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Efficiency in astrophysics
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Sugar saccharose C;,H,,0,

1g > 4 keal= 16.7 kJ = 1023 eV ~ 1.6x10!! erg
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Nuclear fission
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n = 0.008 x 0.1 ~ 8x104



6 | Rs (Nev)'ron)
Rm - 2R Rmin=R, for max spin

M = 0.1 up to 0.3 for accreting Kerr
(Thorne 1974)
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ABSTRACT

When a black hole swallows matter and radiation from an accretion disk, its mass M and angular momentum
J = Ma change——i.e., the hole evolves. The details of that evolution are calculated. The accreting matter, by
itself, would spin the hole up to a = M (“extreme-Kerr hole’’) after a modest amount of accretion (AM/M; ~
1. 5) However the radlatlon emltted by the d1sk and swallowed by tt the hole produces a counteractmg torque

maximum ef’ﬁmency of 30 percent for the hole S converswn of accreting mass into outgomg photon energy

In§IV it is argued that realistic phenomena ignored in this calculation (magnetic fields dragged down the hole

by accreting matter; heating of outer parts of disk by X-rays from inner parts; . . .) might not change significantly
the values (a/M)um =~ 0.998 and (maximum efficiency) ~ 0.30. '

Subject headings: black holes — rotation
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Flux density on sky [nW/m2 sr]
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Flux density on sky [nW/m2 sr]
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Eopt, g1 from BH: 10% of their mass

The mass of BH is 5x10™ of the mass of
the stars in the central part of the galaxies
= Egpipn = 5x104 My,

E i from stars: 0.008 of their nuclear mass.
The nucleous is 10% of their mass M >

EOpt,,* - 8X1 0‘4 M*

Eopt, BH /8 Eopt,*
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Accretion disks
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counter-rotating non-rotating co-rotating
max BH spin BH spin=0 Max BH spin

Risco =9R

Risco =3R

Risco = R,

Great gravity
Big efficiency
Large velocities
Large Doppler
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McClintock, Narayan, & Steine 2014



Ko. Iron line (6.4 keV) tells the spin (2 ATHENA)

Schwarzschild,
no spin

Flux

Kerr,
max spin

Energy [keV]



Accreting protons have the energy
Electrons emit
There must be exchange of energy between p and e-



Accreting protons have the energy
Electrons emit
Proton-electron energy exchange : Coulomb collisions

2N

mjy, 4,




Coulomb collisions cross section

30
Ope= —oL
327 B sin(6/2)*
my, 41
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Three regimes of accretion

Low accretion rates: small density,

Coulomb collisions are not sufficient to pass
energy from protons to electrons

Intermediate accretion rates: Shakura
Sunjaev disk: optically thick, geometrically thin

High accretion rates: large density, large

optical depth: the produced photons cannot
escape, they are advected into the black hole
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Snhakura Sunjaev diss

Most of the luminosity
from the inner regions,
Rigco IS important!
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Snhakura Sunjaev diss
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Snhakura Sunjaev diss
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Log L, [erg s!]
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Small v : Lv~v2



Low accretion rate: L <102 L_g4,

Mass-loss via
ADAF winds

Thin disk

Transition
radius



Ion Supported Torn

Rees, Begelman, Blandford & Phinney, 1982, Nature, 295, 17.

Poynting and
plasma beam
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photo-1onizing photons in
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Accretion disk + X-ray corona

corons
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Accretion disk + X-ray corona

— e

Light bending (the closer the stronger)




E? F(E)

1073

Soft Excess

Fe line

Power
Law

Compton Hump
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Energy (keV)




O Efficiency

O background radiation

O Importance of R0

O Accretion modes
Shakura-Sunyaev
ADAF

O X-ray corona



Special relativity at
work
Beaming




Radio-loud AGNs Gamma Ray Bursts

~0.1M, yr1 ~ 1072 M,
in a few sec
r~20 r'~300



LHC < ~7 TeV protons - y= 7000
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Cosmic

rays

1020 eV = 108 TeV =
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Text book special relativity

Lorentz transformations: v along x

x' =T (x - vt) x =T (x + vt)

Y =Y Y=Y

z' =z zZ=2

' =T (t - v x/c?) t=T({ +vx'/c?

for At = 0= Ax = Ax'/I" Contraction
for AX' =0 =2 At = T'At" time dilation

To remember: mesons created at a height of ~10 km can reach the earth,
even if their lifetime is a few microsec > ct'js,=hundreds of meters.



Long-lived mesons ...

Vieson litetime:

2.2 microseconds

c x 2.2 us =660 meters

How can it run Tor 10 kmn?

10&km/0.66 kM = 15

tobs >13 t,decay




Can we see contracted spheres?

v=0
=1
Vv
—_—
v=0.866c
=2

Einstein: Yes!






Relativity with photons

From rulers and clocks

to photographs and frequencies

Or:

from elementary particles to extended objects



The moving square

$=0.5

~

Your camera,
very far away



The moving square

e e —— o ——————

t=0’Ic E

I’'/T

Lot = 1" (B+1/T)
max:2'2)’ (diag)

min: I’ (for $=0)



I’'cosa = BI’ - cosa =f

cos(m—m/2-a) = sina = 1/T










Time

At, = emission time in
At,' = emission time in
At, = At,' T
At, = arrival time

A

CD = cAt, - cAt fcosb
> At,= At, (1-Pcos6)
2> At,= At,' I'(1-Bcosb)

lab frame
comov. frame



Relativistic Doppler factor O

At,= At,’ I'(1-pcosb)

vz v' / I'(1-Bcosb)

You change
frame

0 = 1
I'(1-pcoso)
N
Standard Doppler effect

relativity

You remain
in lab frame




Relativistic Doppler factor O

1 2T for 0=0°
O = = I' for 6=1/T
I‘(l - ﬁcos@) 1/T for 6=90°

\At small angles, Doppler wins over Spec. Relat. ‘
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Our cosmic address

Earth, the Solar Systern the Mllky Way, Lamakea the Umverse
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SUPERLUMINAL
EXPANSION OF A QUASAR




Nucleo




(HfX) ~—N&X




ASqpp v =V At, sin6
= Vapp =
At, At, (1-Bcosb)

There is no I'. Correct?

B sind 5

Papp

1- fcosO Vo

to observer
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I'~50
TeV BL Lacs



0 T'~100-1000
GRB




Aberration of light
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Aberration of light

B________ Al sind = sinB'/d
% dQ = dQ'/82
__________ A Al—
'B Al T
S R i
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Aberration of light

sinB = sinB'/d

dQ = dQ'/62



Observed vs intrinsic Intensity

I(V) — I'(V.) :invarianf—»I(V)z 531.(\’.)
vy

erg _E
I(v) = —; :
cmc s Hz sterad dA dt dv dQ



Observed vs intrinsic Intensity

I(\;) - I'(V.) — invariant = I(V)= 531.(\’.)

v V'3

erg

E
I(v) = =
(v) cm? s Hz sterad dA 94/ ;% dQ




Observed vs intrinsic Intensity

I(V) - I (V ) — invariant = I(V)= 53]:'('\’.)
V3 V'3
E'S

erg
I(v) = = = 83I'(V'
(v) cm? s Hz sterad dA' dQ'/52 (v)

=> | I=0%T" | == | F=03F










blazars

radiogalaxies




l —
blazars! 9 blazars
“ _

radiogalaxies




counterjet
(invisible)

Quasar 3C175
YLA &em image (c) NRAD 1996




Moving (fast) in a radiation field

|§,{i

Frame K

O Frame K’

Urad

U rad FZ Ur'cxd



O Special relativity with rulers
O Special relativity with photons
O Rotation, not contraction

O Beaming factor

O Superluminal motion



Radiation processes



Radiation processes



Radiation processes

»>Line emission and radiative transitions in atoms and
molecules

»Breemstrahlung/Blackbody
»Curvature radiation
»Cherenkov

» Annihilation

»Unruh radiation

»Hawking radiation
»Synchrotron

»Inverse Compton
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www.joerg-enderlein.de/relativistic-charge




Synchrotron



Synchrotron

»Ingredients: Magnetic A 4 A
field and relativistic charges 0

, g
»Responsible: Lorentz force e, >
»Curiously, the Lorentz ‘O )
force doesn't work.

Fo= 4 (mv) =2 VvxB —
dt c L



Total losses

- 2 R2 <inl
<Pg> = 4 orcUp Yz |32 If pitch angles
3 are isofropic
A
KL
> Y ~ €2
=

. €

Log E



Synchrotron Spectrum

Characteristic frequency

A A
v2 2 o .
r L _ yme Bsnb o
a, eB
VBge_BevBsinG\,:l/T .
Tovmd me T = 2n r /v

| This is not the characteristic frequency |




vV<<C







YB

eB

2y me

2 eB
2Tmc

AB = 21, /y
At, =AB/cp
Atp = Ate(1-B) ~ Ate/(2y2)

line of sight




The real stuff
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Inverse Compton



Inverse Compton

Scattering is one the basic interactions
between matter and radiation.

At low photon frequencies it is a classical
process (i.e. e.m. waves)

At low frequencies the cross section is called
the Thomson cross section, and it i1s a
peanut.

At high energies the electron recoils, and the
cross section is the Klein-Nishina one.



Thomson scattering

Vi
Yo 5 0 = scatterin I
= g angle

. 2

hvg << m.c
- tennis ball against a wall
* The wall doesn't move

» The ball bounces back with the same speed
(if it is elastic)

‘Vlz VO ‘




Thomson cross section

do p2 -
— = _0(1"'C°529) ==) a peanut E&e
dQ 2 \
81 .2 2
3 m,c?
MeC® = / —4rdr = / Wd'r — ag = — -
o O an 2T 2 MeC

Electromagnetic mass of the electron:
See Vol. 2, chapter 28.3 of The Feynman Lectures on Physics



Why a peanut?




Why a peanut?




Why a peanut?




A Why a peanut?




Why a peanut?







Klein-Nishina cross section
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Klein-Nishina cross section
20

NN\ 180




Typical frequencies in Thomson regime

N %lx
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Lab frame K




Typical frequencies in Thomson regime

X~YVX

Lab frame K Lab frame K’




Typical frequencies in Thomson regime
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Typical frequencies in Thomson regime
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Total loss rate

4 o1cU,.q7° B? Compare with

3 synchrotron losses:
4 orcUgy?® p°

3
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Inverse Compton spectrum
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O Many kind of radiation
O Radiation from accelerated charges
O Synchro: why y?
O Inverse Compton:
why the peanut
why y°



Relativistic jets



Unifying Type 1 and Type 2

~90° = polarized

Type 2



Unifying Type 1 and Type 2

~90° = polarized

Type 2



L4>0.01Lgy| Big blazars (FSRQ)

RTor-us

orus ~1-10 pc

ey Sikora

Within Rg p
UBI.R= const
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L4<0.01Leqy Weak blazars (BL Lacs)

No BLR

No Torus
No Emission
lines

Only SSC



A text-book jet

(of the powerful kind)
® B propto 1/R
® n propto 1/R?
® N(y) from continuity
equation (injection &

and cooling)




A text-book jet

Torus ~10 pc
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In powerful blazars at z>2 the accretion
disk is well \@g’ble. A!sp the torus is visible.
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1992+: EGRET - Most of power of blazars emitted in y-rays
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The power of jets



- Power of jets
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jet power and accretion luminosity

P, = radiation ~ L, /T2
P, = relat. electrons
Py = protons

Pa = B-field

Pjet = Pe"'Pp"'PB
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If you want to compare disk
luminosity and jet power,
the best sample is:

Blazars detected
by Fermi - Lobs. jet

with broad emission lines 2> L i

Shaw+ 2012: FSRQs (~220 sources)
Shaw+ 2013: BL Lacs (26 with BLR)



The jet cannot have less power than what
required to produce the observed luminosity:

>Prad = L;gs

If Pje’r IS twice as much, T halves.
We can take Pp.,q as the minimum P;¢

This limit is model-independent.
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GG+ Nature, 2014



@ Ynmin 2 total number of e- (and of protons, if no pairs..)
@ Presence of electron positron pairs

@ Radiative model: SSC vs EC vs baryons



@ Ynmin 2 total number of e- (and of protons, if no pairs..)
@ Presence of electron positron pairs

@ Radiative model:/%{vs EC vs baryons

doesn't fit even more power
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Apparent paradox:

Jet power proportional to accretion

And yet it is greater....



Blandford Znajek
- BZ ™ OZBZMZ



Blandford Znajek

- BZ ™ OZBZMZ
Ppy ~ aZBZR¢ 2¢  Poynting Flux
BZ 9 yating



Blandford Znajek

- BZ ™ OZBZMZ
Ppy ~ aZBZR¢ 2¢  Poynting Flux
BZ 9 yating

!

Paz ~ a®pc® R%c  pc2~B2/8r

PBZ ~ OZMCZ



Rotation > Accretion

B-field amplified by accretion can tap the spin energy of the hole
This process is very efficient

The B-field "does not work", the jet power comes from the BH spin
Yet it is the catalyst for the process. No B no jet.

But B is linked to accretion, that's why Pjey is propto Ly



Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a =
0.99; see Supporting Information for the movie.
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Shows results from the fiducial GRMHD simulation A0.99fc for a BH with spin parameter a =

0.99; see Supporting Information for the movie.
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O Location 1s important
O A textbook powerful jet
O The blazar sequence

O The jet power

O Rotation > Accretion






