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* Thanks
* AGN Jets — internal structure (observations)
* AGN Jets — internal structure (interpretation and problems)
Is “central engine” a Faraday disk?
Theoretical challenge — magnetic field
Theoretical challenge — electric current
Theoretical challenge — potential drop
AGN Jets — internal structure (theory)
Thanks again



Active Galactic Nuclei (AGN)
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Active Galactic Nuclei (AGN)
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Internal structure — observations

More than 50 years
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Internal structure — observations

Last 10 years — new possibilities

Time (MOJAVE)

Base (RadioAstron)

Frequency (EHT)



http://www.physics.purdue.edu/astro/MOJAVE/MOJAVEposter.jpg
https://www.google.com/imgres?imgurl=https://static1.squarespace.com/static/565664bee4b0060cdb5511ee/t/5658652ae4b0060cdb5f6670/1448633643811/EHT_Image4_justglobe_wBackground.jpg?format=2500w&imgrefurl=http://www.scintillatingastronomy.com/eht&docid=IaGXbVGNdi6QbM&tbnid=PcZzpeBSoOMP0M:&vet=10ahUKEwjJ9IfXw4vjAhVuwsQBHX45BCIQMwiEASg-MD4..i&w=1610&h=1630&bih=571&biw=1280&q=eht telescope&ved=0ahUKEwjJ9IfXw4vjAhVuwsQBHX45BCIQMwiEASg-MD4&iact=mrc&uact=8

Internal structure — observations

Y.Y.Kovalev et al, ApJ, 668, L27 (2007)




Relative DEC (mas)

Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)
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Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)
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Internal structure — observations

D.C. Homan, M.L.Lister, Y.Y.Kovalev et al, ApJ, 798, 134 (2015)
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Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)
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Internal structure — observations

Y.Y.Kovalev, A.B.Pushkarev, E.E.Nokhrina, VB, A.V.Chernoglazov, M. L. Lister,
T.Savolainen, MNRAS (in press)
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Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)

Rotation

Relative DEC (mas)




Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)

Rotation

Relative DEC (mas)

0.6 F
Region B s é%’;g Bapp o
=129 - iR k-
{O 1 L Fast velocity component
North 0.27 £0.04 240+003 241+005 5.1
Center —-0.1 0.1 232 +0.17 232+£020 4.0

South -0.41+£0.07 2.16+0.14 220+0.15 25



Internal structure — observations

F. Mertens, A.P.Lobanov, R.C.Walker, P.E.Hardee, A&A, 595, A54 (2016)

Rotation

0.6 fvoon - B

Relative DEC (mas)

| Table 5. Estimated angular velocity and launching location for
G e n s Region A and for the fast component in Region B, with 6 = 18°.

B Parameter ~ Region A Region B, fast

2 il QI0° 511 09+023 15+0.8
1 ro [R.] 57+1.1  40+15
e R 19+5 11+6

Confirmation of MHD model (goto end)



“Central engine” is a Faraday disk

COPPER
DISK

Faraday’s disk dynamo - for producing
continuous (g;re) dc voltage. This was
the world’s first electrical generator.


http://www.astro.virginia.edu/class/oconnell/astr121/guide09.html
http://blog.humanuxdesign.com/?p=41
http://www.woodengenerator.com/History-Electric_Generator.html

“Central engine” is a Faraday disk

Dynamo-machine

*a magnet
*a rotation
*a wire

*a handle

Time-independent

COPPER
DIsSK

Faraday’s disk dynamo - for producing
continuous (pure) dc voltage. This was
the world’s first electrical generator.


http://www.astro.virginia.edu/class/oconnell/astr121/guide09.html
http://blog.humanuxdesign.com/?p=41

“Central engine” is a Faraday disk

Wioe = 10U Dynamo-machine
*a magnet
OR *a rotation
oU ~ E Ry ~ ( O>BORO *a wire
C
*a handle
2
B _ﬂ - B
PGy = Dre
QR ) 2 152
WtOt ~ ¢ BO Roc




Is black hole a Faraday disk?

R.Blandford (1976) R.Lovelace (1976)


https://physics.stanford.edu/node/587
http://astro.cornell.edu/members/richard-v-e-lovelace.html

Is black hole a Faraday disk?

BZ = Faraday disk?
R.Blandford (1976), BZ (1977)

Wgz ~ (Qrg/c)*B*ric

R.Lovelace (1976)
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Is black hole a Faraday disk?

Membrane paradigm

EH — OéEQ
BH fields BH — aB-
— P
“Ohm’s law” E; = —DB;
C
Ju = EEH K.Thorne

R =47/c =377 O

= BZ "boundary condition” at the horizon

AmI(V) = [Qu — Qp(P)] sin 6 S (dqj)

ré + a?cos26 \ df



http://en.wikipedia.org/wiki/Kip_Thorne
http://www.paperbackswap.com/Black-Holes-Membrane-Paradigm/book/0300037708/

Statement #1

Evaluation
Wtot — I(SU

IS universal and can be used for rotating black holes at the
base of relativistic jets.
According to membrane paradigm

[~ dU/R~ 1,

and, hence, we return to

Wez ~ (Qry/c)*B*ric




Not a Faraday disk, but it doesn't matter

BZ due to Frame-dragging (Lense-Thirring) effect

Homogeneously moving space cannot be detected.
(First Newton Law)
Inhomogeneously moving space can be detected.


http://www-m8.mathematik.tu-muenchen.de/hm/geschichte/node22.html
http://www.aeiou.at/aeiou.encyclop.t/t392376.htm

Not a Faraday disk, but it doesn’'t matter

BZ due to Frame-dragging (Lense-Thirring) effect

Schwarzschild black hole _ 2GM

Inside the event horzon, space 5 being
pulled faster than the speed
af light.

— VENTHORg,,

for laboratory at rest — tidal forces


http://www.answersingenesis.org/articles/am/v3/n1/black-holes-evidence

Not a Faraday disk, but it doesn’'t matter

BZ due to Frame-dragging (Lense-Thirring) effect

Kerr black hole

Inside the event horzon, space 5 being
pulled faster than the speed
af light.

for laboratory at rest — gyroscope precession


http://www.answersingenesis.org/articles/am/v3/n1/black-holes-evidence

Not a Faraday disk, but it doesn’'t matter

BZ due to Frame-dragging (Lense-Thirring) effect

accelerating reference frame rotating reference frame
Fo = 2M [v x €]

i /
/
)

m

gravitational inertial
mass mass

g~FLE s~E, H~B
F=Mg v )



https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjgwO7wxYvjAhWNs4sKHXm3D7YQjRx6BAgBEAU&url=https://thecuriousastronomer.wordpress.com/2014/12/16/einsteins-general-relativity-part-1-the-principle-of-equivalence/&psig=AOvVaw2ZjHloUK4e2C0fPiACVIby&ust=1561789565851988
http://www.gurumed.org/2012/02/14/la-sonde-lares-est-essentiellement-une-lourde-boule-disco-qui-servira-valider-la-thorie-deinstein/

Not a Faraday disk, but it doesn’'t matter

Gravito-magnetic field

GR: masses produce g

mass motion produces H

Maxwell equations Einstein equations for weak fields

div B = 4mpe, divg = —4nGpp,

1 0B _
rotE 4+ — — =0, rotg = 0,

c Ot .

divB =0, divH = 0,

1 OE  A4r 4 Og 167

B-—-——=—]. rotH— — — = — Gp,Vv.

e c Ot e c Ot 6 i

F:e(E+X><B) F:M(ng%xH)
c



Not a Faraday disk, but it doesn’'t matter

Larmor precession
due to Lorentz force

eB

(i, =

2MeC




Not a Faraday disk, but it doesn’'t matter

Larmor precession frame-dragging precession
due to Lorentz force due to ‘Lorentz’ force
0 eb 0 H
[y = — =
5 92

2MeC



Not a Faraday disk, but it doesn’'t matter

Gravity Probe B

GM Sm— |

B — — 7,_2 I, - e

2G J, — 3n(J,n)
i = C rs kil
26



http://www.gurumed.org/2012/02/14/la-sonde-lares-est-essentiellement-une-lourde-boule-disco-qui-servira-valider-la-thorie-deinstein/
http://www.resonancepub.com/gravity.htm
http://upload.wikimedia.org/wikipedia/ru/6/68/GP-B_Launch.jpg

Not a Faraday disk, but it doesn’'t matter

Gravity Probe B

1+ 2y GMv

Geodesic precession S > i o2
(—6,6018+0,0183) “/ron —6,6061 “/rog
O — 1% oy
Frame-dragging precession 52 32

(~0,0372+0,0072) “/roq ~0,0392 “/roq



Not a Faraday disk, but it doesn’'t matter

BZ due to Frame-dragging (Lense-Thirring) effect

" Inside the event horizon, space is being E — _V X B/ C
pulled faster than the speed
of light.

i a
i |
|
| |
| |
P : I
kK, : :
1 in. A ' E i
& h@i
"y I (U —
Lighlt l-l-'_up::.\ﬂ'ﬁq.y__. /// N
= 4

for laboratory at rest — “rotation”, i.e. EMF



http://www.answersingenesis.org/articles/am/v3/n1/black-holes-evidence

Statement #2

BZ = Faraday induction law + Penrose process

Wgz ~ (Qrg/c)*B*ric

EMF results from frame-dragging (Lense-Thirring)
effect which mimics the time-dependence due to

iInhomogeneous flow of space through the circuit.

V x (OCE) — jﬁB



Magnetically dominated outflow

F.C.Michel, ApJ, 180, 133 (1973)

*‘Regular magnetic field
*Longitudinal electric current
*Rotation




Main parameters

* Michel magnetization parameter F.C.Michel, ApJ, 158, 727 (1969)
(maximal bulk Lorentz-factor)

5
= Qo €Bo’r’jet
M E—
AXmisc®
L now
* Multiplicity parameter
,\ 7 (Iab)
b
nGJ Q-B
PG — —
2mce
eE'rTjet

* Total potential drop Ao ~ .
MeC



Main parameters

Magnetization — multiplication connection

MHD ‘central engine’ energy losses

Wiot = (

After some algebra

Q

R\~
&

Dl .
By Rj¢

|
OM ~ —

i

Wiot
WA

)1/2

Wa=m

n2le? pa 10 ergs

—1



Core shift and jet parameters

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov. MNRAS, 447, 2726 (2015)

* No assumption about equipartition (in both cases we know the bulk
particle energy I'mc?).

I' Uoy,

* The only free narameter is the fraction of synchrotron radiating
particles "tsyn = 5’_%_

& ~ 0.01

3/4 3/4 —3/4
e = T 32 1013( d ) <&> oM = 1.4 ( n ) Dy X
mas GHz Gpc mas GHz Gpc/) 1+z

3/4
X 1 |
§ (1 +Z) (8 Singﬁ)]/z (é:]/min)l/4 Xm(symin)l/fl \/ Pjet

10* erg s—!




Core shift and jet parameters

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov, MNRAS, 447, 2726 (2015)

15 -

10 —

| I Y s Y N N
5 10 15 20

Multiplicity parameter A [10"° ]

Figure 1. Distributions of the multiplicity parameter A for the sample of
97 sources. Two objects with A = 2.8 x 10'* and 3.6 x 10'% lie out of the
shown range of values.



Core shift and jet parameters

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov, MNRAS, 447, 2726 (2015)

= =4 =4 =4 | | | =
6 12 18 24 30 36 42 48 54 60
Michel magnetization parameter o,,

Figure 2. Distributions of the Michel magnetization parameter oy for the
sample of 97 sources.



Core shift and jet parameters

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov, MNRAS, 447, 2726 (2015)
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A remark

Electron-positron vs electron-proton

Wa =m2c®/e? =~ 107 ergs™!



Theoretical challenge — B, problem

Magnetic field magnitude: Eddington value is necessary

—1/2
M
Braq ~ 10*°G
109M,



Theoretical challenge — B, problem

Magnetic field generation: external vs internal
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Theoretical challenge — B, problem

Magnetic field topology: external vs internal
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Theoretical challenge — B, problem

Magnetic field topology: homogeneous vs RFP

J.McKinney, A.Tchekhovskoy, R.Blandford O. Bromberg, A. Tchekhovskoy



Theoretical challenge — B, problem

Magnetic field topology: homogeneous vs RFP

(evolution of dipole field)

M.M.Romanova et al, MNRAS, 399, 1802 (2009) o)



Theoretical challenge — B, problem

Magnetic tower (wind + diff. rotation)
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D.Lynden-Bell, MNRAS, Y.Kato, M.R.Hayashi, R.Matsumoto,
279, 389 (19906) ApdJ, 600, 338 (2004)




Statement

* Approximation of the
homogeneous poloidal
magnetic field is a
reasonable model
of relativistic jets.

* Total electric current can
be zero.




Theoretical challenge — I problem

Magnetic tower (cylindrical) vs diverging outflow (spherical)
subsonic VS transonic

Mon: mognetic field
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D.Lynden-Bell, MNRAS, 279, 389 (1996)



Theoretical challenge — I problem

150 -

100

S50

00R 3 o[ L &
0n.o 0 1oy 150

1/3 Qr
IR R Oy RLsinl/?’H [ o
N.Bucciantini, T.Thompson, S.Komissarov, MNRAS,
J.Arons, E.Quataert, L.Del Zanna, 350, 1431 (2004)

MNRAS, 368, 1717 (2006)



Theoretical challenge — I problem

Critical condition on the sonic surface determines

accretion rate

. —_—
C o
\’_/(i/
3 B 7
g GM

“ . 2
4 (ii) (i) 2/1} -
, r dn
N (idd) Z (i) —_—— T
' n dr c2 — v?

(1) (i1)

B
C/—'\A l
01 1

—>X

H.Bondi, MNRAS, 112, 195 (1952)

2\ G320 (G2
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D, = 4nr§c*n* =T ( Hiss

3,



Theoretical challenge — I problem

Critical condition on the (fast magneto)sonic surface determines

accretion rate electric current /

@) (@) '((&i;é) — Ugt————

03 | 1.000 >
o ; C/—B\A e A \
00l 01 x ! '98§985 l.O 1.015
r/rq
H.Bondi, MNRAS, 112, 195 (1952) E.J.Weber, L.Davis, ApJ, 148, 217 (1967)

(5-3r)/2("-1) y) 2
¢cr=4ﬂrﬁc*n*:n(5 231“) (GJ\34) e I ~ Iqy = WROC[)GJ
— Coo



Theoretical challenge — I problem

Critical condition on the (fast magneto)sonic surfaces determine
electric current / + angular velocity {2p

0.0

—-04r

.985 1000 1.015
r/rq _o8lL

1.000

-

| I T IHITH
m 5m
r

TH

E.J.Weber, L.Davis, ApJ, 148, 217 (1967)  M.Takahashi et al, ApJ, 363, 206 (1990)

INIGJ:’]TRgchJ QFNQH/Q



Statement #4

Outflow is transonic, so the electric current is determined
by critical condition at the fast magnetosonic surface.
For double transonic relativistic flow

I ~Ig; = WR%C/OGJ

and

Qp ~ Qp /2



Statement #5

Membrane paradigm resistivity R = 4w /c = 377 O
corresponding to “boundary condition” on the horizon

AT (W) = [Q — Qp (V)] sin 0 il (d‘l’>

re +a*cos?6 \ df
IS the critical condition on the inner fast magnetosonic surface.

As
Op ~ Qi /2

we return to

Wgz ~ (Qrg/c)*B r.c




Theoretical challenge — 0U problem

F.C.Michel (1973)

What to do with (enormous)
potential difference?

Ferraro isorotation law
implies constant electric
potential ( (2¢) along
magnetic field lines.




Theoretical challenge — 0U problem

Longitudinal electric field?

Magnetically Any Longitudinal
dominated wind | — | disturbance electric field

B, - 1Ly



Theoretical challenge — 0U problem

Switch-on wave, if
there is no ambient
pressure

| ,i 51

i . i . i
0 S0 100 1

S.Komissarov, MNRAS, 350, 1431 (2004)

Lobes in AGN

But what to do
if we have it?

HH objects
in YSO

Stellar wind in
close binaries




Theoretical challenge — 0U problem

If there is no external

environment, one can

prolong the solution
up to infinity.

| ,i 51

1 S , i
(4 N#] S0 100 1

S.Komissarov, MNRAS, 350, 1431 (2004)

Lobes in AGN

But what to do if the wind | _, | HH objects

meets the ambient? \ in YSOs

Stellar wind
in binaries




Theoretical challenge — 0U problem

MHD simulations
do not include
oU into consideration

D.V.Khangulyan et al, ApJ, 774,

lo-Jovian
electromagnetic
interaction

Trapped Charged Particles
o g —— Auroral Zone

Orbit of lo

Current g7

. Teag -
e S o

:. , x F"l-ElS!TI_E Tﬂm_ﬁ j ‘.- “ Lt .".

RN T L e L e Ring of
Charged
Particles

__ Magnetic

Rotation Axis

113 (2013)



Theoretical challenge — 0U problem

TeV binaries




Theoretical challenge — 0U problem

S.V.Bogovalov, D.Khangulyan, A.V.Koldoba, G.V.Ustyugova, F.Aharonian,
MNRAS, 387, 63 (2008) MNRAS 419, 3426 (2012)



Internal structure — AGN

Homan D. C. et al, ApJ, 789, 134 (2015)

Acceleration at small distances, /T =107 yr!
decceleration at large distances.
i (a) Positive Parallel
o+ Accelerations
=
o : — t I. :l —— ,l
3 10 100
I (b) Negative Parallel
e Accelerations
= |
O: t f—t—t :
3 10 100

pc

(projection)



Jets — theory

It is necessary to include external media into consideration.
It is the ambient pressure that determines jet transverse
scale and particle energy.

Simple asymptotic solutions for the bulk Lorentz-factor.

Transverse profile of the poloidal magnetic field.

Magnetization — multiplication connection.



Jets — theory

Main parameters

* Michel magnetization parameter
(maximal bulk Lorentz-factor)
7
= Qo €Bo’r’jet
M —
AXmisc®
L now
* Multiplicity parameter
A 7 (Iab)
. =
nGJ P& — —%. =

* Total potential drop

el r;
AOM ~ = J;t |
Mol




Jets — theory

* Itis necessary to include the external media into consideration.
It is the ambient pressure that determines the jet transverse
scale and particle energy. A

\/

i-é
1D approach for cylindrical jets f_
) : N -
dM il
. Fl(M27qj77nL) | lé
dr |
T = R(M ) o B
dr

VB, L.M.Malyshkin. Astron. Lett., 26, 208 (2000)  T.Lery, J.Heyvaerts, S.Appl,
VB, Phys. Uspekhi, 40, 659 (1997) C.A.Norman, A&A, 347, 1055 (1999)



Jets — theory

* Itis necessary to include the external media into consideration.
It is the ambient pressure that determines the jet transverse

\/

scale and particle energy. n n "

-

B2 L -<—

TjetNR( 3 ) P

87T-Pext K} i -

1/4 .
Wpart N l B 2(RL) /

Wiot Gyl ST Pex Bext /8T = Pt

VB, L.M.Malyshkin. Astron. Lett., 26, 208 (2000)  T.Lery, J.Heyvaerts, S.Appl,
VB. Phys. Uspekhi, 40, 659 (1997) C.A.Norman. A&A, 347, 1055 (1999)



Jets — theory

It is necessary to include the external media into consideration.
It is the ambient pressure that determines the jet transverse
scale and particle energy.

Accretion
disk




Jets — theory

It is necessary to include the external media into consideration.
It is the ambient pressure that determines the jet transverse
scale and particle energy.

J.McKinney, A.Tchekhovskoy, R.Blandford,
MNRAS, 423, 3083 (2012)



Jets — theory

Simple asymptotic solutions for Lorentz-factor

Quasi-cylindrical flows (I < 0,

I =z, = Gl ]G

Quasi-radial flows




Jets — theory

Simple asymptotic solutions for Lorentz-factor

Quasi-cylindrical flows (I < 0,

=z, = Gl ]G

This is an asymptotic behavior!



Jets — theory

J.McKinney, MNRAS, 367, 1797 (2006)
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Jets — theory

Parabolic structure terminates the efficiency
of acceleration

* Self-similar solution z ~y * 3 |
* Fork>2

[ =x [/z'* r
* Fork<2

[=(R,7L)"”
~ 7 (1)k /

Parabolic k = 2 L

lg(z/rr)

R. Narayan, J.McKinney,

In all cases 6 1 A.F.Farmer, MNRAS,
375, 548, 2006



Jets — theory

Transverse profile of the poloidal magnetic field

T.Chiueh, Zh.-Yu.Li, M.C.Begelman. ApJ, 377, 462 (1991)
D.Eichler. ApJ, 419, 111 (1993)
S.V.Bogovalov. Astron. Lett., 21, 565 (1995)

M.Camenzind. In Herbig-Haro Flows and the Birth of Low Mass Stars.
Eds. Reipurth B., Bertout C. (1997)




Jets — theory

Transverse profile of the poloidal magnetic field

And this was odd, because...
homogeneneous

poloidal magnetic

field is the solution

for magnetically

dominated flow.




Jets — theory

Transverse profile of the poloidal magnetic field

Theorem 5.2. /n the relativistic case, in the presence of the environment with rather
high pressure (Bext > Bmin) the poloidal magnetic field inside the jet remains prac-
tically constant: By = Bex. For small external pressure (Bexi < Bmin) in the vicinity
of the rotation axis there must form a core region VL < @, = YinRy With the magnetic
Jield By = Buin (5.69) containing only a small part of the total magnetic flux ‘.

qjCOre —~ Ym ASTRONOMY AND ASTROPHYSICS LIBRARY
% o
Forr L < @, the poloidal magnetic field By, decreases as i
By o<t Y, MHD Flows
in Compact
where o < 2. Astrophysical
Objects
Accretion, Winds and Jets
1 _
Bmin = B(RL) B(RL) — .Qz'lytot/ﬁcz 82/87[ ~ Pext

O %n P



Central core

|
B(Ry) Fecore = VinRL

ext
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Central core

S. 5. Komissarov et al.

-15 -1 -0.5 0 0.5

10g10:§

S.Komissarov, M.Barkov, N.Vlahakis, A.Konigl, MNRAS, 380, 51 (2006)



Central core

B min

= o

1

B(R.

B T roorrrrrr

log,,r

log,r

A.Tchekhovskoy, J.McKinney, R.Narayan, ApJ, 699, 1789 (2009)
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Internal structure< Y~ R )

B,(C)c = Fp(M* 0, 7))
00003 Jocons
00002 oo
o000 Jocoor
00000 . Jo000
T 29,

A.V.Chernoglazov,VB, V.l.Pariev, MNRAS (2019)
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A.V.Chernoglazov,VB, V.l.Pariev, MNRAS (2019)



Internal structure

Map of Doppler-factor
+1/y diagram

A.V.Chernoglazov,VB, V.I.Pariev, MNRAS (2019)



Jet boundary shape break

E.E.Nokhrina, L.I.Gurvits, VB, M.Nakamura, K.Asada, K.Hada, MNRAS (in press)
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Jet boundary shape break

Y.Y.Kovalev, A.B.Pushkarev, E.E.Nokhrina, VB, A.V.Chernoglazov, M. L. Lister,
T.Savolainen, MNRAS, (in press)
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Jet boundary shape break

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov. MNRAS, 447, 2726 (2015)
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Slow acceleration

along the jet 28

1.26

log(I)

/T =103 yr!

1.22

1.2

log(C) [pc]

Figure 5. Dependence of Lorentz factor on coordinate along the jet in
assumption of ¢ ri (solid line) and ¢ o ri (dashed line) form of the jet.



Statement #6

* Saturation
* Central core
* Inhomogeneous Lorentz factor



Conclusion

Go ahead!
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