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Energy-extraction efficiency                       from
 

Kerr black holes: η up to 40%
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F
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T
he

B
ritish

journalN
ature

announced
on

July
16,1992

the
discovery

ofa
m

icroquasarin
the

G
alactic

center
region

[22].T
he

im
age

show
s

the
synchrotron

em
ission

ata
radio

w
avelength

of
6

cm
produced

by
relativistic

particles
jets

ejected
from

som
e

tens
of

kilom
eters

to
lightyears

ofdistance
from

the
black

hole
binary

w
hich

is
located

inside
the

sm
allw

hite
ellipse

B
efore

the
discovery

of
its

radio
counterpart,1E

1740.7-2942
w

as
suspected

to
be

a
prom

inentsource
of511

keV
electron–positron

annihilation
radiation

observed
from

the
center

of
our

galaxy
[17],

and
for

that
reason

it
w

as
nicknam

ed
as

the
“G

reat
A

nnihilator”.
It

is
interesting

that
recently

it
w

as
reported

[40]
that

the
distribution

in
the

G
alactic

disk
of

the
511

keV
em

ission,due
to

positron–electron
annihilation,exhibits

sim
ilar

asym
m

etric
distribution

as
that

of
the

hard
low

m
ass

X
-ray

binaries,
w

here
the

com
pact

objects
are

believed
to

be
stellar

black
holes.

T
his

finding
suggests

thatblack
hole

binaries
m

ay
be

im
portantsources

ofpositrons
thatw

ould
annihilate

w
ith

electrons
in

the
interstellarm

edium
.T

herefore,positron–
electron

pairs
m

ay
be

produced
by

γ
–
γ

photon
interactions

in
the

inner
accretion

disks,
and

m
icroquasar

jets
w

ould
contain

positrons
as

w
ell

as
electrons.

If
this

recentreportis
confirm

ed,1E
1740.7-2942

w
ould

be
the

m
ostprom

inentcom
pact

source
ofanti-m

atterin
the

G
alactic

centerregion.

G
am

m
a-ray bursts

B
lack hole binaries 
(m

icroquasars)
~1 pc

3C
 31

1E1740.7-2942

~1 M
pc

~100 kpc

A
ctive 

galactic 
nuclei

~10
-4 

pc?



Black hole accretion ➾
 Active galactic nuclei 

(AG
N) ➾

 Very com
plex phenom

enology

are
placed

into
Seyfert

1.0,1.2,...,1.9,2.0
categories

based
on

the
relative

strengths
oftheir

broad
perm

itted
lines

(O
sterbrock,

1977).
!

Classifications
change.A

s
instrum

entalsensitivity
im

proves,and
new

techniques
are

developed,classifications
can

change.This
is

particularly
true

of
the

Sy1/Sy2
or

BLRG
/N

LRG
division.

W
ith

spectra
covering

only
the

the
blue

part
of

the
optical

w
indow

(i.e.sam
pling

H
c

and
H

b)
it

can
be

difficult
to

detect
the

broad
perm

itted
lines,especially

if
the

broad
line

A
G

N
com

ponent
is

w
eak

relative
to

the
host

galaxy
stellar

continuum
and/or

the
S/N

is
low

.In
som

e
cases

high
S/N

spectra
covering

the
strong

H
a

line,
com

bined
w

ith
accurate

stellar
continuum

m
odelling

and
subtraction,

are
required

to
reveal

the
true

Sy1
character

ofan
A

G
N

(e.g.H
olt

et
al.,2007).The

case
ofPK

S1932-46
show

n
in

Fig.2
illustrates

this
pointw

ell.A
lthough

this
objectw

as
orig-

inally
classified

as
a

N
LRG

based
on

relatively
low

S/N
blue

spec-
tra

taken
w

ith
the

ESO
3.6m

telescope
(Tadhunter

et
al.,

1993,
1998),

a
higher

S/N
spectrum

taken
on

the
8

m
V

LT
reveals

a
broad

H
a

line
above

the
strong

stellar
continuum

ofthe
elliptical

host
galaxy

(H
olt

et
al.,

2007).
A

further
com

plication
is

that
w

eak
broad

line
com

ponents
m

ay
be

detected
in

scattered
rather

than
directly

transm
itted

light.In
such

cases,spectropo-
larim

etry
observations

–
w

hich
enhance

the
contrastofthe

scat-
tered

features
relative

to
the

stellar
continuum

and
narrow

line
em

ission
–

reveal
the

characteristic
Sy1

spectrum
in

polarized
light

(e.g.A
ntonucciand

U
lvestad,1985;

Cohen
et

al.,1999).
!

Variability.It
is

often
assum

ed
that

classifications
are

static
over

the
lifetim

es
of

A
G

N
(e.g.

once
a

Sy1
alw

ays
a

Sy1).
H

ow
ever,

accurate
brightness

m
easurem

ents
of

A
G

N
have

only
been

pos-
sible

over
the

last
"

10
2

yr,and
this

tim
e

period
is

short
relative

to
the

estim
ated

typicallifetim
es

of
A

G
N

("
10

7
to

10
8

yr).Thus
it

is
conceivable

that
A

G
N

change
classifications

over
their

life-
tim

es
w

ithout
this

necessarily
being

apparent
over

the
short

tim
efram

e
of

the
observations.

In
fact,

som
e

A
G

N
are

know
n

to
have

show
n

m
ajor

spectral
changes

on
tim

escales
of

years
to

decades.
For

exam
ple,

in
the

cases
of

N
G

C4151
and

N
G

C7582
the

optical
spectra

changed
betw

een
Sy1

and
Sy2

types
over

a
period

of
a

few
years

(Penston
and

Perez,
1984;

A
retxaga

et
al.,

1999),
and

som
e

LIN
ER

nuclei
have

been
observed

to
develop

Sy1
characteristics

on
a

sim
ilar

tim
escale

(Storchi-Bergm
ann

et
al.,1993;

Bow
er

et
al.,1996).By

analogy
w

ith
certain

types
of

X
-ray

binary
system

s,
w

e
m

ust
also

be
open

to
the

possibility
that

even
m

ore
drastic

changes
(e.g.from

radio-quiet
to

radio-loud)
m

ay
take

place
over

the
lifetim

es
of

A
G

N
as

the
centralenergy

generating
regions

around
the

central
black

holes
cycle

through
different

accretion
states

(e.g.K
örding

et
al.,2006).

It
is

alw
ays

im
portant

to
bear

in
m

ind
that

the
purpose

ofclas-
sification

is
not

only
to

find
convenient

m
eans

oflabelling
objects,

but
also

to
search

for
patterns

in
behaviour

that
eventually

lead
to

physical
insights

and
understanding

of
the

phenom
enon

in
ques-

tion.In
this

sense,there
are

three
m

ajor
‘‘divisions”

in
the

behav-
iour

of
A

G
N

:
the

absence
or

presence
of

broad
perm

itted
lines

in
their

optical
spectra,

degree
of

radio
loudness,

and
lum

inosity.
U

sing
these

divisions
it

is
possible

to
place

A
G

N
w

ithin
the

three
dim

ensional
classification

schem
e

show
n

in
Fig.

3.
This

is
not

to
say

that
other

divisions/classification
criteria

are
not

also
im

por-
tant,

but
it

is
the

three
axes

show
n

in
Fig.

3
that

have
received

the
m

ost
attention

to
date.

Finally,w
hile

classification
is

concerned
w

ith
m

aking
sense

of
the

diversity
in

their
properties,

som
e

of
the

m
ost

im
portant

in-
sights

into
the

nature
of

A
G

N
have

been
gained

by
considering

Fig.2.
O

pticalspectra
of

the
southern

radio
galaxy

PK
S1932-46.The

spectrum
on

the
left

w
as

taken
on

the
ESO

3.6
m

telescope
at

blue
opticalw

avelengths
(see

Tadhunter
etal.,1993

for
details)and

show
s

no
signs

ofbroad
perm

itted
lines,w

hile
the

spectrum
on

the
rightw

as
taken

using
the

ESO
V

LT
telescope

and
show

s
clear

broad
w

ings
to

H
a

follow
ing

m
odelling

and
subtraction

of
the

underlying
stellar

continuum
(H

olt
et

al.,2007).

Fig.
3.

A
three

dim
ensional

classification
for

A
G

N
,

reflecting
the

m
ajor

divisions
am

ongst
the

various
classes

of
A

G
N

:
the

presence
or

absence
of

broad
perm

itted
lines,A

G
N

lum
inosity,and

radio
loudness

(acronym
s

explained
in

Fig.1).

C.Tadhunter/N
ew

Astronom
y

Review
s

52
(2008)

227–239
229

orientation

based on Tadhunter+08

Nuclear luminosity

Radio power
(jet power)

Broad / 
Narrow

 
lines
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Figure
6

(a)C
handra

X
-ray

im
age

ofthe
Perseusclustercore.R

ed-green-blue
depictssoftto

hard
X

-rays.T
he

blue
featuresnearthe

centerare
due

to
absorption

by
the

infalling
high-velocity

system
,a

galaxy
thatm

ustlie
at

least100
kpc

closerto
usin

the
cluster(otherw

ise
the

absorption
w

ould
be

filled
in

w
ith

clusterem
ission).

N
ote

the
clearinnerand

outerbubble
pairsasw

ellasthe
w

eak
shock

to
the

northeastofthe
innernorthern

bubble.(b)Pressure
m

ap
derived

from
C

handra
im

aging
X

-ray
spectroscopy

ofthe
Perseuscluster.N

ote
the

thick
high-pressure

regionscontaining
alm

ost4PV
ofenergy

surrounding
each

innerbubble,w
here

V
isthe

volum
e

ofthe
radio-plasm

a-filled
interior(Fabian

etal.2006).(c)U
nsharp-m

asked
im

age
show

ing
the

pressure
ripplesorsound

w
aves.

order
of100

kpc,w
hich

is
thus

in
the

required
range

(Fabian
et

al.2005).T
he

intracluster
gas

is,how
ever,m

agnetized
(asinferred

from
Faraday

rotation
m

easurem
ents;see,e.g.,T

ayloretal.
2007),in

w
hich

case
the

value
of

the
viscosity

is
not

clear
(see

K
unz

et
al.2011,Parrish

et
al.

2012,C
hoi&

Stone
2012).It

is
im

portant
to

realize
that

for
transport

purposes,m
uch

of
the

relevantintraclustergascannotbe
classified

aseithercollisionalorcollisionlessbutissom
ew

here
in

betw
een.

470
Fabian

Annu. Rev. Astro. Astrophys. 2012.50:455-489. Downloaded from www.annualreviews.org
by NASA Goddard Space Flight Center on 10/13/12. For personal use only.

Fabian+
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AG
N feedback: Superm

assive black hole outflow
s 

affect the evolution of galaxies and galaxy clusters

“AG
N 

feedback” 





O
utstanding questions:

How
 do you get jets from

 black 
holes? 

W
hat is the source of the outflow

 
pow

er: disk or hole?
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Ṁ
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jet
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“jet energy efficiency” =

D
riving goal: O

btain jet production efficiency from
 

superm
assive black holes



⌘
jet ⌘

P
jet

Ṁ
c
2

W
hy is

im
portant?

 D
iagnostic of jet form

ation process and 
accretion physics 
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the
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m
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Dynamically important magnetic fields near
accreting supermassive black holes
M. Zamaninasab1, E. Clausen-Brown1, T. Savolainen1 & A. Tchekhovskoy2,3

Accreting supermassive black holes at the centres of active galaxies often
produce‘jets’—collimatedbipolaroutflowsofrelativisticparticles1.Magnetic
fields probably play a critical role in jet formation2,3 and in accretion
disk physics4. A dynamically important magnetic field was recently
found near the Galactic Centre black hole5. If this is common and if the
field continues to near the black hole event horizon, disk structures
will be affected, invalidating assumptions made in standard models3,6,7.
Here we report that jet magnetic field and accretion disk luminosity are
tightly correlated over seven orders of magnitude for a sample of 76
radio-loud active galaxies. We conclude that the jet-launching regions
of these radio-loud galaxies are threaded by dynamically important
fields, which will affect the disk properties. These fields obstruct gas
infall, compress the accretion disk vertically, slow down the disk rota-
tion by carrying away its angular momentum in an outflow3 and deter-
mine the directionality of jets8.

General relativistic magnetohydrodynamic simulations find that if
the accretion disk is threaded with enough poloidal magnetic flux, the
flux will be transported inwards and accumulate in the central region
of the disk until the ram pressure of the accreting gas is balanced by the
magnetic pressure3,7. (Poloidal refers to a vector pointing along the radial
and axial directions in a cylindrical coordinate system, with the axial direc-
tion aligned with the disk angular momentum axis.) The poloidal flux
threading the black hole, WBH, then naturally reaches a saturation or

equilibrium value of*50 _Mr2
g c

! "1=2
, where _M is the mass accretion rate,

rg 5 GM/c2 the black hole gravitational radius, G the gravitational con-
stant, M the black hole mass, and c the speed of light. The magnetic field
then dominates the plasma dynamics of the inner disk and modifies the
disk structure such that it becomes a ‘magnetically arrested disk’3,6,7.
Simulations of magnetically arrested disks also find that if the black hole’s

dimensionless spin parameter is a!>0.5 (a*5 0 refers to a non-rotating
black hole and a*5 1 a maximally spinning black hole), then highly
relativistic bipolar jets powered by the black hole’s rotational energy via
the Blandford–Znajek effect2 are ejected9,10 with a total power of * _Mc2.
Among active galactic nuclei (AGN), only about 10% contain powerful
radio-emitting jets (that is, are radio-loud AGN)11.

Although we cannot directly measure WBH, we can observationally
infer the poloidal magnetic flux threading parsec-scale jets, Wjet, which
by the flux freezing approximation is the same as WBH for jets produced
via the Blandford–Znajek effect (Fig. 1). This inference can be per-
formed via high-angular-resolution radio observations of the so-called
core-shift effect12 (see Methods), which gives a measure of the jet’s
co-moving azimuthal magnetic field, B0Q~BQ

#
C (where primes refer

to jet co-moving frame quantities, and C is jet bulk Lorentz factor).
According to standard Blandford–Znajek jet theory, BQ/Bp / a*Rj/rH,
where Rj is jet cylindrical radius, Bp is the poloidal magnetic field and

rH~rg 1z 1{a2
!

$ %1=2
! "

is the black hole event horizon radius.
Therefore, Wjet<R2

j Bp!M RjBQ, and a more detailed derivation at
one parsec downstream of the black hole yields:

Wjet~1:2|1034f a!ð ÞChj
M

109M8

& ' B01pc

1G

& '
ð1Þ

Here f a!ð Þ~a{1
! rH

#
rg, B01pc is the jet’s co-moving frame magnetic field

measured by the core-shift effect, hj is the jet opening angle and Wjet is in
units of G cm2 (for a full derivation of equation (1), see Methods).

The amount of magnetic flux predicted to thread a black hole in the
magnetically arrested disk model can be calculated for a given source if
its mass and accretion disk luminosity are known. This predicted flux

1Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany. 2Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA. 3Department of
Astronomy and Theoretical Astrophysics Center, University of California, Berkeley, California 94720-3411, USA.

WQ = 1

101 102 103

z (rg)
104 105 106 107

Φ

Γ

jet

ΦBH

Lacc

Figure 1 | Diagram of an AGN jet. At left, the large black dot represents the
black hole, with the disk (seen side-on) extending up and down; z (horizontal
axis) represents the distance above the disk, in units of rg. The radio core is the
bright feature at the upstream end of the parsec-scale jet in the embedded radio
image and it corresponds to the place in the jet where the optical depth tn 5 1
for an observing frequency, n. The frequency-dependent positional shift of this
core provides an estimate for the magnetic field at one parsec, B1pc, which we
use to derive the poloidal magnetic flux threading parsec-scale jets, Wjet. This,

by the flux freezing approximation, should be the same as the magnetic
flux threading the black hole, WBH. We compare Wjet to the predicted
amount of magnetic flux corresponding to a magnetically arrested disk,

50 _Mr2
g c

! "1=2
!L1=2

acc M, where Lacc is the accretion disk luminosity. C is the jet

bulk Lorentz factor and characterizes the jet velocity. This figure makes use of
data from the MOJAVE database (http://www.physics.purdue.edu/astro/
mojave/).
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.Tchekhovskoy
2,3

A
ccreting

superm
assive

black
holesatthe

centresofactive
galaxiesoften

produce‘jets’—
collim

ated
bipolaroutflow

sofrelativisticparticles 1.M
agnetic

fieldsprobably
play

a
criticalrole

in
jetform

ation
2,3and

in
accretion

disk
physics

4.A
dynam

ically
im

portant
m

agnetic
field

w
as

recently
found

neartheG
alacticC

entreblack
hole

5.Ifthisiscom
m

on
and

ifthe
field

continues
to

near
the

black
hole

event
horizon,disk

structures
w

illbe
affected,invalidating

assum
ptionsm

ade
in

standard
m

odels
3,6,7.

H
erew

ereportthatjetm
agneticfield

and
accretion

disk
lum

inosity
are

tightly
correlated

over
seven

orders
of

m
agnitude

for
a

sam
ple

of
76

radio-loud
active

galaxies.W
e

conclude
thatthe

jet-launching
regions

of
these

radio-loud
galaxies

are
threaded

by
dynam

ically
im

portant
fields,w

hich
w

illaffect
the

disk
properties.T

hese
fields

obstruct
gas

infall,com
pressthe

accretion
disk

vertically,slow
dow

n
the

disk
rota-

tion
by

carrying
aw

ay
itsangularm

om
entum

in
an

outflow
3and

deter-
m

ine
the

directionality
ofjets

8.
G

eneralrelativistic
m

agnetohydrodynam
ic

sim
ulations

find
thatif

the
accretion

disk
isthreaded

w
ith

enough
poloidalm

agnetic
flux,the

flux
w

illbe
transported

inw
ards

and
accum

ulate
in

the
centralregion

ofthe
disk

untilthe
ram

pressure
ofthe

accreting
gasisbalanced

by
the

m
agneticpressure

3,7.(Poloidalrefersto
avectorpointing

along
theradial

and
axialdirectionsin

acylindricalcoordinatesystem
,w

ith
theaxialdirec-

tion
aligned

w
ith

the
disk

angular
m

om
entum

axis.)
T

he
poloidalflux

threading
the

black
hole,

W
B

H ,
then

naturally
reaches

a
saturation

or

equilibrium
valueof*

50
_M

r 2g c
!

"
1= 2,w

here
_M

isthem
assaccretion

rate,

rg 5
G

M
/c 2

the
black

hole
gravitationalradius,G

the
gravitationalcon-

stant,M
the

black
hole

m
ass,and

cthe
speed

oflight.T
he

m
agnetic

field
then

dom
inates

the
plasm

a
dynam

ics
ofthe

inner
disk

and
m

odifies
the

disk
structure

such
that

it
becom

es
a

‘m
agnetically

arrested
disk’ 3,6,7.

Sim
ulationsofm

agnetically
arrested

disksalso
find

thatifthe
black

hole’s

dim
ensionlessspin

param
eterisa

! >
0.5

(a
*

5
0

refersto
a

non-rotating
black

hole
and

a
*

5
1

a
m

axim
ally

spinning
black

hole),then
highly

relativistic
bipolarjetspow

ered
by

the
black

hole’srotationalenergy
via

the
Blandford–Znajek

effect 2are
ejected

9,10w
ith

a
totalpow

er
of*

_M
c 2.

A
m

ong
active

galactic
nuclei(A

G
N

),only
about10%

contain
pow

erful
radio-em

itting
jets

(thatis,are
radio-loud

A
G

N
) 11.

A
lthough

w
e

cannotdirectly
m

easure
W

B
H ,w

e
can

observationally
inferthe

poloidalm
agnetic

flux
threading

parsec-scale
jets,W

jet ,w
hich

by
theflux

freezing
approxim

ation
isthesam

easW
B

H
forjetsproduced

via
the

Blandford–Z
najek

effect
(Fig.1).T

his
inference

can
be

per-
form

ed
via

high-angular-resolution
radio

observationsofthe
so-called

core-shift
effect 12

(see
M

ethods),w
hich

gives
a

m
easure

of
the

jet’s
co-m

oving
azim

uthalm
agnetic

field,B
0Q ~

B
Q #

C
(w

here
prim

es
refer

to
jet

co-m
oving

fram
e

quantities,and
C

is
jet

bulk
Lorentz

factor).
A

ccording
to

standard
Blandford–Z

najek
jettheory,B

Q /B
p
/

a
* R

j /rH ,
w

here
R

j is
jetcylindricalradius,B

p
is

the
poloidalm

agnetic
field

and

rH
~

rg
1z

1{
a

2!
$

%
1= 2

!
"

is
the

black
hole

event
horizon

radius.
T

herefore,
W

jet <
R

2j B
p !

M
R

j B
Q ,

and
a

m
ore

detailed
derivation

at
one

parsec
dow

nstream
ofthe

black
hole

yields:

W
jet ~

1:2|
10

34f
a
!
ð
ÞC

h
j

M
10

9M
8

&
'

B
01pc

1G

&
'

ð1Þ

H
eref

a
!
ð
Þ~

a
{

1
!

rH #rg ,B
01pc isthejet’sco-m

oving
fram

em
agneticfield

m
easured

by
the

core-shifteffect,h
j isthe

jetopening
angleand

W
jet isin

units
ofG

cm
2

(for
a

fullderivation
ofequation

(1),see
M

ethods).
T

he
am

ountofm
agnetic

flux
predicted

to
thread

a
black

hole
in

the
m

agnetically
arrested

disk
m

odelcan
be

calculated
fora

given
source

if
itsm

ass
and

accretion
disk

lum
inosity

are
know

n.T
hispredicted

flux

1M
ax-Planck-InstitutfürR

adioastronom
ie,Aufdem

H
ügel69,53121

B
onn,G

erm
any.

2Law
rence

B
erkeley

N
ationalLaboratory,1

C
yclotron

R
oad,B

erkeley,C
alifornia

94720,U
SA.

3D
epartm

entof
Astronom

y
and

TheoreticalAstrophysics
C

enter,U
niversity

ofC
alifornia,B

erkeley,C
alifornia

94720-3411,U
SA.
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Figure
1

|D
iagram

ofan
A

G
N

jet.
A

tleft,the
large

black
dotrepresents

the
black

hole,w
ith

the
disk

(seen
side-on)

extending
up

and
dow

n;z
(horizontal

axis)representsthe
distance

above
the

disk,in
unitsofrg .T

he
radio

core
isthe

brightfeature
atthe

upstream
end

ofthe
parsec-scale

jetin
the

em
bedded

radio
im

age
and

itcorresponds
to

the
place

in
the

jetw
here

the
opticaldepth

t
n 5

1
foran

observing
frequency,n.T

he
frequency-dependentpositionalshiftofthis

core
provides

an
estim

ate
for

the
m

agnetic
field

atone
parsec,B

1p
c ,w

hich
w

e
use

to
derive

the
poloidalm

agnetic
flux

threading
parsec-scale

jets,W
jet .T

his,

by
the

flux
freezing

approxim
ation,should

be
the

sam
e

as
the

m
agnetic

flux
threading

the
black

hole,W
B

H .W
e

com
pare

W
jet to

the
predicted

am
ountofm

agnetic
flux

corresponding
to

a
m

agnetically
arrested

disk,

50
_M

r 2g c
!

"
1=2!

L
1=2
acc M

,w
here

L
acc is

the
accretion

disk
lum

inosity.C
is

the
jet

bulk
Lorentz

factor
and

characterizes
the

jetvelocity.T
his

figure
m

akes
use

of
data

from
the

M
O

JA
V

E
database

(http://w
w

w
.physics.purdue.edu/astro/

m
ojave/).
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scalesas50
_M

r 2g c
!

"
1=2!

L
1=2
acc M

,w
hereL

acc isthe
accretion

disk
lum

in-

osity.T
he

disk
lum

inosity
enters

this
relation

via
the

radiative
effi-

ciency
g,w

here
L

acc ~
g

_M
c 2;in

thisw
ork

w
e

use
g

5
0.4

(see
M

ethods
for

details).
W

e
testthe

m
agnetically

arrested
disk

m
odelby

plotting
the

values
of

W
jet versus

L
1= 2
acc M

for
a

sam
ple

ofradio-loud
A

G
N

w
ith

m
easured

core-shiftsand
accretion

disk
lum

inosities.Ifallsourcescontain
m

ag-
netically

arrested
disks,then

the
data

in
thisplotw

illdisplay
tw

o
qual-

ities:(1)therew
illbea

positivecorrelation
betw

een
W

jet and
L

1= 2
acc M

,and
(2)thedata

pointsw
illbescattered

around
thetheoreticalcurvedefined

by
the

relation
W

jet <
50

_M
r 2g c

!
"

1=2.

W
eusem

easured
core-shiftsfrom

a
sam

pleof191
radio-loud

A
G

N
13

and
from

individualnearby
sources

12,14–18(see
Extended

D
ata

T
ables1

and
2).

W
e

have
also

searched
the

literature
for

available
estim

ates
of

black
hole

m
ass

for
the

above-m
entioned

radio
sources

and
found

reliableestim
atesfor76

ofthem
(seeM

ethods).T
hem

assesareestim
ated

assum
ing

thatthe
dynam

ics
ofthe

broad
line

region
around

the
central

black
hole

are
governed

by
the

black
hole’s

gravity.
W

ell-established
em

piricalcorrelations
are

then
used

to
relate

the
observed

lum
inosity

oftheopticallinesto
thesizeofthebroad

lineregion,w
hilelinew

idthsare
used

to
estim

ate
the

gasvelocity
in

thisregion.From
the

size
and

velocity
estim

ates
the

virialm
ass

for
the

centralbody
can

be
calculated

19–21.W
e

have
also

used
reported

19–22
broad

line
lum

inosities
as

a
proxy

for
the

accretion
disk

lum
inosities,L

acc .
W

e
calculate

W
jet and

L
1=2
acc M

foreach
source

in
oursam

ple,assum
-

ing
a
*

5
1.0,and

plotourresultsin
Fig.2.A

partialK
endallcorrelation

testbetw
een

W
jet and

L
1= 2
acc M

,considering
the

com
m

on
dependence

of
these

tw
o

quantitieson
redshiftand

m
ass,confirm

sa
positive

correla-
tion

(over
3s

significance),w
hich

is
not

an
artefact

caused
by

either
distance-

or
m

ass-driven
selection

biases
(see

M
ethods

and
Extended

D
ataT

ables3
and

4
form

oredetails).T
hescatterin

thiscorrelation
m

ay
be

caused
by

deviationsfrom
ourassum

ptionsthata
*

5
1

and
g

5
0.4,

as
w

ellas
by

observationalerrors.For
exam

ple,m
ostblack

hole
spins

are
predicted

23to
fallin

the
range

0.3=
a
! ƒ

1,and
g

m
ay

be
different

for
each

source,
especially

for
low

-lum
inosity

A
G

N
in

our
sam

ple
w

hich
are

expected
24to

have
g=

0:4.G
iven

that
our

sam
ple

is
m

ade
up

ofdiverse
sourcesw

ith
differentaccretion

histories,thiscorrelation
m

ight
seem

surprising.
H

ow
ever,

m
agnetically

arrested
disk

theory
nicely

explains
this

because
itpredicts

a
saturation

value
ofm

agnetic
flux

thatis
m

ostly
independentofinitialconditions

10.

W
e

fit
the

equation
W

jet ~
w

BH
_M

r 2g c
!

"
1=2

to
the

data
by

varying

the
dim

ensionless
free

param
eter

w
B

H ,w
hich

can
be

interpreted
as

a
dim

ensionlessm
agnetic

flux
and

ispredicted
to

be
w

B
H

<
50

form
ag-

netically
arrested

disks.W
e

find
a

best
fit,w

B
H

5
(52

6
5)C

h
j ,w

here
the

error
is

the
1s

confidence
interval.T

he
best

fit
value

for
w

B
H

is
expressed

in
term

sofC
h

j becausethisvalueisnotw
ellknow

n.A
G

N
jet

launching
m

odels
25

typically
find

C
h

j <
1,im

plying
that

m
ost

of
the

sourcesarecloseto
them

agnetically
arrested

disk
prediction,w

B
H

<
50,

and
theirm

agnetic
fieldsare

dynam
ically

im
portant.H

ow
ever,w

enote
thatin

the
lesslum

inousregionsofjetsthatare
w

elldow
nstream

ofthe
brightradio

corew
hereourm

agneticfield
m

easurem
entsaretaken,the

typicalvalue
of

C
h

j is
260.1–0.2,w

hich
w

ould
give

w
B

H
<

10
for

m
ost

sources.Even
ifthis

low
value

ofC
h

j holds
in

the
radio

cores,itw
ould

still
im

ply
that

a
fraction

of
the

sources,including
the

M
87

galaxy,
have

dynam
ically

im
portant

m
agnetic

fields
near

their
central

black
holes.Because

our
m

agnetic
field

m
easurem

ents
use

em
ission

located
closerto

thejetlaunching
regions,w

eassum
e

C
h

j <
1

aspredicted
by

jet
launching

m
odels,and

therefore
w

B
H

<
50

in
agreem

entw
ith

m
agnet-

ically
arrested

disk
predictions.T

hus,ourdataconfirm
them

agnetically
arrested

disk
m

odelbecause
itdisplays,as

discussed
above,a

positive
correlation

betw
een

W
jet and

L
1=2
acc M

,and
the

data
points

are
scattered

around
the

theoreticalcurve
defined

by
W

jet <
50

_M
r 2g c

!
"

1= 2.

O
urdata

provide
directobservationalevidence

thatthe
inneraccre-

tion
disks

ofradio-loud
A

G
N

contain
strong,dynam

ically
im

portant
m

agnetic
fields

regulated
by

the
m

ass
accretion

rate.A
s

m
ostm

odels
ofblack

hole
accretion

disksrely
on

the
assum

ption
thatthe

m
agnetic

pressure
in

the
disk

body
is

m
uch

less
than

the
plasm

a
pressure,our

findings
im

ply
thatthese

m
odels

m
ay

require
significantchanges.In

particular,attem
ptsto

m
odelthe

silhouette
ofthe

centralblack
hole

in
the

M
87

galaxy
and

the
spectralenergy

distributionsofX
-ray

binaries
hosting

strong
radio

jetsm
ay

be
in

need
ofsignificantrevision.M

odels
ofthe

G
alactic

C
entre

accretion
disk

m
ay

also
need

to
be

revised,as
a

dynam
ically

im
portant

m
agnetic

field
has

been
reported

5
w

ithin
a

distance
of,

3
3

10
7rg

from
the

centralblack
hole.

T
he

quantitative
agreem

entbetw
een

W
jet and

50
_M

r 2g c
!

"
1=2dem

on-
stratesthatourcurrenttheoreticalm

odelsofm
agnetically

arrested
disks

capture
the

m
ostim

portantprocesses
in

the
accretion

flow
responsible

forjetform
ation.T

hisalso
im

pliesthatm
ost,ifnotall,radio-loud

objects
contain

dynam
ically

im
portant

m
agnetic

flux
near

their
central

black
holes

and
that

it
is

the
m

agnetic
fields

tw
isted

by
the

rotation
ofthese

black
holes

that
pow

er
their

jets
(that

is,the
Blandford–Znajek

m
ech-

anism
2).T

hese
tw

isted
large-scale

m
agnetic

fieldstransferenergy
(in

the
form

ofPoynting
flux)from

the
rotating

black
holes

outto
parsec-scale

distances,w
here

their
strength

can
be

estim
ated

by
the

core-shifteffect.
O

urresultsare
consistentw

ith
the

proposalthatradio-loud
A

G
N

con-
sistofthose

black
hole

system
s

w
hose

environm
ent/accretion

history
is

conducive
to

the
form

ation
ofm

agnetically
arrested

disks,w
hereas

radio-quiet
A

G
N

(that
is,

A
G

N
w

ithout
pow

erful
jets)

have
failed

to
form

m
agnetically

arrested
disks

27.T
he

idea
thatradio-quietA

G
N

are
failed

m
agnetically

arrested
disks

is
bolstered

by
the

few
studies

of
black

hole
spin

m
ade

for
radio-quiet

A
G

N
28,w

hich
find

close
to

m
axim

ally
spinning

black
holes,im

plying
thatthe

Blandford–Z
najek

pow
er

(w
hich

presum
ably

controls
radio-loudness)

m
ust

be
low

due
to

low
m

agnetic
flux

threading
their

black
holes.T

he
im

portance
of

black
hole

feedback
in

part
depends

on
jet

pow
er,w

hich
is

typically
assum

ed
29,30

to
be
e

0:1
_M

c 2.H
ow

ever,our
findings

im
ply

that
m

uch
higher

jet
pow

ers
ofe

_M
c 2

are
com

m
on

3,hence
suggesting

that
jets

play
a

m
ore

im
portant

role
in

the
process

of
A

G
N

feedback
than

typically
assum

ed.

M
ETH

O
D

S
SU

M
M

A
RY

O
ursam

pleconsistsoftw
o

typesofsource:(1)blazars(68
sources),w

hich
areA

G
N

w
ith

jetsdirected
alm

ostatEarth
such

thattheirem
ission

issignificantly
boosted

by
relativistic

effects,and
(2)

nearby
radio

galaxies
(8

sources),w
hich

are
A

G
N

w
ith

jets
thatare

typically
m

ore
closely

aligned
w

ith
the

plane
ofthe

sky.
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Figure
2

|M
easured

m
agneticfluxofthejet,W

jet ,versus
L

1=2
acc

M
.H

erew
eassum

e
thatC

h
j 5

1;w
e

also
assum

e
an

accretion
radiative

efficiency
ofg

5
0.4

forour
sam

ple
of76

sources.T
he

dashed
lineshow

sthe
theoreticalprediction

based
on

the
m

agnetically
arrested

disk
m

odel.Filled
and

open
circles

representblazars
and

radio
galaxies,respectively

(see
M

ethods
for

details).
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scalesas50
_M

r 2g c
!

"
1=2!

L
1=2
acc M

,w
hereL

acc isthe
accretion

disk
lum

in-

osity.T
he

disk
lum

inosity
enters

this
relation

via
the

radiative
effi-

ciency
g,w

here
L

acc ~
g

_M
c 2;in

thisw
ork

w
e

use
g

5
0.4

(see
M

ethods
for

details).
W

e
testthe

m
agnetically

arrested
disk

m
odelby

plotting
the

values
of

W
jet versus

L
1= 2
acc M

for
a

sam
ple

ofradio-loud
A

G
N

w
ith

m
easured

core-shiftsand
accretion

disk
lum

inosities.Ifallsourcescontain
m

ag-
netically

arrested
disks,then

the
data

in
thisplotw

illdisplay
tw

o
qual-

ities:(1)therew
illbea

positivecorrelation
betw

een
W

jet and
L

1= 2
acc M

,and
(2)thedata

pointsw
illbescattered

around
thetheoreticalcurvedefined

by
the

relation
W

jet <
50

_M
r 2g c

!
"

1=2.

W
eusem

easured
core-shiftsfrom

a
sam

pleof191
radio-loud

A
G

N
13

and
from

individualnearby
sources

12,14–18(see
Extended

D
ata

T
ables1

and
2).

W
e

have
also

searched
the

literature
for

available
estim

ates
of

black
hole

m
ass

for
the

above-m
entioned

radio
sources
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e
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n
u
m
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c
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d
w
e
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w
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e
n
o
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n
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o
f
M
isn
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h
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h
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M
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h
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m
ay

also
fi
n
d
it

u
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b
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r
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o
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b
asis,

rep
lacin

g
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w
h
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m
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m
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$
g

p
@
l
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$
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p
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l
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w
h
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T
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e
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a
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b
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t
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#
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e
co
n
n
ectio

n
.

T
h
e
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m
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n
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b
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reaso
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o
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m
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m
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l
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in
d
ices

u
p
.

T
h
e
stress

en
ergy

ten
so
r
fo
r
a
system

co
n
tain

in
g
o
n
ly

a
p
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m
agn

etic
fi
eld

is
th
e
su
m

o
f
a

fl
u
id

p
art,

T
l
"

flu
id
¼

ð!
þ
u
þ
pÞu
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m
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Þ
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m
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p
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ro
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þ
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d
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b
e

co
m
b
in
ed

(w
ith

th
e

aid
o
f

id
en
tity

3.50h
o
f
M
T
W
):

F
l
"
¼

(
l
"
#
$u

# b
$
:

ð9Þ

S
u
b
stitu

tio
n
an

d
so
m
e
m
an

ip
u
latio

n
(u
sin

g
id
en
tities

3.50
o
f

M
T
W

an
d

b
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d
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T
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M
axw
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F
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an
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r
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n
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M
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eq
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b
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f
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m
agn

etic
fi
eld

ten
so
r
(M

T
W
:‘‘M

axw
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b
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e
d
u
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f
eq
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n
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T
h
e
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m
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en
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b
l
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o
t
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d
en
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l
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F
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e.g.,
K
o
m
issaro

v
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u
sefu

l
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d
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n
e
th
e
m
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etic
fi
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h
e
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n
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T
h
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sch
em

e
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h
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Field equations
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E
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 fields
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B
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e
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b
-
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p
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m
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u
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b
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lts
are

sh
o
w
n
in

F
igu

re
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n
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t
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u
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e
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h
e
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T
h
e
so
lid
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o
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lts
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H
A
R
M
;
th
e

d
ash
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e
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o
w
s
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e
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lts
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m
V
A
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T
h
e
lo
w
er

so
lid

lin
e
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o
w
s
th
e
d
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eren
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b
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e
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o
m
u
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E
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en
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o
u
r
co
d
e

b
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V
A
C

o
n
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p
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b
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.
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b
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b
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h
e
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n
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p
ro
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r
a
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o
w
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n
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d
y
w
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h
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o
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b
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R
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o
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p
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n
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i
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o
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w
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iro
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k
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u
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b
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via
an

im
plicitm

ethod.T
he

latter
inevitably

couples
neighbouring

cells
and

m
akes

the
code

very
com

plicated.M
oreover,itdoes

not
easily

generalize
to

curved
space–tim

e.
In

contrast,a
G

R
code

is
applied

only
in

relativistic
space–tim

es
nearB

H
sand

neutron
stars.T

he
tim

e
step

in
sim

ulationsisgenerally
set

by
applying

the
C

ourant
condition

to
the

sm
allest

grid
cell,

located
atthe

innerm
ostradius,w

here
the

flow
is

relativistic.T
hus,

the
norm

altim
e

step
in

a
pure

G
R

hydrodynam
ic

orG
R

M
H

D
code

is
already

lim
ited

by
the

speed
oflight.T

herefore,including
radiation

asan
extra

relativistic
fluid

isfairly
easy.In

particular,the
advection

term
sin

the
radiation

equationsare
no

m
ore

difficultto
com

pute
than

the
corresponding

term
s

in
the

fluid
and

m
agnetic

field
evolution

equations.N
or

does
the

tim
e

step
need

to
be

adjusted
in

any
w

ay.
B

ecause
ofthislarge

sim
plification,the

advective
radiation

operator
can

be
treated

via
a

standard
explicitapproach,justas

one
handles

the
corresponding

hydrodynam
ic

and
M

H
D

term
s.

O
f

course,the
interactions

betw
een

radiation
and

gas
via

em
is-

sion,
absorption

and
scattering

introduce
their

ow
n

tim
e-scales.

T
hese

can
som

etim
es

be
very

short,
requiring

im
plicit

handling.
H

ow
ever,these

interactions
are

localand
can

be
handled

via
a

local
im

plicit
schem

e.
T

his
is

a
great

sim
plification.

It
m

eans
that

one
can

do
im

plicit
evolution

independently
in

each
grid

cell,w
ithout

coupling
to

other
cells.T

herefore,there
are

no
space–tim

e
curva-

ture
effects

to
contend

w
ith

as
in

otherm
ore

sophisticated
m

ulticell
im

plicitschem
es

in
G

R
.

In
the

w
ork

described
here,w

e
have

im
plem

ented
the

above
ap-

proach,closing
the

radiation
m

om
entequations

using
the

M
1

clo-
sure

schem
e

(L
everm

ore
1984;D

ubroca
&

Feugeas1999;G
onzález

et
al.2007).M

1
closure

allow
s

a
lim

ited
treatm

ent
of

anisotropic
radiation

fields
and

w
orks

w
ell

in
both

optically
thick

and
thin

regim
es.W

e
have

im
plem

ented
our

m
ethod

in
a

G
R

radiation
hy-

drodynam
ics

(G
R

R
H

D
)

code
K

O
R

A
L.T

he
structure

of
the

paper
is

as
follow

s.
In

Section
2

w
e

introduce
the

equations,
in

Section
3

w
e

describe
the

num
erical

algorithm
used

by
K

O
R

A
L,in

Section
4

w
e

presenta
setoftestproblem

s
w

hich
validate

the
schem

e,and
in

Section
5

w
e

discuss
possible

applications
ofthe

code.

2
E

Q
U

A
T

IO
N

S

2.1
C

onservation
law

s

A
pure

hydrodynam
ic

flow
is

described
by

the
follow

ing
conserva-

tion
law

s,

(ρ
u

µ);µ
=

0
,

(1)

(T
µν

);µ
=

0
,

(2)

w
here

ρ
is

the
gas

density
in

the
com

oving
fluid

fram
e,u

µ
is

the
gas

four-velocity
as

m
easured

in
the

‘lab
fram

e’
and

T
µν

is
the

hydrodynam
icalstress-energy

tensorin
this

fram
e,

T
µν

=
(ρ

+
u

+
p

)u
µ
u

ν +
p
δ

µν
,

(3)

w
ith

u
and

p
representing

the
internal

energy
and

pressure
of

the
gas

in
the

com
oving

fram
e.

In
the

case
ofradiation

hydrodynam
ics,itis

convenientto
intro-

duce
the

radiation
stress-energy

tensor
R

µν
(e.g.M

ihalas
&

M
ihalas

1984)and
to

replace
the

second
equation

above
w

ith
the

m
ore

gen-
eralconservation

law
,

(T
µν

+
R

µν )
;µ

=
0
.

(4)

T
he

radiation
stress-energy

tensor
in

an
orthonorm

al
fram

e
com

-
prises

various
m

om
ents

of
the

specific
intensity

I
ν ,e.g.in

the
fluid

fram
e

ittakes
the

follow
ing

form
,

R̂
=

[
Ê

F̂
i

F̂
j

P̂
ij ]

,
(5)

w
here

the
fluid-fram

e
quantities 2

Ê
=

∫
Î
ν d

ν
d
$

,
(6)

F̂
i=

∫
Î
ν d

ν
d
$

N
i,

(7)

P̂
ij

=
∫

Î
ν d

ν
d
$

N
iN

j
(8)

are
the

radiation
energy

density,the
radiation

flux
and

the
radiation

pressure
tensor,respectively,and

N
iis

a
unitvectorin

direction
x

i.
T

he
fluid-fram

e
radiation

stress
tensor

R̂
is

related
to

the
tensor

R̃
defined

in
the

locally
flatnon-rotating

fram
e,orthe

zero-angular-
m

om
entum

observer
(Z

A
M

O
)

fram
e

(B
ardeen,Press

&
Teukolsky

1972),by

R̃
µ

ν=
%

µα (ũ)%
νβ (ũ)R̂

α
β
,

(9)

w
here

%
is

the
L

orentz
boost,

%
(ũ)=

[
γ

γ
ṽ

i

γ
ṽ

j
δ

ij+
ṽ
iṽ

j(γ−
1)

ṽ
2

]
,

(10)

γ
=

ũ
t,

ṽ
i=

ũ
i/ũ

t
and

ũ
µ

is
the

four-velocity
of

the
gas

as
m

ea-
sured

by
the

locally
non-rotating

observer.
Q

uantities
in

the
Z

A
M

O
fram

e
(denoted

w
ith

tildes)
are

related
to

those
in

the
lab

fram
e

by
tensors

created
from

the
com

ponents
of

the
corresponding

tetrads
of

the
Z

A
M

O
,
e

µν
and

ẽ
µν ,defined

in
B

ardeen
etal.(1972).T

he
radiation

tensortransform
s

as

R
µ

ν
=

e
µα
e

νβ
R̃

α
β
,

(11)

R̃
µ

ν
=

ẽ
µα
ẽ

νβ
R

α
β
,

(12)

w
hile

four-vectors
transform

as

u
µ

=
e

µα
ũ

α,
(13)

ũ
µ

=
ẽ

µα
u

α.
(14)

T
he

conservation
law

(4)
m

ay
be

rew
ritten

w
ith

the
help

of
the

radiation
four-force

density
G

ν
as

(T
µν

)
;µ

=
G

ν ,

(R
µν )

;µ
=

−
G

ν ,
(15)

w
here

G
ν

is
given

by
(M

ihalas
&

M
ihalas

1984)

G
ν=

∫
(χ

ν I
ν −

η
ν )d

ν
d
$

N
i,

(16)

2
T

hroughoutthe
paper,‘w

ide
hats’denote

quantities
in

the
fluid

fram
e

and
‘tildes’denote

quantities
in

the
Z

A
M

O
fram

e.
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Jet production from
 black holes: depends strongly 

on black hole spin + m
agnetic fields near the BH

Sem
enov+04, Science
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N
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m
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F
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u
re

7
.
P
er

cen
t
jet

k
in
etic

e�
cien

cies
o
f
th

e
sa
m
p
le

a
s
a

fu
n
ctio

n
of

th
e
m
a
ss-lo

ss
in
d
ex

s
fo
r
w
h
ich

th
e
in
fl
ow

ra
te

a
t
r
B

is
in
creased

w
ith

resp
ect

to
th

e
B
on

d
i
rate

as
Ṁ

o

=
f
(Ṁ

⇤
+
Ṁ

B

)
w
ith

Ṁ
⇤

⌘
c⇤

Ṁ
B

.
W

e
ad

op
t
th

e
A
D
IO

S
d
en

sity
p
rofi

le
w
ith

↵
=

0
.1

an
d
r
o

=
1
0
5
r
s .

T
h
e
lin

es
rep

resen
t
th

e
m
ed

ian
e�

cien
cy

of
th

e
sam

p
le

com
p
u
ted

for
c⇤

=
0
(d

a
sh

ed
),

1
(d

o
tted

)
a
n
d
1
0

(solid
).

T
h
e
rest

of
th

e
n
otation

follow
s
F
ig.

3.

an
d
s
3
0
0
=

0
.77

±
0
.16

6.
W
e
con

clu
d
e
th
at

m
ore

com
fortab

le
e�

cien
cies

are
ob

tain
ed

w
ith

in
th
e
ran

ge
of

s
valu

es
favored

b
y

th
eory

an
d

ob
servation

s
if

th
ere

is
ex
tra

in
fl
ow

of
gas

n
eglected

in
th
e
sim

p
le

B
on

d
i
in
fl
ow

estim
ate.

G
iven

th
at

even
for

c⇤
=

0,
⌘
je
t
w
ou

ld
still

ex
ceed

100%
for

th
e
b
u
lk

of
th
e
sam

p
le

at
s
=

1,
w
e
m
ay

con
clu

d
e
th
at

an
A
D
IO

S
w
ith

s
=

1
as

p
rop

osed
b
y

B
egelm

an
(2012)

is
on

ly
ten

ab
le

if
th
ere

is
a
con

sid
erab

le
ex
tra

am
ou

n
t
of

in
fl
ow

(i.e.
c⇤

⇠
100).

S
u
ch

h
igh

valu
es

of
c⇤

w
ou

ld
im

p
ly

th
at

th
e
th
e
am

ou
n
t
of

in
fl
ow

in
g
gas

d
u
e
to

B
on

d
i
accretion

w
ou

ld
corresp

on
d
to

ju
st

a
p
ertu

rb
ation

com
p
ared

to
oth

er
sou

rces
of

gas.
If

th
is

w
as

th
e
case,

w
e
w
ou

ld
p
resu

m
ab

ly
ex
p
ect

n
o
Ṁ

B

�
P
je
t
correlation

,
sin

ce
th
e
jet

p
ow

er
w
ou

ld
resp

on
d
p
red

om
in
an

tly
to

variation
s
in

Ṁ
⇤
w
h
ich

w
ou

ld
b
e,

in
p
rin

cip
le,

d
ecou

p
led

from
Ṁ

B

.
T
h
e
fact

th
at

w
e
ob

serve
a
correlation

w
ith

a
4
.2
�

sign
ifi
can

ce
7
argu

es
again

st
su
ch

h
igh

valu
es

of
c⇤ .

5
.4

T
h
e
sca

tte
r
in

⌘
je
t

T
h
ere

are
a
cou

p
le
of

p
ossib

le
ex
p
lan

ation
s
for

th
e
sign

ifi
can

t
scatter

in
th
e
Ṁ

B

c
2
�

P
je
t
relation

.
T
h
ere

is
th
e
p
ossib

ility
th
at

th
e
scatter

is
p
rim

arily
d
u
e
to

th
e
u
n
certain

ties
in

th
e

d
eterm

in
ation

of
th
e
cav

ity
p
ow

er
an

d
th
e
d
en

sities
at

th
e

B
on

d
i
rad

iu
s,

as
d
iscu

ssed
in

R
u
ssell

et
al.

(2013)
(see

th
eir

section
4.3).

N
on

eth
eless,

it
is

also
p
ossib

le
th
at

th
e
scat-

ter
h
as

a
p
h
y
sical

origin
an

d
th
ere

are
a
cou

p
le

of
p
ossib

le
p
h
y
sical

p
ro
cesses

th
at

cou
ld

con
trib

u
te

to
it:

V
a
r
y
i
n
g
a
m
o
u
n
t
s
o
f
m
a
s
s
-
l
o
s
s
i
n
t
h
e
s
a
m
p
l
e
–
In
stead

of
u
n
i-

versal
valu

e
of

s
ch
aracterizin

g
th
e
rad

ial
accretion

rate
p
ro-

fi
le,

th
ere

cou
ld

b
e
rath

er
a
ran

ge
of

s-valu
es

in
th
e
sam

p
le.

6
T
h
e
u
n
certa

in
ty

o
n

s
m
a
p
s
th

e
sa
m
p
le

sta
n
d
a
rd

d
ev

ia
tio

n
in

P
je
t /
Ṁ

B

.
7

A
s
ob

tain
ed

w
ith

a
sim

p
le

P
earson

correlation
test.

A
ltern

atively,th
e
valu

e
of

s
cou

ld
rem

ain
th
e
sam

e
in

th
e
d
if-

feren
t
sy
stem

s
b
u
t
th
e
m
agn

itu
d
e
of

m
ass-loss

cou
ld

d
ep

en
d

on
th
e
sp
in

su
ch

th
at

th
e
larger

th
e
sp
in
s,

th
e
stron

ger
th
e

m
ass-loss,

as
h
in
ted

b
y
th
e
sim

u
lation

resu
lts

of
S
a̧d

ow
sk
i

et
al.

(2013).
In

an
y

case,
vary

in
g

am
ou

n
ts

of
m
ass-loss

in
th
e
sam

p
le

w
ou

ld
in
tro

d
u
ce

con
sid

erab
le

scatter
in

th
e

Ṁ
B

�
P
je
t
relation

,
even

if
th
e
jet

p
ro
d
u
ction

m
ech

an
ism

gives
a
tigh

t
P
je
t
�

Ṁ
B
H

correlation
.
W
e
fi
n
d
th
at

a
sp
read

of
�
s
⇡

0
.16

arou
n
d
a
fi
x
ed

valu
e
w
ou

ld
b
e
su
�
cien

t
to

ac-
cou

n
t
for

th
e
ob

served
scatter

in
P
je
t /
Ṁ

B

(cf.
F
ig.

3).
T
h
ese

p
ossib

ilities
rem

ain
to

b
e
b
etter

ex
p
lored

in
fu
tu
re

sim
u
la-

tion
s
of

accretion
fl
ow

s.
In
terestin

gly
en

ou
gh

,
�
s
is

sim
ilar

to
th
e
d
isp

ersion
of

s
valu

es
ob

tain
ed

in
th
e
h
y
d
ro
d
y
n
am

ic
R
IA

F
sim

u
lation

s
of

Y
u
an

,W
u
&

B
u
(2012);

B
u
et

al.
(2013)

for
a
ran

ge
of

in
itial

con
d
ition

s.

R
a
n
g
e
o
f
b
l
a
c
k
h
o
l
e
s
p
i
n
s
a
n
d
/
o
r
m
a
g
n
e
t
i
c
fl
u
x
t
h
r
e
a
d
i
n
g
t
h
e

h
o
r
i
z
o
n
–
If

p
ow

erfu
l
jets

are
p
ro
d
u
ced

v
ia

th
e
B
Z

m
ech

a-
n
ism

th
en

th
e
tw

o
fu
n
d
am

en
tal

p
aram

eters
th
at

regu
late

th
e

jet
p
ow

er
are

th
e
b
lack

h
ole

sp
in

a
an

d
th
e
m
agn

etic
fl
u
x

�
h

th
read

in
g
th
e
h
orizon

,
b
esid

es
th
e
m
ass

(B
lan

d
ford

&
Z
n
a
jek

1977;
S
em

en
ov

,
D
yad

ech
k
in

&
P
u
n
sly

2004):

P
je
t
/⇠

✓
a
�

h

M

◆
2

;
(9)

i.e.,
a

an
d

�
h

are
d
egen

erate
to

som
e

ex
ten

t
(cf.

T
ch
ek
h
ov

skoy
,
N
arayan

&
M
cK

in
n
ey

2010
for

refi
n
em

en
ts

on
th
e
ab

ove
eq
u
ation

).
A
ccord

in
g
to

recen
t
sim

u
lation

s,
a

sp
read

in
th
e
sp
in
s
at

z
⇠

0
is

th
e
n
atu

rally
ex
p
ected

ou
t-

com
e
of

th
e
evolu

tion
of

m
assive

b
lack

h
oles

follow
in
g
th
eir

h
istory

of
m
ergers

an
d
accretion

accord
in
g
to

m
o
d
els

b
ased

on
th
e
h
ierarch

ical
scen

ario
of

galax
y

m
ergers

(F
an

id
ak

is
et

al.
2011;

D
otti

et
al.

2013;
V
olon

teri
et

al.
2013).

A
w
id
e

ran
ge

of
m
agn

etic
fl
u
x
es

is
also

ex
p
ected

given
th
e
vary

in
g

am
ou

n
ts

of
m
agn

etic
fl
u
x
availab

le
to

b
e
accreted

in
th
e
d
if-

feren
t
en

v
iron

m
en
ts

of
S
M
B
H
s
in

rad
io

galax
ies

(S
ikora

&
B
egelm

an
2013).

W
e
can

q
u
an

tify
th
e
p
ossib

le
scatter

in
sp
in
s
req

u
ired

to
ex
p
lain

th
e
scatter

in
th
e
sam

p
le,

b
y
assu

m
in
g
th
at

th
e

m
agn

etic
fl
u
x

arou
n
d

th
e
h
orizon

accu
m
u
lated

to
su
ch

a
p
oin

t
w
h
ere

it
reach

ed
satu

ration
(M

A
D

state)
an

d
H
/
r
=

0
.3.

R
ou

gh
ly,

�
a
⇡

s
(F

ig.
5)

is
con

sisten
t
w
ith

th
e
scatter

in
sp
in

for
th
e
d
i↵
eren

t
valu

es
of

s;
for

s
>

0
.5,

a
&

0
.7

(1
�

low
er

lim
it)

is
req

u
ired

.

V
a
r
i
a
t
i
o
n
i
n
t
h
e
a
m
o
u
n
t
o
f
i
n
fl
o
w
i
n
g
c
o
l
d
g
a
s
–
A
s
w
e
d
is-

cu
ssed

in
section

5.3,
th
e
gas

in
p
u
t
p
rov

id
ed

v
ia

m
ass-loss

from
evolved

stars
in

a
star

clu
ster

close
(or

in
sid

e)
r
B

cou
ld

b
e
relevan

t
in

ellip
tical

galax
ies.

In
fact,

a
vary

in
g
con

tri-
b
u
tion

of
gas

d
u
e
to

stellar
p
op

u
lation

s
w
h
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b
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How
 to m

ake a radio galaxy at hom
e: Hom

opolar 
generator →

 “black hole battery”  

R
C

BΩ

Launching
of A

ctive
G

alactic
N

uclei Jets

19

tow
ard

the
polar regions

as
they

m
ove

aw
ay

from
the

B
H

. The
group

of field
lines

highlighted
in

green
connects

to
the

B
H

and
m

akes
up

the
tw

in
polar jets. The

jet

field
lines

extract B
H

rotational energy
and

carry
it aw

ay
to

large
distances. These

field
lines have

little
to

no
gas attached

to
them

and
are

therefore
highly

m
agnetized

(since
disk

gas
cannot cross

m
agnetic

field
lines

and
is

thus
blocked

from
getting

to
the

polar region, the
jet field

lines
either drain

the
gas

to
the

B
H

or fling
the

gas

Fig. 9
[Panel (a)]: A

3D
rendering

of our M
A

D
a

=
0.99

m
odel at t

=
27,015rg /c

(i.e., the
sam

e

tim
e

as
Fig. 8d). D

ynam
ically-im

portant m
agnetic

fields
are

tw
isted

by
the

rotation
of a

B
H

(too

sm
all to

be
seen

in
the

im
age)

at the
center

of
an

accretion
disk. The

azim
uthal m

agnetic
field

com
ponent clearly

dom
inates

the
jet structure. D

ensity
is

show
n

w
ith

color: disk
body

is
show

n

w
ith

yellow
and

jets
w

ith
cyan-blue

color; w
e

show
jet m

agnetic
field

lines
w

ith
cyan

bands. The

im
age

size
is approxim

ately
300rg

⇥

800rg . [Panel (b)]: Vertical slice
through

our M
A

D
a

=
0.99

m
odel

averaged
in

tim
e

and
azim

uth
over

the
period, 25,000rg /c



t


35,000rg /c. O
rdered,

dynam
ically-im

portant
m

agnetic
fields

rem
ove

the
angular

m
om

entum
from

the
accreting

gas

even
as they

obstruct its infall onto
a

rapidly
spinning

B
H

(a
=

0.99). G
ray

filled
circle

show
s the

B
H

, black
solid

lines
show

poloidal m
agnetic

field
lines, and

gray
dashed

lines
indicate

density

scale
height of the

accretion
flow

,
|q

�

p
/2

| =
h/r. The

sym
m

etry
of the

tim
e-average

m
agnetic

flux
surfaces

is
broken, due

to
long-term

fluctuations
in

the
accretion

flow
. This

is
also

seen
from

the
stream

lines
of velocity, u i, w

hich
w

e
show

in
tw

o
w

ays: w
ith

directed
thin

red
lines

and
w

ith

colored
“iron

filings”, w
hich

are
better

at
indicating

the
fine

details
of

the
flow

structure. The

flow
pattern

is
a

standard
hourglass

shape:
equatorial

disk
inflow

at
low

latitudes, w
hich

turns

around
and

form
s

a
disk

w
ind

outflow
(labeled

as
“disk

body”
and

“disk
w

ind”,
respectively,

and
highlighted

in
blue), and

tw
in

polar jets
at high

latitudes
(labeled

as
“jet”

and
highlighted

in

green). W
e

show
“iron

filings”
using

linear
integral convolution

(LIC
) m

ethod, w
hich

is available

as
a

com
pilable

Python
m

odule
at

http://w
iki.scipy.org/C

ookbook/LineIntegralC
onvolution;

to
increase

the
visual

contrast
of

the
LIC

,
w

e
use

the
technique

described
at

http://paraview
.org/W

iki/ParaV
iew

/Line
Integral C

onvolution#C
ontrast enhancem

ent.
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Dynam
ically im

portant m
agnetic fields + Kerr black 

holes→
M

agnetically arrested disks→
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M
agnetically arrested disks (M

ADs): dynam
ically 

im
portant m

agnetic fields lead to η
jet  up to 300%

Tchekhovskoy+11; M
cKinney+12
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Jet creation efficiencies >100%
 are possible if 

black hole spin energy is extracted via BZ effect
Nem

m
en & Tchekhovskoy 15; Blandford & Znajek 77



Kerr black holes surrounded by thin accretion 
disks: η up to 40%

 



Kerr black holes threaded by dynam
ically 

im
portant m

agnetic fields (M
ADs):

η up to 300%
 

Nem
m

en & Tchekhovskoy 2015, M
NRAS



Relativistic outflow
s from

 black holes: m
ost 

pow
erful and efficient m

achines out there

Affect:
 galaxy/clusters form

ation & evolution
 several im

portant open questions about launching, 
pow

ering, com
position

Sum
m

ary

Radio galaxies: M
ore energy flow

ing out in jets 
than going in
(i) evidence for spin energy extraction
(ii) dynam

ically-im
portant m

agnetic fields is the 
new

 standard in accretion: m
agnetically arrested 

disks (M
A

D
s)

Nem
m

en & Tchekhovskoy 2015, M
NRAS



μquasars

4
I.F.Mirabel

Fig.1.2TheBritishjournalNatureannouncedonJuly16,1992thediscoveryofamicroquasarin
theGalacticcenterregion[22].Theimageshowsthesynchrotronemissionataradiowavelength
of6cmproducedbyrelativisticparticlesjetsejectedfromsometensofkilometerstolightyears
ofdistancefromtheblackholebinarywhichislocatedinsidethesmallwhiteellipse

Beforethediscoveryofitsradiocounterpart,1E1740.7-2942wassuspectedto
beaprominentsourceof511keVelectron–positronannihilationradiationobserved
from

thecenterofourgalaxy[17],andforthatreasonitwasnicknamedasthe
“GreatAnnihilator”.Itisinterestingthatrecentlyitwasreported[40]thatthe
distributionintheGalacticdiskofthe511keVemission,duetopositron–electron
annihilation,exhibitssimilarasymmetricdistributionasthatofthehardlowmass
X-raybinaries,wherethecompactobjectsarebelievedtobestellarblackholes.
Thisfindingsuggeststhatblackholebinariesmaybeimportantsourcesofpositrons
thatwouldannihilatewithelectronsintheinterstellarmedium.Therefore,positron–
electronpairsmaybeproducedbyγ–γphotoninteractionsintheinneraccretion
disks,andmicroquasarjetswouldcontainpositronsaswellaselectrons.Ifthis
recentreportisconfirmed,1E1740.7-2942wouldbethemostprominentcompact
sourceofanti-matterintheGalacticcenterregion.

1E1740.7-2942
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