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M. Volonteri’'s talk




This talk

. F. Bauer’s talk




Black holes are the most perfedil
objects in the universe

Kerr metric ds*=—(1—
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Keir black holes: 7 up 10 40%
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_Energy-extraction efficiency 7 = L/Mc* from




Sugar (sucrose) C,,H,,04;
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Black hole accretion is messy: lack of knowledge
about

® Plasma physics
® (Outer boundary / Initial) conditions

® Magnetic field geometry

Q‘



Active
galactic (S
nuclei |

~100 kpc

Black hole binaries
(microquasars)
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Black hole accretion = Active galactic nuclel
(AGN) = Very complex phenomenology
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AGN feedback: Supermassive black hole outflows
affect the evolution of galaxies and galaxy clusters

_um__,m%.cm cluster
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McNamara+05 Nature,
McNamara+ 09 .







Outstanding questions:

How do you get jets from black
holes?

What is the source of the outflow
power: disk or hole?



Driving goal: Obtain jet production efficiency from
supermassive black holes

“jet energy efficiency” = —

Credit: Perley & Cotton (NRAO/AUI/NSF)




Why is T)jet = — important?

M c?

Diagnostic of jet formation process and
accretion physics

AGN feedback scenarios

£~ Jet powered

by spin or

accretion
power?

Growth rate of massive black holes
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Chandra observations of 27 nearby radio
galaxies provide jet powers and accretion rates
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Chandra observations of 27 nearby radio
galaxies provide jet powers and accretion rates
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X-ray observations of nearby AGNs with jets imply
very high energy m_“:o_m:n_mm (~100% or higher)

1 10 100 1000
jet production efficiency (%)
Nemmen & Tchekhovskoy 2015, MNRAS _ r 2
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Jet power scales linearly with accretion disk
luminosity and exceeds Luisk
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Dynamically important magnetic fields near
accreting supermassive black holes

M. Zamaninasab', E. Clausen-Brown', T. Savolainen® & A. Hormwroﬁwg\w,w
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UV deficit in radio-loud quasars compared to radio-
quiet: destruction of inner accretion flow?

Log [VL, (ergs/s)]

Punsly 14, ApJL
Telfer+02
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Oh my, how to explain?

N & Tchekhovskoy 2015
1. >100% jet energy-efficiency in LLAGNS
2. Pet XM & Py > Laee e Ghiselini+10, 14
3. Dynamically important magnetic fields
near BH zamaninasab+14
4. UV deficit in radio-loud quasars punsly 15




Field equations

A\O&tth —
T",,=0 Mass/energy/momentum
F 7, F . Nﬂt — O 1% 1%
Jt =
" — () (MHD )
Uyt 0 (D) E and B fields
Kerr metric bt = L ey, F,
2r 4r
ds* = AH — b|v dr* + Ab v&\& FHv — mttayﬁ\a@y
0 n wv 07+ 7 df? T = FrOFY — g F, o Fo

Gammie+03

+ sin’ @ TN + a? \ 1 + NJ sin’ g do?



Jet production from black holes: depends strongly
on black hole spin + magnetic fields near the BH

magnetic

flux tube SR

black hole

ergosphere

Semenov+04, Science

Blandford-Znajek mechanism:

2
ad :
Jet power L) @wi@w Blandford &
M /najek 77;
. Komissarov+;

spin magnetic flux | oni07
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How to make a radio galaxy at home: Homopolar
generator — “black hole battery”
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Dynamically important magnetic fields + Kerr black
holes—Magnetically arrested disks—» Powerful jets

Binax ~ 10* [G] L \"*( Mea )7
e 0.1Lgqd 109 M

Bisnovatyi-Kogan & Ruzmaikin 74, 76; lgumenshchev+ 03;
Narayan+03; Tchekhovskoy+11; McKinney+12



Dynamically important magnetic fields + Kerr black
holes—Magnetically arrested disks—» Powerful jets
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Bisnovatyi-Kogan & Ruzmaikin 74, 76; lgumenshchev+ 03;
Narayan+03; Tchekhovskoy+11; McKinney+12
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Dynamically important magnetic fields + Kerr black
holes— Magnetically arrested disks— Powerful jets

magneticall
arrested di

applicability:
oRL AGNs
eblack hole
binaries
oGRBs”?

Bisnovatyi-Kogan & Ruzmaikin 74, 76; lgumenshchev+ 03;
Narayan+03; Tchekhovskoy+11; McKinney+12



Magnetically arrested disks (MADs): dynamically
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Jet creation efficiencies >100%-are possible if .
black hole spin energy is extracted via BZ effect
O T T ZmBBm:@H:m?oéxov\G Blandford @..N:m._..m_rww
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Kerr black-holes surrounded by thin‘accretion .-
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Kerr black ho e ﬁ_: eade

~important magnetic ffields (MADs): . _ .

by dynamically =~ - .*




m: m 39—.< Nemmen & Tchekhovskoy 2015, MNRAS

Relativistic outflows from black holes: most
powerful and efficient machines out there

Affect:

® galaxy/clusters formation & evolution

® several important open questions about launching,
powering, composition

Radio galaxies: More energy flowing out in jets
than going in

(1) evidence for spin energy extraction

(i) dynamically-important magnetic fields is the
new standard in accretion: magnetically arrested

disks (MADs) A FAPESP @\




Black hole astrophysics @ USP: theory /
observations
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Connection between
accretion, outflows , —
and black hole spin

Black hole activity
across the mass scale
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