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THIS LECTURE

= First image of BH
= The image of the M87 BH observed by EHT
= BH shadows

= What to expect in the future

= Gravitational waves (GW5s)
= Properties of GWs
= Indirect detection of GWs
= First GW detection by LIGO
= First detection of NS-NS merger
= Current status and future prospects



MS87*  April 11, 2017

THE FIRST BH IMAGE — M8T

= 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: 6 x A/D

= Extraordinary resolution ~ 25 microarcsec!
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THE M8T SMBH

Mp~6.5x10° M,
w1th1n M87 galaxy
in Virgo cluster

Distance~55 million
light years

Radiatively
inefficient thick
accretion flows

Relativistic jets and
lobes extending to
10% light years




WHAT ARE WE SEEING?

= 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
= R, ~ 0.002 light years ~ 7.6 microarcsec

» Shadow size does NOT correspond to the event
horizon!

®



RECALL THE STRUCTURE OF BH

Photon Sphere

, = For a Schwarzschild BH, the event horizon is at
Event Horizon R, = 2CGM/c2

= Innermost stable circular orbit (ISCO) for
particles is at Rigco = 3 R,

= Photon sphere atR,, = 1.5 R,
» 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!?




WHAT IS THE SHADOW?

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

= Light rays would be captured within the photon capture radius R, = 2.6 R_ -> this times 2 is
the size of the shadow!

= The shadow size is mainly dependent on Mgy, though the exact shadow radius and shape
would be slightly modified by resolution, spin, inclination, etc., which can be calibrated
using simulations
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= The image of Sgr A*! S -s0

= Shadow size comparable to M87

= Variability timescale < 1 hour -100 S = 0-812 MY
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= Jets from BHs like the one recently discovered Relative RA (uas)

for quasar 3C 279

= Images taken at different times could constrain,
e.d.,jet speed

EHT image of jets from quasar 3C 279
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= Next-generation EHT will focus on sharpening LY ’ s
the images and variability of the sources '
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SUMMARY

= The theory of GR remains valid after the two recent observational breakthroughs,
l.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 ~ 2R, ~ 5.2 R,
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WHAT CAN EHT DO?

(1) Study the variability of the ring (see the news )

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

M87* black hole appearance in 2009-2017
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WHAT CAN EHT DO?

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

Swift 251 nm
ALMA 1.3 mm

o

EVN 170 mm HESS+MAGIC+VERITAS 100 GeV-10 TeV

L

Swift 439 nm

EAVN 13 mm J
3 B

” . NuSTAR 3-79 keV
|

GMVA 3.5 mm Chandra 0.2-10 keV

HST 588 nm} '




WHAT CAN EHT DO?

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

= 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 FE field as seen by an observer

Light oscillates at
angles perpendicular
to the direction of
propagation

| 4 Light oscillating at
s only one angle is . o
v' linearly polarized When light oscillation
is omnidirectional -
not polarized
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= Unpolarized light gets polarized when it passes /

through a polarizer, which allows waves of only one J — polarization filter
polarization to pass through, e.qg., sunglasses with a Unpolarized light with vertical passage
polarized filter, or a magnetized medium

» Synchrotron radiation is polarized too
= Due to relativistic beaming, synchrotron emission )
is confined in a cone E//a=<—~VxB)

= Averaged synchrotron emission is polarized on o
the plane of sky perpendicular to B \
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WHAT ARE WE SEEING?

= 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%

M87* April 11, 2017
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WHAT ARE WE SEEING?

= 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!)

Light moves in deformed space:







WHAT HAVE WE LEARNED?

= 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)
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SUMMARY

= 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 Iensing -> 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
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