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Why black hole matters
(to the Universe)?




Laboratory of Extreme physics!



(General) relativistic regime:
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Image credit: Cruz-Osorio et al. 2022



The big picture (astrophysics)

- predicted by general relativity

- tested by modern observations

» powered by accretion

- capable of launching jets and high-energy particles
- Important agents in galaxy evolution



a brief history for BH astrophysics

. 1005 special relativity (SR)

e 1015 general relativity (GR)

e 1916 black hole (BH) solution
 1960s BH astrophysics

* 2016 GW150914

e 2019 M8 7* BH shadow image



Outline

* Relativity 101

* What is a black hole?

» Key physical parameters for a black hole system
» Types of astrophysical black holes

* Black holes as multi-messenger engines

 AGN and galaxy convolution



Relativity 101:

Space, time, mass, electric field,
magnetic filed .. are all relative!



Galileo/Newton : “time is---”

Absolute!



Relativty © “time is -~




Running clock tics slower--:




The clock closer to the mass tics slower:-::




*The space Is also flexible: “spacetime fabric”.

The geometry of such spacetime fabric is
mathematically describe by the “spacetime metric”



John Wheeler
“ Matter tell space how to curve,

Space tell matter how to move”
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What is a black hole?

Spacetime structure
& astronomical object



plack hole: spacetime structure

Non-rotating BH: Rotating BH:
described by Schwarzschild geometry (1916) described by Kerr geometry (1963)
event horizon ergosphere
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Kerr hypothesis: "astronomical black holes are described by the
Kerr metric”
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spacetime around a spherical mass




Compactness
————————————
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Key parameters;

Black hole spin, mass, and
accretion rate



Black hole mass

GM M
Fo=—— =14.77—2% km
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Black hole mass

MBH
M ©

Eddington luminosity:

maximum luminosity at which outward radiation

pressure balances inward gravity.

The more massive, the (potentially) more powerful!



Black hole mass

M
Ly = 1.3 x 10— erg/s
M@
L _ HMCZ Eddington accretion rate:
M
Ly, =nM m = —
Edd — "M Eqq¢ M.,

Black hole accretion type is function of Eddington accretion rate



optically-thick ADAF: slim disk

(advection cooling)
due to photon trapping

thin disk
(radiation cooling)

(advection cooling)
due to hot ions
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Radius [GM/c?]

Radiative efficiency:
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extraction of BH rotational
oy magnetic fields suodszmeccos

Takahashi+90

0y,

few plasma (nearly vacuum)

Semenov+04, Koide+02



General Relativistic
MagnetoHydroDynamics simulation

magnetic field
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Launchin

of black hole jet

Formation of extragalactic jets
from black hole accretion disk

Extragalactic
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Hirose & Krolik
2003, 2004,
2005a, 2005b




Cygnus A
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Types of black holes
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NGC 42601: an example of super
massive black hole (SMBH)
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Obscuring dusty torus ~ Narrow line region: R~ 10 - 102 pc

’
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Relativistic jet

Accretion disc

Soft X-ray excess l ew

Coronal power-law

[llumination

AGN intrinsic Conc
- Reflection
- Dusty torus
Elliptical galaxy
Total SED - 4
arrow line region

Broad line region

Black hole: R~ 10°-107 pc
, Accretion disk: R~ 103 - 102 pc

!

/ Broad line region: R~0.1 -1 pc

!

. Obscuring torus or disk: R ~ 10% - 10° pc




Active Galactic Nuclei (AGN) family

based on Luminosity I based on Emission LinesJ
f Seyfert Galaxies Quasars \ / Type 1 Type 2 \
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First quasar (1963)

 Quasi-stellar radio source

e 3¢ 273

* The same year Roy Kerr
found the Kerr solution




M87*: a SMBH we can resolvel

Galaxy M87

4000 light years 2000 light years
ﬁ., Pl
EHT 230 GHz b il
VLA HST - WFPC2
Radio 0.1 10k years Visible

NASA, NRAO and J. Biretta (STScl) « STScl-PRC99-43



BIaCk hOle ShadOW Evenl:horizon
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https://www.nsf.gov/news/news_images.jsp?cntn_id=298276&org=NSF
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Resolution « A / B

B = size of the telescope



VE_ [erg % cm'z]
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@}. Event Horizon Telescope
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VLBI (Very Long Baseline Interferometry)

credit: Daniel Palumbo and Maciek Wielgus (Harvard)

From the source to the Form the earth to the
earth source Data Analysis




Chandra Deep Field South

>5000 SMBH systems in
this X -ray image!

Credit: NASA/CXC/Penn State/B.Luo et al.



Black Hoel as
multi-messenger engines



Electromagnetic wave

Cygnus A

&
L
#
.‘-




Cosmic ray

Particle acceleration (shock, magenetic
reconnection etc.) — cosmic ray

GeV < Ep < PeV




Neutrino

- - Glant Radio Array fOr Neutrino Detection

-
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Polarization of GW

Face on
observation

~~ Edge on
observation




Two modes ot GW
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GW150914

First observed GW signal

Lasts for 0.2 s
Signal frequency 35 Hz— 250 Hz

Distance: 410 Mpc
Before collision: 36 + 29 solar mass
After collision: 62 solar mass

LIGO

| |

Merger Ring-
down

f) ()Q.

LIGO Hanford Data
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A few hundreds of
detections so far

Operational
Under Construction
Planned



AGN and galaxy
coevolution



Quasar/Radiative mode




Black hole ecosystem:

Gravity
l

Accretion

!

radiation/jet

)
Feedback

!

Galaxy evolution

Hot plasma: T~ 10° - 10°K

Warm gas; T~ 10° - 10°K

Ultrafast outflows
and radio jets

Multiphase ran
and Maments

Entrained
multiphase
outfiows

-
|||||||

AGN bubbles
shocks
urbulence

Turbulent diffuse
X-ray plasma halo




The 2dF Quasar Redshift Survey

Birtb(h of Universe
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Redshift

Credit: Two-degree-FiéId Galaxy Redshift Survey Team



The 2dF Quasar Redshift Survey
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Credit: Horizon-AGN. Horizon-noAGN simulation




Correlation Between Black Hole Mass
and Bulge Mass
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py — O (stellar velocity dispersion) relation
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Fundamental plane

radio luminosity
—compact jet

X-ray luminosity
—Inner hot flow / corona
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Summary

* Relativity 101

* What is a black hole?

» Key physical parameters for a black hole system
» Types of astrophysical black holes

* Black holes as multi-messenger engines

 AGN and galaxy convolution



The big picture (astrophysics)

- predicted by general relativity

- tested by modern observations

» powered by accretion

- capable of launching jets and high-energy particles
- Important agents in galaxy evolution



Some open questions

- Are astrophysical black holes exactly Kerr black holes?
(Now Is the golden age of black hole astrophysics)

- How are relativistic jets launched and powered?

- What is the plasma physics of black-hole accretion flows?
- How do supermassive black holes form and grow so
early?

- How exactly do black holes affect galaxy evolution
through feedback?



