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General Relativity and Black Holes

* Black holes (BHs) are one of the most fundamental and
extreme predictions of GR characterised by mass, spin
(a,=Jc/GM?) and charge.

The event horizon is the defining feature of a BH — and
yet, we have never seen the event horizon
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How to directly observe a BHe

Emission ring: gravitational lensing and Doppler beaming

Photographic plate

Luminet 1979

Black hole

Lensed photon ring radius:
Bardeen 1973,

Luminet 1979 G \Yi
Falcke, Melia & Agol 2000
Broderick & Loeb 2006 Z i 2 7

Younsi, Bronzwaer, Davelaar 2018 rimg C2

Shadow size and shape encodes GR (Psaltis & Johansen 2010).




Black holes types

Stellar mass BH (first BH observed Supermassive BH in the center of Active
indirectly in XRB, Cyg X-1) Galactic Nuclei
masses ~up to tens of Msun masses > 10° Msun

Artist impression of Cygnus X1 feeding off a blue supergiant Composite image: ESO/WFI (Optical); MPIfR/IESO/APEX/A.Weiss et al.
(NASA/CXC/M Weiss) (Submillimetre); NASA/CXC/CfA/R Kraft et al. (X-ray
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Observable BH shadows
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Johanssen+, arXiv:1201.0758
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Very Long Baseline Interferometry!

0~ —
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1.3 mm

~ 10,700 km

VLBI angular resolution
depending on max the distance
between an antenna pair, and
observing wavelength

Each antenna observes at the
same time the target

Signal synchronized through
atomic clock with precision of 1's
in 100 million years

Plasma around BH emits at 1.3
mm!
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Event Horizon Telescope

Event Horizon Telescope (EHT)

A Global Network of Radio Telescopes

Atacama Large Millimeter/
submillimeter Array
CHAJNANTOR PLATEAU, CHILE

Atacama Pathfinder EXperiment

) CHAINANTOR PLATEAU, CHILE

IRAM 30-M Telescope
PICO VELETA, SPAIN

Large Millimeter Telescope
SIERRA NEGRA, MEXICO

Submillimeter Array
MAUNAKEA, HAWAII

Submillimeter Telescope
MOUNT GRAHAM, ARIZONA

) South Pole Telescope
SOUTH POLE STATION
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> 200 members
13 stakeholder institutes
> 50 daffiliated institutes

In ltaly:
INAF-IRA, Bologna
INFN & Uni Napoli
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BlackHoleCam Project - ERC Synergy Grant 2014
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EHT primary targets:

M87 : Sgr A*
LLAGN LLAGN
55 milions light years 25000 light years

~7 billions Msun ~4 milions Msun

M87 :D~17 Mpc, My, ~6.5x10° M, D~8 kpc, M., ~4.3x10° M,

=> Grin g, diameter 40 micro-arcseconds => Grin o.diameter ~ 50 micro-arcseconds

M87 is ~2000 times more distant but almost 2000 more massive!

=> Gravitationally-lensed size ~40-50 micro-arcseconds
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M87: first iImage of a black hole shadow

Data from 4 observing nights in 2017, 8 telescopes.
Observing wavelength 1.3mm, largest baseline 10,700 km

EHT Coll. 2019
KA Event
Horizon
Ny Telescope

Bologna, 30 May 2019




The ALMA/APEX component is crucial

Closure Only : . w/o LMT Amp. § w/o Hawaii Amp.

w/o PV Amp.

Brightness Temperature (10° K)

-

Credit: EHT collaboration, Paper IV, 2019
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Fidelity of calibration and imaging

3 different calibration softwares
3 different imaging softwares

Result: consistent structure for M87* black hole shadow

eht-imaging

Credit: EHT collaboration, Paper IV, 2019
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M87 measured guantities

Important derived quantifies:

e Ring diameter: 42 + 3 uas

— confirms GR

e Axialratfio: < 4:3

— indication of rotating (Kerr) BH

e PA brightest peak: 150-200 degree (EoN)

— doppler boosting effect

EHT collaboration: Paper |, 2019

MS8T* April 11, 2017
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Brightness Temperature (107 K)
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M87 measured guantities

MS8T* April 11, 2017

Other image quantities for model comparison :

e Ring width: <20 uas
e Fluxratio (peak/central depression): > 10:1
e Total flux density: 0.5Jy

e Peak brightness temperature: 6x107 K

e Variable on small scales (<25 uas )

0 1 2 3 1 5 6
EHT collaboration: Paper |, 2019 Brightness Temperature (10° K)
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Black Hole anatomy

Relativistic Jet -
Accretion disc

Event horizon

Singularity

At the very centre of a black hole, matter has collapsed

into a region of infinite density. called a singularitysss

All the matter and energy that fall into the black hole'ends up
The prediction of infinite density by general refativity is t

the breakdown of the theory where quantum effects be
Event horizon S/ngu/ar/z‘y
This is the radius around a singularity where matter and energy

cannot escape the black hole’s gravity: the point ofno return.

This is the “black” part of the black hole.

Photon sphere

Although the black hole itself is dark, photons are emitted from nearby \

hot plasma in jets or an accretion disc (see below). In the absence of gravity, - P h O fO/’)
these photons would travel in straight lines, but just outside the event horizon /,7

of a black hole, gravity is strong enough to bend their paths so that we see S p er e
a bright ring surrounding a roughly circular dark “shadow’.

The Event Horizon Telescope is hoping to see both the ring and the “shadow”.

Relativistic jets \

When a black hole feeds on stars, gas or dust, the meal produces jets of paRticles

and radiation blasting out from the black hole’s poles at near light speed.

They can extend for thousands of light-years into space. The GMVA will study how these jets ol

Innermost stable orbit

The inner edge of an accretion disc is the last place that material can

orbit safely without the risk of falling past the point of no retum. .
e InmermOost stable orbit

Accretion disc

A disc of superheated gas and dust whirls around a black hole at immense speeds,

producing electromagnetic radiation (X-rays, optical, infrared and radio) that reveal the

biack hole’s location. Some of this material is doomed to cross the event horizon, while other parts

may be forced out to create jets.
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M8/ emission mechanism

Optically thin synchrotron emission (already at 7mm, Hada+ 2011)

Synchrotron radiation

. 2

radio waves | o,
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charged particle (proton or electron)

__) magnetic field

Power-law distribution of relativistic electrons:

a=(p-1)2

K, ~\P B=(p+d4)2

log(l,)

— wavelength
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Plasma composition

3 | Prescription:
= Funnel Wall jet
_:5 non relativistic ions + relativistic
=0 .
§ Corona electrons with
) )
< ° Ti = Te in the funnel
Accretion Disk o T_< T inthe disk midplane

Plunging Region

Evacuated Funnel
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Accrefion mechanism

Radiatively inefficient accretion flow models

very high state

lim disk radiation-driven outflows
For LLAGN M87 . :
(from EHT dOTO) high state boundary layer
—M _5 et outflow
M — 2 X ]-O low state i standard disk
Edd [ ———

(2 o |

quiescent state

The schematic figure of the state of a black hole accretion disk (Muller 2004). The
label on the left of each model indicates the X-ray state.
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M87 simulations: 43 GRMHD, > 60,

000 images

SANE: @ low ‘ __GRMHD models
SANE, a, = -0.94, Ry, = 80 SANE, a, = 0, Rpign = 10

MAD: @ high
where @ is
magnetic flux

a, = BH spin

Rhigh,~T!on/Te— S
(|f >> JeT IS 50 pas

dominant)

Simulated EHT observations

Simulation
convolved with
20 uas PSF

Q) Event EHT collaboration: Paper V, 2019
b od Horizon
Ny Telescope

Bologna, 30 May 2019

MAD, a, = 0.94, Ryjen = 10
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M87 ring asymmetry

a. <0,17>90°

as, >0, 7> 90°

Due to Doppler
boosting

accretion flow

BH spin orientation
dependent

.

ax <0, 1< 90° ax 30, 7 < 90°

-—@> 1l

>

a, BH spin w.r.t. accrefion flow, i angle between disk angular momentum vector and line of sight

B Event EHT collaboration: Paper V 2019 o INAF
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M8/ Black hole characterization

. Image Credit: R.C. Walker
Other constraints: 1 kKpC scale

e Must not overproduce X-rays -

-

" X-Ray

e Must produce jet power

Charx jra X-Ray

e Close to radiative equilibrium

The zero rotation models are excluded! | Optical

M87 hosts a Kerr BH of M~6.5 10° Mo HST Optical
confirming the estimation based on stellar

dynamics (Gebhardt+ 2011)
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Constraint Summary

Most SANE models fail,
except a, =-0.94 and
a, =0.94 models

with large R

Large fraction of MAD
model pass, except
a, =0 and small Rhigh

Event
Horizon

SANE

MAD

flux! a.?2  Rugn® AIS? € Lx® P

R — T L3200 m o o oy
SANE  -0.94 10 Pass Pass Pass Pass | Pass
SANE  -0.94 20 Pass Pass Pass Pass | Pass
SANE -0.94 40 Pass Pass Pass Pass | Pass
SANE  -0.94 30 Pa-ss Pass Pass Pas; Pass
SANE -0.94 160 Fail Pass Pass Pass | Fail
SANE -0.5 1 Pass Pass Fail Fail | Fail
SANE  -0.5 10 Pass Pass Fail Fail | Fail
SANE -0.5 20 Pass Pass Pass Fail Fail
SANE  -0.5 40 Pass Pass Pass Fail Fail
SANE -0.5 80 Fail Pass Pass Fail | Fail
SANE  -0.5 160 Pass Pass Pass Fail | Fail
SANE 0 1 Pass Pass Pass Fail | Fail
SANE 0 10 Pass Pass Pass Fail Fail
SANE 0 20 Pass Pass Fail Fail | Fail
SANE 0 40 Pass Pass Pass Fail Fail
SANE 0 80 Pass Pass Pass Fail | Fail
SANE 0 160 Pass Pass Pass Fail Fail
SANE  +0.5 1 Pass Pass Pass Fail | Fail
SANE  +0.5 10 Pass Pass Pass Fail | Fail
SANE  +0.5 20 Pass Pass Pass Fail Fail
SANE +0.5 40 Pass Pass Pass Fail Fail
SANE +0.5 80 Pass Pass Pass Fail | Fail
SANE  +0.5 160 Pass Pass Pass Fail | Fail
SANE +0.94 1 Pass Fail Pass Fail | Fail
SANE +0.94 10 Pass Fail Pass Fail Fail
SANE +0.94 20 Pass Pass Pass Fail Fail

.

SANE

SANE

+0.94
+0.94

Telescope

Bologna, 30 May 2019

flux)  a.?  Rug® AIS' &€  Lx® P’

MAD -0.94 1 Fail  Fail Pass Pass | Fail
MAD -0.94 10 Fail Pass Pass Pass | Fail
MAD -0.94 20 Fail Pass Pass Pass | Fail
MAD -0.94 40 Fail Pass Pass Pass | Fail
MAD -0.94 80 Fail Pass Pass Pass | Fail
MAD -0.94 160 Fail Pass Pass Pass | Fail
MAD -0.5 1 Pass Fail Pass Fail | Fail
MAD  -0.5 10 Pass Pass Pass FuL Fail
MAD -0.5 20 Pass Pass Pass Pass | Pass
MAD -0.5 40 Pass Pass Pass Pass | Pass
MAD -0.5 80 Pass Pass Pass Pass | Pass
MAD -0.5 160 Pass Pass Pass Pass | Pass
32 ra s v T o s ey oy gy

MAD 0 10 Pass Pass Pass Fail | Fail
MAD 0 20 Pass Pass Pass Fail Fail
MAD 0 40 Pass Pass Pass Fail | Fail
MAD 0 80 Pass Pass Pass Fail | Fail
MAD 0 160 Pass Pass Pass Fail | Fail
MAD +0.5 10 Pass Pass Pass Pass | Pass
MAD +0.5 20 Pass Pass Pass Pass | Pass
MAD +0.5 40 Pass Pass Pass Pass | Pass
MAD +0.5 80 Pass Pass Pass Pass | Pass
MAD  +0.5 160 Pass Pass Pass Pass | Pass
MAD +0.94 1 Pass  Fail Fail Pass | Fail
MAD +0.94 10 Pass Fail Pass Pass | Fail
M +0.94 20 ass ass ass ass ass
MAD  +0.94 40 Pass Pass Pass Pass | Pass
MAD  +0.94 80 Pass Pass Pass Pass | Pass
MAD +0.94 160 Pass Pass Pass Pass | Pass
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Where do mm photons originatee SANE (a, = 0.94)

h)hiuh =10

SANE

locus of photon orbits

e —
- N\

N ~
\ N\
\ ISCO\
\ \

\ ) sl
I

,

/ v

1

S
1=
(@)
oo

10 12

BA Event
>3 Horizon
Ny Telescope

[GM /4

Bologna, 30 May 2019

Rhiuh =160
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Where do mm photons originatee MAD (a, = 0.94)

Rhigh =10 Rhigh = 160
MAD

6

6

[GM/c?]
[GM/c?]

)
(S}
s
(@]
oC

10 12
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AGN jet regions

Black hole
E-3 Launching
Strong magnetic field, large opening angle,
> slow bulk motion.
10" Rs
a0]
-
2
£ 1 pc Magnetic energy converts into kinetic energy.
E Bulk speed increases, opening angle decreases.
10°Rs =
100 pc
Matter-dominated core, near-equipartition jet.
Development of shocks and plasma instability.
10°R< o+ 100 kpc
* Dissipation
Jet disruption and formation of radio lobes,
:]_()“RS b4 Kinetic energy converts into radiation.
w
x
o . .
3 Image credit: Boccardi+ 2017
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Jet launching mechanism

e BH launched jet: Blandford & Znajek (1977)

e Disk launched jet: Blandford & Payne (1982)

e Combination

Helical

magnetic
field?

Ordered,
large-scale
magnetic field

Disordered, turbulent B @ Accretion disk

magnetic field Black hole (B>>1)
Toroidal magnetic field?

Image credit: Dobbie+ 2009

M87 data in agreement with BZ jet
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M87 future EHT study

Time =  1500.00 frsic]

0.2000 0.3000 0.4000

e Jet acceleration mechanism
through Magnetic field study:
Data are therel

e Multi-wavelength data analysis
to connect with EHT results:
Multi-band campaign are ongoing

Image credit: Kato+ 2004
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Sagittarius A* in the center of the Milky Way

SIMULATION SCATTERED

< 7 -

M. D. Johnson

Difficulties:
e Intra-Hour Variability
e Scafttering

Data already taken — working in
progress

Credit: Moscibrodzka et al. 2016,
Johnson et al. 2018
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More telescopes, higher observing frequency

2020
IRAMPdB
NG 4 C"" VIA)
=« Pico Veletal -

Under consideration
Africa Millimeter Upgrade planned:

« 2020:
Telescope Kit Peak (Arizonal

phased-NOEMA
e 2021:

APEX/AL o . LLAMA
MA o (Brazil/Argentina)

A » After 2021:
i T +  African mm
a2 Telescope
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Future of VLBI: space
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