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Plan

Thanks

AGN Jets — internal structure (observations)
AGN Jets — internal structure (theory)

Core shift and internal jet parameters
Possible mechanisms of deceleration (poster)
Thanks again



Internal structure — AGN

New possibilities

MOJAVE team (time)

Radioastron (base)



http://www.physics.purdue.edu/astro/MOJAVE/MOJAVEposter.jpg

VLBA+VLAL, 15 GHz

The inner jet structure is clearly resolved, a short counter
jet Is detected

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



" RadioAstron—EVN: 0716+714, 6 cm | BL Lacertae object

| | | 0716+714, 2=0.3
o () 1000:1 dynamic range Kardashev et al. (2013, ARep)
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Internal structure — AGN

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

Acceleration at small distances,
decceleration at large distances.

L 0059+581 i 0945+408




Internal structure — AGN

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

Acceleration at small distances,
decceleration at large distances.
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Internal structure — AGN

Main new observational results
Acceleration along the jet at small distances

/T =103 yr!

Deceleration at larger distances

Collimation parameter

[6~0.1



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)

1L NOW

Multiplicity parameter

PGy = —




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 -
-
1D approach for cylindrical jets -
: Pext
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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.

BQ 1/4
Tjet ™ R =
87TPeXt

Wpart 1 [Bz(RL) ] 1/4
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VB, L.M.Malyshkin. Astron. Lett., 26, 208 (2000)
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C.A.Norman. A&A, 347, 1055 (1999)



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

Parabolic?




R.Blandford & R.Znajek. MNRAS, 179, 433 (1977)

04F

0F

Ly

Monopole + Monopole

U = Wo(1 — cosb).

Horizon ‘boundary condition’

AT1(0) = [y — Qp(0)] W sin? 6.
At large distances

ATl (0) = Qp(0) W sin 6.

Th
oy e ( xp?)



s e — — —— — — —_————— u—

0.4f TS

Oi///a_ﬂ____‘\\H//’-____“"_“\\ﬁ

—04F

Qp/Qy

Horizon ‘boundary condition’ |/

., dU
4 (V) = [Qy — Qp(¥)] sin 9@ \

At large distances AN

Arl(9) = Qp(0)¥ysin® 6.

Then |
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Excellent agreement with analytical
force-free behaveour

VB, A.A.Zheltoukov. Astron. Lett., 39, 215 (2013)

Monopole + Cylinder

Qp/Qy
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Jets — theory

Simple asymptotic solutions for Lorentz-factor

Quasi-cylindrical flows (I < ©,,)

=z, T, = Qpr,/c

Quasi-radial flows




Jets — theory

J.McKinney. MNRAS, 367, 1797 (2006)

LI'(z)= @ R)¥, u,=1



Jets — theory

Parabolic structure terminates the efficiency
of acceleration

« Self-similar solution z~ X e
« Fork>2

r — Xr ~21/k 2.l
e Fork<?2

[= Ry iy )2
~ 7 (kD) /

« Parabolick=2 j

0 2

lg(z/rr)
R. Narayan, J.McKinney,

In all cases I'0 ~ 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)

B,

By

1 + (T'J_/Tcore)2

Fecore = Vin RL



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 = Bey. For small external pressure (Bexy < Bmin) in the vicinity
of the rotation axis there must form a core region ' L< O, = Yin Ry with the magnetic
Jreld By = By (5.69) containing only a small part of the total magnetic flux ‘H):

LIJCOI'f: —~ %H ASTRONOMY AND ASTROPHYSICS LIBRARY
W o
Forr 1 < @, the poloidal magnetic field By, decreases as .
By oo 20, MHD Flows
in Compact
where o < 2. Astrophysical

Objects

Accretion, Winds and Jets

] _
Bmin = B(RL) B(RL) — Qzlptot/ﬁc2 82/875 ~ Pext AN
G%l’l P imary



B min

Central core

B(R.)

Feore =— VinRL

ext



= Fl(Ma\IJ,TL)
Central core - &
? = FQ(MQ,\IJ,TJ_)
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VB, E.E.Nokhrina. Yu.Lyubarsky. ApJ,
MNRAS, 389, 335 (2007) 698, 1570 (2009)

MNRAS, 397, 1486 (2009)



Central core

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



Central core

1

Bmin B(RL)

B T vt rrrt A

log,,r

A.Tchekhovskoy, J.McKinney, R.Narayan. ApJ, 699, 1789 (2009)



Central core
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Jets — theory

Qz'1Utot
o o . M 8m2clun
Magnetization — multiplication connection
n(lab)
—
MHD ‘central engine’ energy losses naGj

QR
Wtot ~ B RO C
C

After some algebra

1/2
1 Wtot /
ON N~ —

4\ Wa

Wa =mic>/e? ~ 10 ergs™!




Jets — theory

 Black hole mass evaluation

P,
( QR() -
Wi ~ (—> B R:c

C

BQ 1/4
Tjet ™~ R ( =t )
\ 877Pext

2 —1/2
T B W
M~ 10° M jet ( ext ) tot
- (1pc) 10-9Gs/ \ 10* erg/s




Jets — theory

* Real parameters

{ ou Ni(WtOty/z oA ~ 1014

Wa
Wa =mzic/e? ~ 10" ergs™!

As I' =T I R ~ 10— 10°, there are two possibilities:

1. Magnetically dominated flow
oy > 105 I~ 104105

2. Saturation regime



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?).

« The only free parameter is the fraction of synchrotron radiating
particles flsyn = ENe

» 3/4 —3/4
r=73x 10" ( i ) (&) om = 1.4 ( 7 ) D 4
mas GHz Gpc masGHz/ \ Gpc/ 1 +z

3/4
X 1 1
§ (1 +z> (8 sin @)1/2 (& Yimin) '/ X /8 $in @ (& Ymin) \/ dll

10* erg s—!



Core shift and jet parameters

E.E.Nokhrina, VB, Y.Y.Kovalev, A.A.Zheltoukhov. MNRAS, 447, 2726 (2015)
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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 = 1 1 | [
6 12 18 24 30 36 42 4383 54 60
Michel magnetization parameter o,,

Figure 2. Distributions of the Michel magnetization parameter o 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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Figure 3. Transversal profile of the number density e (a) and Lorentz Figure 4. Transversal profile of poloidal (a) and toroidal (b) components of
factor I (b) in logarithmical scale for & = 1013, jet radius Rje, = 1 pe and magnetic field in logarithmical scale for the same parameters and line types
three different values of a: 5 (solid line), 15 (dashed line) and 30 (dotted @S in Fig. 3.

line).



Core shift and jet parameters

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

Slow acceleration
along the jet

/T =103 yr!

log(C) [pc]

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



Collimation parameter

For magnetically dominated flow ro<1
the theory prediction is r~o,
I[o ~1
saturation

But in the saturation regime
(I' ~ const) o ~0.1 ro-1
becomes possible. I'<oy



Main conclusions

o Saturation
 Central core



Deceleration

Photon drag

Zhi-Yun Li, M.Begelman, T.Chiueh, ApJ, 384, 567 (1992)
VB, N.Zakamska, H.Sol, MNRAS, 347, 587 (2004)
M.Russo, Ch.Thompson, ApJ, 773, 24 (2013)

Particle loading

R.Svensson, MNRAS, 227, 403 (1987)

M.Lyutikov, MNRAS, 339, 632 (2003)

E.V.Derishev, F.Aharonian, V.V.Kocharovsky, VI.V.Kocharovsky,
Phys.Rev.D, 68, 043003 (2003)

B.Stern, J.Poutanen, MNRAS, 372,1217 (2006)

M.Barkov et al., arXiv:1502.02383
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On the Deceleration of Relativistic Jets In
Active Galactic Nuclel
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On the deceleration of relativistic
jets In active galactic nuclel

Photon draq

1. Expression for U, is actually the same for particle [/ MmeC
and magnetically dominated flows. cr or LT

2. U, is even lower than CMB energy density. Does it T
mean that the radiation drag is really so important?

Particle loading

1. The loading results in the formation of a media with
highly anisotropic pressure.

2. The redistribution of charges changing the electric 5
field is important. This implies that now is not an - ng
integral of motion. Ner = m..c2]2

3. The critical number density can be even smaller ©
than MHD number density.




Photon drag

MHD flow + Isotropic radiation field

Physics (in the

comoving Farag
reference
frame) e o .
B
_Fdra.g x B




Photon drag

MHD flow + Isotropic radiation field

Physics (in the

comoving Farag
reference .
frame) i ——— O ], L
B
_Fdra.g x B




Photon drag

MHD flow + isotropic radiation field

Physics (in the

comoving Farag
reference SE
frame) faa — 0 — L
/Udr\ ; \
E x B
Udr = C B2




Photon drag

MHD flow + radiation field

How the photon drag affects the MHD
flow

« MHD cylindrical jet
« electron-positron plasma

» isotropic photon field U,

-
(viV)pt = e (E + V? X B) +Fis

4 v
+ 1+ 2
Fdrag — § EO-TUiSO (’Y )



Photon drag

MHD flow + Isotropic radiation field

Zero force-free approximation

0 0 0
v, =¢ VUgp =0, v,=0
VU x e 21

B = £ _
QT T cwe%
g - _MWoy




Photon drag

MHD flow + Isotropic radiation field

MHD disturbances + drag

2mee

2mee dr dr. \ T Qo
[1 - Ez ( L )] ’
pér (TJ-: Z),
c€i(ri,z).
€ af
3 +Bo 0z’
Qo‘T'L QF
c O[_Qo _C(“’z)}
g 0 2
Bo [l—f-zm( J_f):| 3
Qor Qp 1 0 2
(6 BO [ Q() Tl 871_ (rLé)]
_QOT'-QL B()@

QB 1 d Q2
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Photon drag

MHD flow + Isotropic radiation field

MHD disturbances + drag
i =
2T =) —2[(A-K) & - (AN + K) &,
. 10 o » %6 Qo BB()?“-Qet
2(nT —n )+r—m{r¢m(mﬁ)]+u_dzft)__ O_M — J
1;3—5:2[()\71()5?7(,\+Ix)£,¥]. 4 me3
2 0°f >’ s
—eri—5 —e—5 (rif) =
922 ars
Slou_ [()\ K E+ (/\+I‘)Ep]: K — Li 'PQ &
: 4r | dr L0
2 (67) =~ Falr™)? LB 0
#4230 ST h0) 4 rag - el + et
%(‘f v) =& Fay)? Iy — é o1 Uiso
1 )\Ul\l[ J d o 3 mc2
457 ) e u—g +—5Y}
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Photon drag

MHD flow + Isotropic radiation field

GBQQ’I"J_
MeC>

9 (W) =—(Ff + Fy) - (& —¢&)

0z

Equation for I

o’ — 2 (K’ — / Fal?(2))dz’

0

2
) X d
K =Tg— ——omrL—
Tt dr




Photon drag

MHD flow + Isotropic radiation field

Critical photon density U.

I1SO

(2) ~ !
- 1+ FodedZ’
4 UTUlso
FfZg 2 (v5)?
MeC?
Ucr —
O'TLF j



Loading

MHD flow + e—e* pair creation

How the particle loading affects the
MHD flow

* MHD cylindrical jet
« electron-positron plasma
e creation at rest




Loading

Anisotropic pressure

Z — moving reference frame
V = Fy /B,
D =1/(1—-V?%/)?

In this frame

By = B‘P/Fv
B. = B,.
tana = B. /By




Loading

MHD flow + e—e* pair creation (at rest)
M.Lyutikov (2005) — quasi-spherical

TV = (w+ b )u'u’ + (p + Ebz) g’ —b'b’

p
%ar [r*(w +b%)py°1 = R
r

2
rizar{rz[(w FEY + (2l - L =0

lar[rbﬁl/] =0
r

1 2
— 0. [r"pfyl =R
r



Loading

MHD flow + e—e* pair creation (at rest)

] b2\ ., b2\
T " =le+Pi+— )u'u"+ | Ps+— )¢
4W) 8
—Pg 1 -

b2 41

;
izar 2w+ bH)By*l = R
r

1 2
r—zar{rz[(w + bz)ﬁzyz + (p + b2/2)]} — Tp — 0

~0, =0

 Anisotropic pressure S\
Lo ' T S o B
k So eyl =R 2D — no equi-potentiality [




Loading

Anisotropic pressure

f = ——e
-
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] -
-~
_
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= ——
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2D — no equi-potentiality

Loading

Pair creation
at rest

~




Loading

Anisotropic pressure

Rotation in the rZ-plane

47 87

-Ps 1 i1 k
_(ﬁ—'_él?r)bb'
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Loading

Anisotropic pressure

Full system of equation was known
E.Asseo & D.Beaufils. Ap&SS, 89, 133 (1983)

R.Lovelace et al. ApJS, 62, 1 (1986)
E.Tsikarisvili, A.Rogava, D.Tsikauri. ApJ, 439, 822 (1992)
|.Kuznetsova, ApJ, 618, 432 (2005)
Qrl
B(V) = %(1 +18]) + pama <y > +pn <y >,
1
L(T) = —(1+|B]) + pamawue + pnooie.
(1 0L (Q — wwE - wl)
21 [a? — (QF — w21 - B) - M?’
< 1 oM E-QpL)(1 = 3) — M*(E — wlL)
T e @ = (@ — w1 - B) - M2 |
1 (E—=QrL)(Qr —w)w?(1 — B) — LM? |
\ Uy =

o [a? — (Qp — wy@?](1 - 3) — M2



Loading

Z —moving reference frame
V = Es/B, |
D=1/(1—-V?/c)? |

In this frame

p’ = phb + pl coswt' ni + pl sin wt'no



Loading

Particle motion (laboratory frame)

pr = mcu, =mVIsinacosa(l —coswt),
Py = mcuyp = mV1 cosasin wt’,
p- = mecu. =mVT?cos® a1l — coswt).

£ =mc’T? [1 — V7 /e (sin a + cos® acos wt')]
Averaging procedure

1 T pdt o, T dt
A >— Tfo A() ShAt =< A(t') = S >



Loading

. ) 1 .
Hydrodynamical motion VI “sinacos o
< Ur >t — 5 ,
1 —V?2/c? sin” «
< vy >¢ = 0,
V cos?
<V >t —

1 —V2/c? sin® o

Yhd = F\/l —V?2/c? sin® o

2 4
Mean ener > =T2(1- Ve oo 1 1 CoS™ (v
gy e’ SN « + 2 (1—V2/c2 sin2 )2




Loading

Hydrodynamical motion

QOrl

E(P) = ——1+|B]) + mama <5 > +un <75 >,
1

L(Y) = 5—(1+|B]) + tmamawue + pnwi..

IL=¢e/n=mc’

pid = €1a/nia = me® <y >

— P,
B = 47TP(h2 ‘




Loading

Critical number density

 Direct calculation of the field disturbances in = — 72

- Loading pressure |B|~ 1
» Electric field disrurbance oE ~ E

- Anisotropic pressure force oF~ F

1y, levkm +(QFZW)(1—6)&(VW)2
Qv %oy, o) 74\

+647r4 » 19 (GY o 5 1dy
w —— || —om ——
a2 7 2MZou \4 ST
| 1dS2
—8 — —l6n’Py———==0.
z i Y " ‘S2d\11

|.Kuznetsova



Loading

Critical number density

* Direct calculation of the field disturbances in
- Loading pressure |B|~ 1
« Electric field disrurbance oE ~ E

« Anisotropic pressure force oF ~ F




A problem

Longitudinal electric field

Magnetically Any Longitudinal
dominated wind | — | disturbance electric field

E, - Ly



A problem

L ongitudinal electric field

It is impossible to switch on
the disturbance without
generating the longitudinal
electric field.




A problem

150 HEEE ==

If there is no external E
environment, one can

prolong the solution
up to infinity.

00 i I

0.0 50 100

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




A problem

Comment for TeV Binaries




Conclusion

1. Radiation drag might be a reason for deceleration.
2. Real physical conditions are not known.
3. PIC is necessary.
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THANKS AGAIN!



