., which can be calibrated 
using simulations



§ The image of Sgr A*! 
§ Shadow size comparable to M87
§ Variability timescale < 1 hour

§ Jets from BHs like the one recently discovered 
for quasar 3C 279 
§ Images taken at different times could constrain, 

e.g., jet speed

§ Next-generation EHT will focus on sharpening 
the images and variability of the sources
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Fig. 2 | Simulated black hole shadow images of Sgr A* from GRMHD simulations of an accretion flow onto a black hole.  a,b, Six-hour-averaged black 
hole shadow image of Sgr A* from GRMHD simulations of an accretion flow onto a Kerr black hole (a) and a non-rotating dilaton black hole (b). c, Pixel-
by-pixel image difference between a and b. The colour scale is linear, with red marking the pixels for which the Kerr black hole image is brighter and blue 
pixels indicating where the dilaton image is brighter. RA, right ascension.
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Fig. 3 | Synthetic shadow images of Sgr A* for a Kerr black hole and a non-rotating dilaton black hole. a–c, Kerr black hole images. d–f, Non-rotating 
dilation black hole images. a and d show reconstructed images without interstellar scattering convolved with 50% (red shading) of the nominal beam 
size (light grey shading). The contour levels start at 5% of the peak value and increase by 2 . b and e use BSMEM convolved with 50% (red shading) of 
the nominal beam size (light grey shading). c and f are reconstructed images including the effect of interstellar scattering using BSMEM. Both images are 
based on visibilities that consider possible VLBI antenna configurations and schedules of EHTC April 2017 observations. The red cross in the images marks 
the position of the flux-density maximum. The convolving beam size is plotted in the lower left corner of each panel (see Supplementary Information).  
RA, right ascension.
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Simulated image of Sgr A*

Mizuno+ (2018)

EHT image of jets from quasar 3C 279



§ The theory of GR remains valid after the two recent observational breakthroughs, 
i.e., gravitational waves, and the first BH image

§ The first BH image of the M87 SMBH by EHT
§ Requires extraordinary resolution ~ 25 microarcsec
§ The observed image is fully consistent with GR prediction
§ The bright ring comes from emission of gas within the thick accretion flows
§ The BH shadow is caused by gravitational lensing of light rays close to BH, 

shadow size ~ 2Rc ~ 5.2 Rs
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(1) Study the variability of the ring (see the news here)

§ The ring is persistent, but the bright part wobbles on timescale of years, possibly 
due to turbulence within the accretion flow



(2) Combine observations across different scales and different wavelengths (see the news 
here) -- This allows us to learn about the emission mechanisms and launching conditions 
of jets



(3) Polarization allows constraints on the strengths and structures of B field



§ Light is an electromagnetic wave, consisting of oscillating electric (E) and 
magnetic (B) fields, which are perpendicular to each other and both are 
perpendicular to the direction of propagation

§ Polarization refers to the direction of the E field as seen by an observer



§ Unpolarized light gets polarized when it passes 
through a polarizer, which allows waves of only one 
polarization to pass through, e.g., sunglasses with a 
polarized filter, or a magnetized medium

§ Synchrotron radiation is polarized too
§ Due to relativistic beaming, synchrotron emission 

is confined in a cone
§ Averaged synchrotron emission is polarized on 

the plane of sky perpendicular to B 



§ This pretty image is an artistic representation to blend 
the total intensity image with the polarization angle 
§ Note that the lines do NOT represent B field directions

§ Lower right figure shows the actual polarization fraction 
and direction

§ Robust detection of polarized emission in the southwest 
direction of the image

§ Polarization fraction is ~5-10%

configuration and magnetized plasma properties along the line
of sight (Bromley et al. 2001; Broderick & Loeb 2009;
Mościbrodzka et al. 2017). These polarimetric measurements
allow us to carry out new quantitative tests of horizon-scale
scenarios for accretion and jet launching around the
M87* black hole. In this Letter we present our interpretation
of the EHTC VII resolved polarimetric images of the ring
in M87*.

Our analysis is presented as follows. In Section 2 we report
polarimetric constraints from M87* EHT 2017 and supplemen-
tal observations, and argue that they can be used for scientific
interpretation, focusing on several key diagnostics of the degree
of order and spatial pattern of the polarization map. In
Section 3 we present one-zone estimates of the properties of
the synchrotron-emitting plasma. In the transrelativistic para-
meter regime relevant for the M87 core, a full calculation of
polarized radiative transfer using a realistic description of the
plasma properties is essential. To that end, in Section 4 we

describe a set of numerical simulations of magnetized accretion
flows that we use to compare with our set of observables. In
Section 5 we show that only a small subset of the simulation
parameter space is consistent with the observables. The favored
simulations feature dynamically important magnetic fields. We
discuss limitations of our models in Section 6, and discuss how
future EHT observations can further constrain the magnetic
field structure and plasma properties near the supermassive
black hole’s event horizon in Section 7.

2. Polarimetric Observations and Their Interpretation

2.1. Conventions in Observations and Models

Throughout this Letter we use the following definitions and
conventions for polarimetric quantities, following the Interna-
tional Astronomical Union (IAU) definitions of the Stokes
parameters ( )! ) - ., , , (Hamaker & Bregman 1996;
Smirnov 2011). The complex linear polarization field ( is

( )= +( ) -i . 1

Then, the electric-vector position angle (EVPA) is defined as

( ) ( )º (EVPA
1
2
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The EVPA is measured east of north on the sky. Therefore,
positive ) is aligned with the north–south direction and
negative ) with the east–west direction. Positive - is at
a+ 45 deg angle with respect to the positive ) axis (in the
northeast–southwest direction). Positive Stokes . indicates
right-handed circular polarization, meaning in our convention
that the electric field vector of the incoming electromagnetic
wave is rotating counter-clockwise as seen by the observer. In
the synchrotron radiation models that we consider, a positive
value of emitted Stokes . is associated with an angle θB
between the wavevector kμ and magnetic field bμ as measured
in the frame of the emitting plasma in the range θB ä [0, 0.5π].
Negative . corresponds to θB ä [0.5π, π].
The linear and circular polarization fractions at a point in the

image are defined as
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Figure 1. Top panel: 2017 April 11 fiducial polarimetric image of
M87* from EHTC VII. The gray scale encodes the total intensity, and ticks
illustrate the degree and direction of linear polarization. The tick color indicates
the amplitude of the fractional linear polarization, the tick length is proportional
to ∣ ∣ º +( ) -2 2 , and the tick direction indicates the electric-vector
position angle (EVPA). Polarization ticks are displayed only in regions where
>! !10% max and ∣ ∣ ∣ ∣>( (20% max. Bottom row: polarimetric images of

M87* taken on different days.
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§ Do the lines represent perpendicular directions 
of the B field within the accretion flow?

§ Not necessarily, because
§ The image we are seeing includes all the 

photons traveling towards us from the photon 
sphere, even including photons behind the BH 
due to gravitational lensing

§ Lensing changes the polarization angle too

§ To infer the true B field structure, the EHT used 
GRMHD simulations with various parameters to 
find the best-fit parameters (not an easy task!) 





§ The wrapping geometry of the M87 polarization image is best described by a relatively 
strong B field with |B|~ 1-30 G

§ This B field means that magnetic field is dynamically important within the accretion flow
§ This has narrowed down the parameter space and allowed better constraints on, e.g., BH 

accretion rates and jet power

§ The B field configuration is likely to be poloidal (i.e., with substantial vertical component)

we show polarimetric images from these simple field configura-
tions computed with two methods: a numerical model of an
optically thin emission region around the black hole (top row of
Figure 3), and an analytic treatment of the parallel transport of the
polarization vector that is originally perpendicular to the magnetic
field (R. Narayan et al. 2021, in preparation, middle row of

Figure 3). We show the polarization maps from both methods for
the three idealized magnetic field configurations viewed at an
inclination angle of i= 163 deg. Both the analytical and
numerical calculations assume a zero-spin black hole (Schwarzs-
child metric), though we have found that the main features of
these polarization patterns are insensitive to spin.

Figure 3. (a) Numerical calculations of the polarization configuration generated by an orbiting emission region in the shape of a torus at 8rg in three imposed magnetic
field geometries and viewed at i = 163 deg (with material orbiting clockwise on the sky). The orbital angular momentum vector is pointing away from the observer
and to the east (to the left). Total intensity is shown in the background with higher brightness temperature regions shown as being lighter in color. In the foreground,
the observed EVPA direction is shown with white ticks, with the tick length proportional to the polarized flux. (b) Analytic calculations of the polarization
configuration from a thin ring of magnetized fluid at 8rg inclined by 163 deg to the observer in the same magnetic field geometries as in (a). While the distribution of
emitting material is different in the two models, both the sense of asymmetry in the brightness distributions and the polarization patterns match those from the
numerical calculations. (c) Schematic cartoons showing the emitting frame wavevector k̂ , magnetic field direction B̂, and polarization vector = ´P k B^ ^ ^ for each case.
In the bottom-right panel, ˆ¢k denotes the approximate light bending contribution to the wavevector.
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§ In the future, EHT will continue to probe the accretion properties of BHs, especially 
studying their variability, multi-wavelength observations, and polarization

§ The M87 polarization image has allowed us to learn about the B field properties near 
the M87 SMBH
§ Complex due to lensing -> B field inferred using numerical simulations
§ Wrapping of the polarization angle -> dynamically important field of |B|~1-30 G 
§ B field likely to be poloidal
§ Narrowed the parameter space compared to only having the total intensity image



§ A supermassive black hole on 
the move by Yu-Xuan Fan 范宇軒

§ New study suggests 
supermassive black holes could 
form from dark matter by Zheng-
Xian Xu 許正憲

https://qrgo.page.link/erLTXhttps://qrgo.page.link/iwAL5

§ Is there a black hole in our backyard? 
By Jun-Ting Li李俊霆

https://qrgo.page.link/T22hW


