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Figure 6. Faraday disk with conducting path and load that allow
it to spin down exponentially. Vertical arrows: magnetic field.

The Faraday disk dynamo
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Figure 1. Equipotential surfaces for a bead on a wire, corotating with the Keplerian angular velocity
(GM/r2)** at a radius r,, which is released from rest at r,. The equation of the surfaces is

To

GM r\?
= — — | 1 — R A —
®(,2) . [ /z(r0 ) + T

] = constant.

“Hydromagnetic flows from accretion discs and the production of radio jets”,
Blandford & Payne 1982



2.1 MHD EQUATIONS

The equations of stationary, axisymmetric MHD flow in cylindrical co-ordinates (7, @, z)
have been written down by several authors (e.g. Chandrasekhar 1956; Mestel 1961). The
fluid velocity v(r) is related to the field strength B (r) by

kB
v=— t+(wXr), (2.1
4mp

where the undetermined constant k/4m (which can be interpreted as the ratio of the constant
mass flux to the constant magnetic flux) and the angular velocity w satisfy

B-Vk=(B-V)w=0.
There are two constants of the motion, the specific energy

erq&
e=%v*+h+d — Pt (2.2)

and the specific angular momentum

rB¢, .

l= Mg L (23)

that is, B-V)e=(B-V)I=0.

" The gas density is obtained from the continuity equation,
V-(pv)=0. (2.4)
Finally, we need the z-component of the momentum equation

v) dp pod 1 3B? N 1 (B-V)B (2.5)
v-Vyy=————+-—— —+—(B- , i
p( z 0z 0z 8m 0z 4n z



2.2 SELF-SIMILAR SOLUTIONS

As described in the introduction, we seek a self-similar solution for axisymmetric flow from
an accretion disc in Keplerian orbit about a black hole of mass M, with B(r, ¢, 0) =7 % For
the field lines meeting the disc at radius ry, we introduce the scaling

r=[rof(X), ¢, roX] (2.62)

GM 172
v=IE0 ), 800, fX] (_ro_) ; (2.6b)

so that all quantities will scale with spherical radius along a given direction. In equations

to obtain a second-order differential equation for £ (),
Ef?T(m -1t —1)E"+IS?{(m —1)* ET+(n—m - 1)f*J] T
tm(m—1) [(t 1) £TS — £ (x + &) (£ — ££'S® — xS )]
+0n 1) [ (5T —mf]) = 5[4 (1 1) ET°] +2m> (& =N (mf>] ~ §T)} =0, |

n is the square of the Mach number for the fast magnetosonic mode. ¢ has a more subtle
interpretation and is discussed below. In equation (2.18a), vy is the fluid velocity in the 8-
direction in spherical geometry. Equations (2.12) and (2.17) fully specify the flow and a
solution can be obtained by integrating equation (2.17) numerically using the initial
conditions £ (0) =1 and &' (0) = &,, with f given implicitly by equation (2.12).



24 CRITICAL POINTS

Critical points of the differential equation usually arise in stationary flows where the fluid
velocity equals the speed of a backward-propagating disturbance. As such, they are a relic of
the initial conditions, since the waves are propagating along the characteristics of the time-
dependent equations. There are two appropriate waves in this problem, the non-compressive
Alfvén mode and the compressive fast magnetosonic mode. The mathematical behaviour of
the solutions is most transparent if we replace equation (2.17) with the equation for the
Alfvén Mach number,

mS? (2m*x (8% —N)J —(m —1) (S/4T +£2 — §) £(x + £&)
, —(m =12 [x(E+T) —f2 (x + &)1}
ET(m—1)(z —1) '

(2.20)

This equation has two important possible singularities. Firstly, when m =1, the denominator
becomes zero and so, for a physical solution to pass through m =1, the numerator must also
be zero. This implies that £=A'2, the usual condition for an Alfvén critical point (cf. Weber
& Davis 1967). However, in this problem the interpretation is somewhat more subtle than in
spherically symmetric problems. Our flow has, by mathematical assumption, been con-
strained to be both axisymmetric and self-similar. This is also true of the corresponding
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Figure 4, The Alfvén Mach number m'’?, the fast magnetosonic Mach number 7'/2, the poloidal velocity

U'?f, the toroidal velocity g, and the ratio of the toroidal field strength to the poloidal field strength
along a single streamline.




Ve(or)=0,

VxB=4?nJ,

1
E+-vxB=0,
c
VxE=0,
1
p(v-V)v=—~Vp+pg+—C-JxB,
V-B=0,

the generalized, nonrelativistic Grad-Shafranov equation for ¥(r, z) LMMS):

F? F
(1 — Zn—p)A*‘P — FV(E) V¥ = —dnpr’(J’ + rve Q) — (H + rvog FYXH' 4+ rvg F') + 4nr’p(S'/ky)

010 0?
A¥=p— - 4 2
rarr6r+622’

“Magnetically driven jets and winds: Exact solutions”,
Contopoulos & Lovelace 1994



¥(r, 2) = (re)™F, B(r, z) = (ry)* *B(Z)
o(r, 2) = (re)” " N(Z)v,

F
=7 RR.2),
where
1 1 + (R)?
PR R, 7)= L1~ Fo R~ 7R~ + ) e
_Z+RR , | + (R)?
+ Fo{ R 7Ry (YRR —ZR) + V.R(R — ZR)] + V.R(R — ZR )( )(—R e ZR,)Z}
R 3 3
+Fo R =78 (Jo + RV, Qo) ~ (H, + RV¢FO)[(x — 1)H, + RV,,,(x _ E)F"]
Fy 1 (2x — 4) — T(2x — 3)
* 4“R2Cz[4 V.R(R — ZR’ )] T — 1)
and
7y = , R* + 277 Z + RR
YR, R, Z) =[1—Fo V.RR — ZR)][ ~ &= ZR’)3:| Fox— 7yt [BR(R ~ ZR) ~ V.RZ] .
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“Magnetically driven jets and winds: Exact solutions”,
Contopoulos & Lovelace 1994
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‘A simple type of magnetically driven jets: an astrophysical plasma gun”,
Contopoulos 1995
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“The universal magnetic structure of black hole accretion disk winds”,
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F1G. 13.—Schematic representation of how a disk-driven hydromagnetic
wind, which is characterized by a highly stratified density distribution, inter-
acts with the active galactic nucleus (AGN) continuum emission. The inner-
most regions are heated and ionized by the powerful radiation field, with the
temperature and degree of ionization varying both with distance and with the
polar angle, whereas the outer regions (beyond the dust sublimination radius)
are cooler and contain dust. The radiation pressure force on the dust causes
the outer streamlines to have a larger opening angle.

“Disk-driven hydromagnetic winds as a key ingredient of active galactic nuclei
unification schemes”, Konigl & Kartje 1993
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70° 80° 90°

230 GHz (1.3 mm) images (logarithmically stretched) computed by time-dependent relativistic ray-tracing through a
4D GRMHD data hypercube. Inclinations shown are relative to the black hole spin axis (which points along the
funnel in the volume rendered image above).
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“Electromagnetic extraction of energy from Kerr black holes”,
Blandford & Znajek 1977



A physical observer rotating at constant radius close to the horizon will in general see a
Poynting flux of energy entering the hole, but he will also see a sufficiently strong flux

of angular momentum leaving the hole to ensure that &" 2 0. Equations (3.15) and (4.3)
show that at the event horizon

Ap o 2
= (2 ~w( ’ ) rr+a®)e 4.5
( H ) rz-'_azcoszg (+ ) 0 ( )

where Qu=a/(r}+a?) is the angular velocity of the hole (e.g. Misner et al. 1973). Hence
&" z 0 implies

0% wSQy, (4.6)

: 1
E = GTTC\IJI?HQQ ~ 10** erg/s

“Electromagnetic extraction of energy from Kerr black holes”,
Blandford & Znajek 1977



2 _ 242 2 _ 2, 20 2
ds” = —a~dt” + w-(d¢p — Qdt) +K(li +2d6-, (1)

where
a = (AX/A)?,

Q=2aMr/A,
@ = (A/X)"?sin6,
Y =r?+a’cos’ H
A=r?—2Mr+ad?,

A= (r2 + az)2 — a’Asin? 6.

Here, M is the mass of the black hole and a its angular
momentum (0 < a < M), « is the lapse function, € is the
angular velocity of ZAMOs, and = is the cylindrical radius
(m = rsinf when a = 0). Throughout this paper, we use

where E-B = 0. Under these assumptions, Maxwell’s equations
become
VxB=0

V xE =4mp,
V x (aB) = 4ma)
V x (¢E) =0, (3)
and the force-free condition yields
p.E+]J xB=0. (4)

Furthermore, the electric (E) and the magnetic (B) field can
be expressed in terms of three scalar functions ¥(r, 6) (the total
magnetic flux enclosed in the circular loop r =const., # = const.
divided by 2m), w(¥) (the angular velocity of the magnetic field
lines), and I (V') (the poloidal electric current flowing through
that loop), as

B(r.0) =

‘{"@e,: — \/K‘P‘,,eé +

I 2IVE 5
VAsing o € ©)

“Black hole magnetospheres”, Nathanail & Contopoulos 2014
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A z A sinf
2Mr  4Mawrsin?0  @*Asin?0
x |1 — + -
z 2z z
2Mr  4Mawrsin®0\ (A, 1
+ — ——
z ) A r '

(z.f A)
H(ZE - =),
z A

cosf Ay X, ¥, sin’ @
—12 + — — — JwA(w — 2Q)

AX

sin & A )
Yo

AX?

sV Ap

o' A sin® 0 I
——5 (- Q¥+ Y

=11 (7)

the general relativistic force-free Grad—Shafranov equation.

2Mr . AMawrsin?@  w*Asin? 6 B
)3 )3 )3 -

(8)

yields the singular surfaces of the problem, the so-called LSs
where
a (0 — Q) = =1 (9)

“Black hole magnetospheres”, Nathanail & Contopoulos 2014
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Figure 1. Monopole and paraboloidal solutions. v = 1. Top to bottom: ry = 1, 10, co. Left to right: a = 0.9999M, 0.95M, 0.9M. Black semi-circle: the horizon.
Red/blue/black lines: the ILS, the static limit, and the OLS, respectively. Where not seen, the OLS lies outside the region shown. Thick gray line: collimating

boundary/equatorial disk.

“Black hole magnetospheres”, Nathanail & Contopoulos 2014
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“Black hole magnetospheres”, Nathanail & Contopoulos 2014
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“Black hole magnetospheres”, Nathanail & Contopoulos 2014



Wind separation zone (density floors!...)

Null surface of rotating black hole (wzamo=QwF)
Black hole gaps (in analogy to pulsars)

Black hole electron-positron jets!

Magnetospheric current sheet (in analogy to pulsars)
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The origin of the magnetic field



“A cosmic battery”, Contopoulos & Kazanas 1998

“Dominance of outflowing electric currents on decaparsec to
kiloparsec scales in extragalactic jets”, Christodoulou et al.
2016
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“Accretion disk radiation dynamics and the cosmic battery”,

Koutsantoniou & Contopoulos 2015
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“Dominance of outflowing electric currents on decaparsec to kiloparsec scales in
extragalactic jets”, Christodoulou et al. 2016




Christodoulou et al. 2015: Outflowing Electric Currents in Extragalactic Jets

Table 1. Transverse RM gradients on decaparsec to kiloparsec scales

No. Object z RM gradient  Projected distance Instrument References’
name direction from core (pc) and frequencies
(1) 2) 3) “4) 3) (6) ()
Firm Gradients, Significances > 30
1 0716+714 0.127 CCW* 3-35 VLBA, 4.6-15 GHz Mahmud et al. (2013)
1.4-1.7 GHz Healy (2013)

2 0923+392 0.695 CCW* 20 VLBA, 4.6-15 GHz Gabuzda et al. (2014b)

3 5C4.114 (N) > 0.023¢ cCcwW > 2000 VLA, 1.4-4.9 GHz Bonafede et al. (2010);
Gabuzda et al. (2015b)

4 5C4.114(S) > 0.023 cCW > 1500 VLA, 1.4-4.9 GHz Bonafede et al. (2010);
Gabuzda et al. (2015b)

5 A2142A 0.091 CCW to =~ 10, 000 VLA, 4.5-8.5 GHz Govoni et al. (2010); this paper

6 1652+398 0.034 cCW 20 VLBA, 8.4-1.7 GHz Croke et al. (2010)

7 1749+701 0.77 CCW* 75-100 VLBA, 1.4-1.7 GHz Mahmud et al. (2013)

8 3C380 0.692 cCW 70-210 VLBA, 1.4-5.0 GHz Gabuzda et al. (2014a)

9 2037+511 1.687 CCW* 40 VLBA, 4.6-15 GHz Gabuzda et al. (2014b)

Tentative Gradients

1 0156-252 2.09 CCW 4000 VLA, 1.4-85 GHz Athreya et al. (1998)

2 3C120 0.033 cCcwW 25-80 VLBA, 1.4-1.7 GHz Coughlan et al. (2010); this paper

3 M&7 0.004 cCW 60, 960, 1400 VLA, 8-43 GHz Algaba et al. (2013)

4 5C4.152 LA CCW 15” VLA, 4.5-8.3 GHz Bonafede et al. (2010); this paper

5 Cen A 0.0018 CCW 130,000 ATCA, 1.3-1.5 MHz Feain et al. (2009); this paper

6 3C303 0.141 cCW 20,000 VLA, 1.4-8.5 GHz Kronberg et al. (2011)

7 3C465 0.0313 cCW 40,000—-100,000 VLA, 4.5-89 GHz Eilek & Owen (2002)

" References in bold indicate papers that present quantitative analyses of the statistical significance of the
corresponding RM gradients.

*RM gradients in the CW direction are present closer to the jet base.

“ Exact redshift not available.

“Dominance of outflowing electric currents on decaparsec to kiloparsec scales in
extragalactic jets”, Christodoulou et al. 2016
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We know a lot about the
magnetic launching of
astrophysical jets...



...but we still don’'t know where
does the large scale
ordered magnetic field
come from...



...If such large scale
ordered magnetic field
exists...



The launching of jets from
astrophysical accretion disks
and black holes

loannis Contopoulos

LA
s

2"d HELAS Summer School, Athens July 14, 2016



