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Content of lectures

& Broad overview of theory and observations of
supermassive black holes in active galactic
nuclei (AGN)

& Focus on basic physical concepts

& Some coverage of galaxy-black hole
coevoiution
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Como as leis da fisica se comportam
perto—e dentro—de um buraco negro?

| y{ 6}
R/u/ o Eg,m/R — 4 T,m/

Coimo buracos negros afetam o que
esta ao seu redor?




Eras da gravitacao

ldade Idade Idade 12Erade 22Erade
Antiga Média Moderna | Ouro Ouro

Pseudofisica
Aristotélica




Relatividade geral de Einstein:
Gravidade e a curva




Leis da gravitacao de
Einstein

1. Geometria do espaco-tempo muda na
presenca de materia

Equacao de campo

2. Objetos se movem tal que sua passagem
do tempo € maximizada

Equacao de movimento
(equacao da geodesica)



Gravity visualized: https://www.youtube.com/watch?


https://www.youtube.com/watch?v=MTY1Kje0yLg&list

. 22 lei da gravitagdo'de Einstein =

: »~ ‘
b
“

..
-

Gravity visualizacl: nttos:/fmns.yotituos.com/ watqadVE VNG ST Eeri|



https://www.youtube.com/watch?v=MTY1Kje0yLg&list




Sol

James Provost



Sol

Estrela de
heutrons

James Provost



Sol

Estrela de Buraco
heutrons

James Provost



O que e

2 um buraco negro?

Astro massivo e
compacto: gravidade
tao forte que aprisiona
tudo o que cai dentro

. dele

),
Uhéb

nada

z dentro,
apa




Albert Einstein era cético em
O a buracos negros
N - —

relaca

\*5}?34‘*._ Chega mais, deixa eu te
e .
contar uma coisa

Buracos negros nao
existem



Eras da gravitacao

Idade Idade Idade 12Erade 22Erade
Antiga Media Moderna | Ouro Ouro

Pseudofisica Mecanica Relatividade

Aristotelica Newtoniana Geral
Solucao
matematica

dos buracos
negros



12 Era de
Ouro

Renascimento
Teodrico
Buracos negros
giram, vibram,
SA0 carecas e
evaporam;
termodinami-
ca;
singularidades




12 @2ra <l ouro: Renascimento
teorico dos buracos negros

1963: Buracos negros giram Kerr 1963

= = = ’ Sal 1964,
1964: Energia gravitacional extraivel Zoklovich 1964
1965: Singularidades Penrose 1965

Israel 1967; Carter 1971; Hawking 1972

1967:

BNs carecas
1969: Energia rotacional extraivel
1971::BNs vibram
1973 Leis da termodinamica Bekenstein 1973; Bardeen+1973
1974: BNs(evaporam Hawking 1974

Penrose 1969

Press 1971; Teukolsky 1972
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https://www.youtube.com/watch?v=9MHuhcFQsBg
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Buracos negros sao carecas

Um buraco negro e caracterizado
por e hada mais

Mass
Spin: momento angular







N

gravitacionais

.




Buracos negros evaporam

Possuem temperatura, portanto emitem
radiacao e perdem massa

. BNs nao sao eternos

Credit: BBC



Licoas;: 12 ara ¢/ ourd

Buracos negros sao:

1 = Dinémiccs Giram e vibram
2.Usinas de energia
3 m Pe reCive i S Evaporam e eventualmente desaparecerao

Dominada por avancos teoricos



Recap: Aula 1

Breve historia da gravitacao

@ Leis da gravitacao de Einstein

-Massa curva o espaco
‘Espaco curvo diz a particulas como se moverem

@ 12 era de ouro dos buracos negros
* PrinCipais resultados




References: theory

2 Physical processes in active galactic nuclei. Blandford, R. in
Active galactic nuclei Saas-Fee lecture notes

2 Black holes, white dwarfs and neutron stars. Shapiro, S. L. &
Teukolsky, S. A. (ch. 12, 14)

More details

2 Foundations of black hole accretion disk theory. Fragile, C. &
Abramowicz, M.

& The Formation and Disruption of Black Hole Jets.
Contoupouios, I. et al. (ch. 3, 6, 7)




References: observations

Active galactic nuclei. Beckmann V. & Schrader, C.

= An introduction to active galactic nuclei: Classification and
unification. New Ast. Rev. Tadhunter, C.

2 Relativistic jets in active galactic nuclei. ARAA. Blandford, R.
arXiv:1812.06025

2 The Coevolution of Galaxies and Supermassive Black Holes:
Insights from Surveys of the Contemporary Universe. ARAA.
Heckman, T. & Best, P.

2 Observational Evidence of Active Galactic Nuclei Feedback.
ARAA. Fabian, A.



What is an active galactic nuclei?

AGN

Presence of accreting, supermassive
black hole at the center of a galaxy




What is an active galactic nuclei?

AGN

Presence of accreting, supermassive
black hole at the center of a galaxy

mgss M > 10°M,

Black hole ' —37°
feedind fate M > 10 MEdd
72 (L>10"Lgyy)







Relativistic Jet "N

Event horizon

Accretion disc

Singularity
At the very centre of a black hole, matter has collapsed
into a region of infinite density called a singulat .

All the matter and energy that fall into the black hole'ends ug
The prediction of infinite density by general relativity is the
the breakdown of the theory where quantum effects beck

Event horizon S/ngu/ar Ity
This is the radius around a singularity where matter and energ
cannot escape the black hole’s gravity: the point of no return.

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

oton sphere

Although the black hole itself is dark, photons are emitted from near \ ,D h
ot plasmagin jets or an accretion disc (see below). In the absence of gravity, - O ZLOH
hese p ns would travel in straight lines, but just outside the event horizon \ /,.)

ofa ravity Is strong enough to bend their paths so that we see S/O er e

a bright rif@fSurrounding a roughly circular dark “shadow”.
The Even @e/escope IS hoping to see both the ring and the “shadow”.

Relativistiefje
When a black hole féeéds
and radiation blasting
They can extend for thouSan

1S, gas or dust, the meal produces jets of Ac/es
e black hole’s poles at near light speed.
ht-years into space. The GMVA will study how these jets fon

Innermost stable o t@
The inner edge of an accretion dis lace that material can
orbit safely without the risk of falling pa8t thegdoint of no return.

-

€rmo St Sstable orbit

Accretion disc - /



What physics is necessary?

(magneto)hydrodynamics
aka M 1D




What physics is necessary?

general relativistic MHD
\‘11

. ‘ _— » 2

at lo cretion rates: \
genera tivistic kinetic th
(GRK)

7




What physics is necessary?

at 77 > IOOGM / C2 can use Newtonian appr@gximations

\n
ewtonie

N\

ncéepts more importe

calcula%\s

se mostily N bLE
t tham't




Nature of AGNs: Accreting blacksholes

Gravitational energy source

N
. eno%us free energ




aeutrinos,

(f DSMIC rays

o

AGNSs: Powerful electromagnetic
radiators, particle accelerators

EM rad?a)@:

radio, infrar@?optical, X-rays, gam




eutrinos,
sSMmic rays

AGNs: Powerful EM radiators,
particle accelerators

Crucial for multi messenger astronomy
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Why are AGNs important?

®»Laboratories to test general relativity, plasma
physics

@Brightest persistent astronomical sources .. oo
2@ Affect large scale structure with their gas outflows
and radiation

@ Reionization sources during dark ages

® Crucia!l sources for multimessenger astronomy:
photons, cosmic rays, neutrinos, GWs




Challenges







AGNs: multifaceted phenomenon

(challenge #1)

Depending on how you

observe, AGNs look
different It's a -
Spear! a/

Appearance varies with _. / gl \e!
4 L\ : .
' S QZ?‘ =, <
Jj ,':1-"
, P | 2 ‘ p & | 3

EM energy band (radio to Qe £
gamma-rays) &1 |} S

—

It’s
a Snake!

It’s a
N Tree! y




AGNs: multifaceted phenomenon

(challenge #1)

Depending on how you
observe, AGNs look

different

Appearance varies with
EM énergy band (radio to
gamma-rays)

broad
lines!
- i}

¥ TN
A ¢

| o |
rapid

thermal

-/ uv!
s | variability!
X \ J

radio
jet!

E:‘ > P




Quasar light curves imply At,ar < 1 light-week

variability timescale

Size of system must satisfy size < cAtya, ‘lieht-crossing radius
~0.01 pc ~ 1000 AU




Supermassive black holes (SMBHSs) are
extremely small on the sky

Very hard to observe (challenge #2)

galaxy size

~109

event horizon size

Grapefruit




AGNSs easily outshine their host galaxies
(challenge #3) '

Hubble Spac
Telescope

N, -

\ | | thisimage: z ~ 0.2
Baheall+1997

d, ~1Gpc




Four golden lessons |Scientist

(1979 Nobel Prize, Physics)

Advice to students at the start of

work of many theoretical and experimental

Steven Weinberg physicists has been able to sort it out, and | thelr Sclentific careers.
hen I received my undergraduate put everything (well, almost everything)
Wdegree — about a hundred vears together in a °aut1ful theorv known as
ago — th Ing most of your time not being

seemed to me a vas 1. Start dOlng researCh and ple up what o being becalmed on the ocean of
every part of which | yOu need as yOu go along — No one knowledge.

beginning any resear , learn something about the history
could I do anythin  kNnows everyth | ng aNnd you don’t have to. orataminimum thehistoryofyour
everything that had ’ ich of science. The least important
Fortunately, in my fi  this is that the history may actually

school, I had the goo 2. Aim fOr the rough water (“the meSS”)- € use to you in your own scientific

hnds ol wiorphis | — that's where the action s, e o i e i
jnd p . . . | models of science that have

2003 Nature ., ; 3. Forgive yourself for wasting time yosed by philosophers frJiBS. s

' N L1 DT 1 Thomas Kuhn and Ka“' .

d'to’ 4. Learn the history of science — or at ntidote to the philosophy Jigg
et | least of your own field. importantly, the history (i

y'your: Work seem more

0y "w

[ ' S

in order to understand why all attempts to  to v

N L ) to belearned, to continue detect effects of Earth’s motion through the  goi SI |de by Ken Nagam | ne

11ciho My oceanaorabhic metanhor i< that other had failled We now know that DTOINVAINNINV WIYIT L TITWIECTSIATI(L WITAl VOVl re |



Recap: Aula 2

@ O que e um AGN
Componentes: @, acrecao, jatos
D Desafios do estudo de AGNs

 Multifacetados
» Minusculo tamanho angular
 Muito brilhantes!




Historical perspective on AGNs

1783: Newtonian “dark stars” predicted Michell 1783
1915: Einstein publishes his field equation Einstein 1915
1916: black hole solution derived from GR Schwarzschild 1916

1918: "curious straight ray" in galaxy M87, "connected

Curtis 1918
with the nucleus bg a thin line of matter” —jets discovered
1963: strong optical point source found at 3C 273 Schmidt+1963
nucleus—quasars discovered Eorda094:
Early 1990s: HST finds SMBHs at centers of nearby Harms+1994;
galaxies ki

Late 1990s: stellar orbits at Galactic Center—
strongest BH case until 2015 (Sagittarius A*, 4x108 M)  cijeeesr so10



Historical perspective on AGNs

Late 1990s, early 2000s: M-o relation—SMBHs and host Magorrian+1998:
galaxies are tightly connected Kormendy & Ho 2013

2000: SMBHSs disturb thermodynamics of entire galaxy McNamara+2000;

clusters Fabian 2012
2003: Sloan Digital Sky Survey (SDSS) finds >100k AGNs Abazajian+2003

2013: direct observation of gravitational waves from

stellar-mass BHs
2018a7 Ast multimessenger observation from AGNs IceCube, Fermi LAT

(blazar TXS 0506+056) wollaborations
2018b: GRAVITY resolves orbitatr=7M (Sgr A¥) Abuter+2018
2019: EHT images event horizon (M87%*) EHTC

Abbott+2015



(hew technologies)-(engineering)
= (hew astronomical windows)

(new observations)x(grad students)
= paradigm change



General lessons from history

“~ Pace of discovery Is accelerating
“~ Future: IiImmense discovery space
awaiting
“~ e entered 2"d golden age of
black hole (astro)physics




Black hole physics



A general relativity primer

Einstein’s field equation R/,w A

Solution to field equation

L,

Stress-energy

spacetime
curvature

constant ¥ matter-energy

: ds? = dxHdx”
glves .zétl)rlii Line element gMV
Newtonian'analogue Vng = 4G p  Poisson equation
- 8- _ d2 uo ode®dxP®
For a free particCie: 0S5 =0 — T + I B dr dr —

Geodesic equation




What is a black hole? Remarkable
prediction of general relativity

Normal object Black hole

-----
s “~
P N

\

singularity /'

o 4

‘$
$
A 3
LS
&
L 3 o o .
surface \

event horizon



Event horizon: one-way membrane, matter/
energy can fall in, but nothing gets out

Region inside event horizon Black hole
causally cut-off from outside

......
- N

Radius of event horizon:

2G M M : '\
R q = 3 — 2.99 M@ km ““ singularity
Schwarzschild radius el Ler
GM \ event horizon
Gravitational radius: R ¢ = —— Usefulscale

2



Growth of black holes

If particles fall into the black hole

2 M Increases

® Schwarzschild radius Rs = 2M increases
® surface area increases




Growth of black holes

If particles fall into the black hole

@ M Increases

@ Schwarzschild radius Rs = 2M increases
@ surface area increases

There is no limit to how big a BH can grow. From
astrophysics:

‘ Mmin - 3.3 MSun

o Mmax ~ 1010 MSun




A black hole has no hair

All black hole solutions of Einstein’s equation
completely characterized by only three externally
observable classical parameters:

MaSS J _ GMZ
Spin: angular momentum IR
Charge —1 < a < 1 sinporamete

All other information (“hair’=metaphor) disappears behind
No-hair theoreimn the event horizon, therefore permanently inaccessible to
external observers



Types of black holes

Mass
Spl n Kerr spacetime

Schwarzschild spacetime



Schwarzschild black hole

B Simplest black hole
Il Spherically symmetric spacetime
B Relatively “easy” to handle analytically

Schwarzschild geometry in Schwarzschild coordinates

—1
2M 2M
ds* = - (1 — —) dt* + (1 — —> dr* + r* (d6* + sin® Od¢*)

I I



Kerr black hole

Conservation of angular momentum leads to spinning
black holes

Rotational energy deforms spacetime — Kerr spacetime

Kerr metric considerably more complex than

Schwarzschild )

2M 4Mar sin 0
ds? = —( 1 -0 ) a - 22 Zagdr + L + p2do?
p* p* A

Boyer-Lindquist coords. ) ) 2Mra? sin” 6
+| r+a”+

> ) sin” Odg?
I,

a=JIM, p2 = r’+a’cos’0, A=r>-=2Mr+a?



Main parameters for astrophysi Hs

Gravity units
Mass M (M. = 2x1033 q)

Spina. (1 = max spin)

Accretion . |
Mass accretion rate \// (Meo/yr or My )

Predict
Energy output in all forms (erg/s o

d)




Main problem in BH
astrophysics

AGN(t) = iM, a., M)



Eddington luminosity Ledd

Luminosity L

from central object l



Eddington luminosity Leqd

R
Luminosity L .
from central object .

When iIs the radiation strong enough to prevent
accretion ot particles?



Solve this to get Leqqd: r rad — r 0

flux

Frad £
Pra — — T
. Aie C




Solve this to get Leqqd: r rad — r 0

flux radiation force

Frad F on an electron FA
Prad: A :Z:>Frad: -




Solve this to get Leqqd: r rad — r 0

flux radiation force
on an electron
b _Faa _F_ T FA
rad — — — = I'rad =

Aasee  C C




Solve this to get Leqa: I =

I 3
flux radiation force o e o o :
Frad F on an electron F A : L O_T :
Prad — = — = Frad — i:Fmd — 2 :
A.ce C C - Arrs c

why?

GM(m, +m,)  GMm,
F =~

S 72 12
472'GMmpC M
Lpgyy=————=13x10° — | erg s-!
Or M@




Eddington luminosity: importance

@




Eddington luminosity: importance

Useful luminosity unit in BH astrophysics

A system radiating at L > Leqdd can halt mass
accretion due to strong radiation pressure

Foughly maximal luminosity that can be powered
by accretion (if spherical symmetry)



Eddington accretion rate

- Assume an engine radiating at L = Leqq
- If It were converting mass to radiative
energy with efficiency n




Eddington accretion rate

- Assume an engine radiating at L = Ledd
- If It were converting mass to radiative

energy with efficiency n

Lpgq = 77M Edd¢ .




Eddington accretion rate

- Assume an engine radiating at L = Ledd
- If It were converting mass to radiative
energy with efficiency

Useful accretion rate _ 3 .
unit in BH astrophysics



Eddington time fedd

also known as Salpeter time ts

Assume BH accreting at Eddington rate

dM




Eddington time fedd

also known as Salpeter time ts

Assume BH accreting at Eddington rate




Useful websites and apps for
grad students

Find papers Manage papers

arxiv.org
ur.adsabs.harvard.edu

Mendeley, bibdesk,
Papers, Jabref

sci-hun.tw

bentv-fielas.com



http://arxiv.org
http://ui.adsabs.harvard.edu
http://sci-hub.tw
http://benty-fields.com

Pro tips

Organize papers using convention:

1.
2.

3.

Folders named after categories

Fillename: <Last name of first
author><publication year>

accretion

al

black holes
classics
cosmology
GPU

misc
multimessenger
physics
statistics
thesis
toread

Use a desktop search app to find (spotlight,

CerebrO, albert) | Balbus1991.pdf
| balbus1998.pdf

| balbus2003.pdf

E* Balbus2006 Nature.pdf

E balbus2011 nature.pdf
. Ball_2018_...3_184.pdf

| Begelman2014 rev.pdf

LY b
LY b
LY b
LY b
LY b
LY b
LY b
LY p
LY b
LY b
LY b
LY b






. Q. nemmen2012

| PDF DOCUMENTS

=Y  nemmen2012 Science — iCloud Drive

DOCUMENTS
refs.bib

refs.bib.bak
refs.bib

main.tex

refs.bib
OTHER

refs.bib.bak
refs.bib
refs.bib

£)giii.C2 .00 A3 00N
| |

refs.bib
refs.bib
& Showallin Finder...

=
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RD

A Universal Scaling for the Energetics of Relativistic Jets from Black
Hole Systems

R. S. Nemmen et al.

| Science 338, 1445 (2012),

AYAAAS DOI: 10.1126/science.1227416

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are avallable online at
www. sclencemag.org (this information is current as of December 13, 2012 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http/www.sciencemag .org/content/338/6113/1445 . full.htm|

Supporting Online Material can be found at:
hitp/Mwww. sciencemag.org/content/suppl/2012/12/12/338.6113.1445.DC 1. .html|

This article cites 71 articles, 4 of which can be accessed free:
hitp/Mwww.sciencemag.org/content/338/6113/1445 full. htmi#ref-list-1

This article appears in the following subject collections:
Astronomy
hitp/Mwww. sciencemag .org/cgi/collection/astronomy

1T Dall . DC

‘_ij e an e o e - - e = ">~

Downloaded from www _sciencemag.org on December 13, 2012
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ImpOrtant |engths fromnowon,G=c=1

risco: INNermost stable circular orbit
riSCO — 6M fOr a* — O



Effective potential for orbits around a Schwarzschild black hole

2

1 dr 1. 04 ‘\ F3

e— — - <o
2 dT effective 1 =
potential \ =
1.02 \ =
face-on view of accretion disk i =

\ ?ﬁ_’_.. Asymptotic
= limit

I.00
Veff =

=
098 T
5
®
_|
096 2
O
> )
D
o9oa— Iz . 0 — 20
| E - ¢' E
: circular orbit D
: D
0.92 L £ s « 2 b ¢ 5 = 5
edge-on view O SGM 10 | 20 25 =

T—e O —— F/M



Effective potential for orbits around a Schwarzschild black hole

1 /dr\”

2 dT effective
potential

face-on view of accretion disk

1. G4
1. .02
Asymptotic
iimit

1 .00

098

096

0.94 Innermost stable

circular orbit
0.92 L s < 3 t ¢ s = 3
o s 10 1S 20 25

riM

18|83 YA\ ¥ BUIOU | JIBUSIN



ImpOrtant radii fromnow on,G=c =1

risco: INNermost stable circular orbit
riSCO — 6M fOr a* — O

re: photon capture radius
diso called photon sphere or photon ring

apparent radius \/ 27V seen from




| \\ photonring
—5F | -

—-10 -9 0 O 10

Narayan, Johnson & Gammie 2019



Dependence of radii on BH spin

10 | |
| 9!: o | rms ...
sr_ : .....o..--'
7 .
3
5"" \\\\\H
4“:‘: ........ |
2 : | \\:o?o-b’g ....................
\L. 3%.;.::’:°
ro(8=7/2)
- — - direct
weeeee retrograde

Bardeen+1972



Dependence of radu on BH spin

o _ _ - ISCO

8-

7_.

6 )

.5_

4 T photon capture

equator

2*—=___‘

hOl‘izo n

d. Bardeen+1972



Efficiency of release of free
energy from BH accretion disks
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How much orbital energy lost by particle when it

disappears behind event horizon?
1st order estimate of Lacc

it
B o
A4\ o,
= ge
PP o e
e - .-¥ { ( \' . “adt w w
|§“ > ] 3



How much orbital energy lost by one particle?

GM
E. .. =Ur— co)— Ulr el

¥ surface

gravitational
potential  —

ur faC6) energy



How much orbital energy lost by one particle?

gravitational GMm
EaCC — U(r —> OO) - U(rsurface) gr?;?g;ial T ———
; ; . Fsurface
Energy lost by continuous inflow of particles?
: dm dEacc GMm E GMm
m=— = — > = —-
a dt Fsurface ' F'surface



How much orbital energy lost by one particle?

gravitational GMm
EaCC — U(r —> OO) - U(rsurface) gr?;?g;ial T ———
; - . Fsurface
Energy lost by continuous inflow of particle?
: dm dEacc GMm E GMm
m=— = — > = —-
a dt Fsurface ' F'surface

Luminosity released from accretion

L = nmc?



How much orbital energy lost by one particle?

gravitational GMm
Eacc = U(r - o0) = U(r surface) otental =
_ _ _ Fsurface
Energy lost by continuous inflow of particle?
. dm dE,.. GMm GMm
m=—- =——— > L=——
at at Tsuface i Tsurface
Luminosity released from accretion
) L maximized
L — 7/]I%C :> 7/] —_— = —————————— | for compact

PNy 2 -
mc VsurfaceC objects



For a SchwarzschildBH 77 = (0.5 Newtonar

Correct GRresult 1] = Veff(OO) — Veff(6M )

1
- eff(6M) 18



Itaipu Dam - 14 GW




Nuclear fusion

n=0.008 x 0.1 ~8 x 10~*



ISCO radlus depends on the BH spin

cccccccccccccccc tion disk




(U

0.2 0.5 07 08 09 095 0.98 1
i .

0
0.6 tllI]‘lIllIhi llllil_lﬂ'f /

|
L
0.4 L
.

Blandford 1990



Black hole spin leaves imprint
on accretion disk

Faster, hotter, brighter

but gravitational redshift



BLACK HOLE PHYSICS SUMMARY

Black holes

4 Mass-energy falls in, but nothing gets out
+ Only three numbers: mass M, spin a. and eharge

4 For astrophysics: accretion rate M also Important
4 Mass range: 3.6M, < M < 10"'M,,

4 ISCO: Innermost stable
circular orbit, r = 6 M

4 Photon capture: r = 3M

(\/ 27 M) seen from far away
<4 Sphere of influence:

4 Accretion converts gravitational potential energy into r ~ 10°M
other forms (e.g. light)

4 BHs maximize energy release efficiency: n up to 40%
(for max spin)

Main scales
4 Luminosity: Ly = 1.3 x 10°° (M/M@) erg s—! 4 Growth timescale:
4 Mass accretion rate: My q = Lpy4/(0.1¢%) fraa = 4 % 107(5/0.1) yr
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