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Collimated outflows

« Jets (bipolar outflows) are common.
Range from YSO to QSO, found also in
pulsars and even on the Sun.

» Generally: bipolar outflows solve the
problem of transporting excess energy and
angular momentum from compact, rotating,
magnetized objects which accrete external
matter
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NS Fundamental jet questions

d Formation and collimation of relativistic jets.

1 Matter content of the jets and outflows

0 Stability and propagation on spatial dynamic scales of >10°
 Relation to accretion disks and black holes

d Contribution from the jets and outflows to ISM and IGM
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@\ AGN Energy Balance

1 Radiation:
— Quasar luminosity:10** — 10*" erg s
— Luminosity integrated over lifetime:10°"— 10° erg

d Relativistic jets:
— Jet power:10** —10*" erg s
— Jet power integrated over lifetime: 10°" — 10° erg

O Sub-relativistic outflows (winds):

— Total wind power:10** — 10* erg s
— Wind power integrated over lifetime:10°° — 10° erg

 Starburst-induced superwinds
— Reliable quantitative assessment is difficult




Sub-relativistic Outflows
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Outflows

Jets: non-thermal, relativistic flows: v s¢,—
present in ~10% of AGN |

Broad-absorption-line (BAL) outflows:
v 550000 km/s, present in ~50% of low-L
AGN and ~20% of high-L AGN.

Wide-angle winds in Seyfert galaxies (Olll
cones). ~20-40% of Sy galaxies
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NS Outflows: Interpretations

d Radiation-driven winds from

accretion disk T

O Thermally-driven winds from __, e ) i —
=T black hole /}\
BLR or torus accretion disk

wind streamlines

X-ray source region of hitchhiking gas

O Magnetically-driven winds

from accretion disk
\ neutral gas

- dust sublimation suriace
EMMERING, BLANDFORD, & SHLOSMAN + dust ionized gas

Aecretion

W & X-ray

high Continmuum IR emission
| |

X-ray absorption
J

low  partial

ionization
|

Broad-Line Region
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Outflows: Where it all begins

Poynting flux

W

b cretion disk

Hot corona “
Credit: A. Mueller
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Outflows: How i1t all ends

‘shocked |on|zed gas_ |

rad|01et o e Bas Molecular &
| — & cloud ‘

Cooléd fragmented

.- “‘I eloudsa.

regularly rotatlng gas




Relativistic Outflows
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% Jets: Current paradigm
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% Jet formation

Formation

1. Lorentz factors:

y,~10°-10%, T,<15

2. thin/thick accretion disks :

VF< 058k or >k,

3. MHD and magnetized disks :
B, ~10°-10" G

Collimation and Acceleration
pressure/density/B - field gradients
Z=oRs, Rg=2GM,, /c?,

o =10 -10° [high pressure region
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» / b

magnetically driven jet
[ )

collimated width: r,,, =R (Bg /B, )"
Dynamics

stationary flows, shocks, plasma instability
OV)rp™ =0, T(z) ~1.22

N(»)dy =Ny *dy, B@@)cz™, N(@z)ocz”

T (magnetic field line)
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Jet kinematics

Superluminal motions and relativistic effects

Apparent speed: Bapp, = 1{%%: g=vle, ny= U——;;‘-’)“fi

Relativistic transformations:
t=06"1 v=6/ I(v)=208IT,(), withé=][y(l—Bcosh) !
Useful relations for Bapp = Bapp(t)

Jet with constant viewing angle (6 = const):

B Bapp(t)
A= sin @ + Bippp(t) cos 6

Jet with constant rest frame speed (8 = const):

Epp(t) = [B?(ngp(t) ol f e ngp(t)]as
B(Bzpp(t) +1)

cos 0(t) =

Minimum kinetic power condition:

Yoin = (1 + Bapp) > Brmin=cos®  dpyin = (14 ﬁgpp)l’/ 2
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Jet kinematics

Rest frame kinematics

Luminosity distance

Dy = H;}o g0z + (g0 — 1)[(L + 2902))"/2 — 1]}

Apparent speed

Bapp(t) = p(t)Dr(1 +2)7"
Distance travelled in the rest frame of the jet

_ = B(t)
R(t) = (1 + 2) lﬁ] L — B(t) cos (

dt
t)
Rest frame time
AY = (1+2)7F f 8(t)dt
Rest frame viewing angle

Tty B(t) — cosb(t)
o0 ) = S ATE) eos D
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Overview of Jet emission
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% Jet emission: Overview

Radio / optical / X-ray

Synchrotron radiation
emitted by relativistic
electrons and positrons

X-ray / y-ray

Inverse Compton scattering
of electrons and low energy
photons

Particle cascades induced by
ultrarelativistic protons.

Shock acceleration —
additional mechanism for
producing energies needed for
y-ray emission
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JET AXIS

) LINE OF
SIGHT TO
EARTH

SYNCHROTRON A "
PHOTON ¥ -

AMBIENT

PHOTON OR PROTON - INDUCED
SYNCHROTRON CASCADE

PHOTON

INVERSE - COMPTON
SCATTERING
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% Jet emission: Synchrotron

single electron: B = QUTCT,?.HB sin ¢
o = (8me?)/(3mict)

particle energy distribution: N(y)dy = N(yg)y 5dy

Lorentz factors: 1 <y <7y

Frequencies: w) , =7 Qesinyy Qe = (e B)/(ymec)

emissivity: j, = e5(@)(2cy1)* Noyp(B sin gty

self-absoprtion: I, = jy/xy[l — exp(—x, L)]

forr 3 1, 8u 0k jyv_‘r:'f?

L= () ()7 [1- oo

L (ﬂ)ﬁjg—an
v
1—s 1/{a—2.5)

Q=5 Vp=Tn v = 1.097(—a)) 0386,
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Synchrotron: Spectral turnover

Sm = §Cs(@)NpB'~wddD (1 + 2143~

Tm = Cr(@)NoBY3=%um “" o Dy (142)2 45535
— 10~ 5 g—25. =\

B = 10—°Cg(a)ddvs,Sr, 6;(1+ 2)

Ny = CN(Q)DE1d?la—7ygla—53;—2cr(1+z)6—2a5§ﬂ*—4
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Synchrotron: Spectral turnover

Turnover frequency from VLBI data

Flux Density

!I
s
Fa
e Case A

lGle 43 (?Hz

ey

~1000GHz

Frequency
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Turnover frequency imaging

d Turnover frequency distribution diagnoses plasma in the jet

VLEA: 1.6GHz _ 3C345: Mapping
= the turnover frequenc
distribution in the jet.




Jet models
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NS Information from VLBI images

® Observations: 1D (routinely), 2D(SoA) % ot ] :(‘ '

o Models (relativistic)_ EH 55 & .‘.; S0 02 04 06 08 ]|1n:||§2| 14 16 18 2 22
Analytical: 2D (routinely), 3D(t) (S0A) - [
Numerical: 3D (routinely), 3D(t) (SoA) = = = vwf - . 3G345 0 1,

® Problems: connecting predictions (p,v,p) to - 200 pixels, 600 DF |1

observables (S,, @, Bapp)- Elusive B, T'j and M |

* Solution: find a way to extract reliable 2D — ez o

information from images! High-fidelity images £ ~ i

and novel reduction and analysis techniques are

much needed! A

E
o2 -1
CAUSSIAN
MODEEL FIT 1

Relative R.A. [mas]
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Models vs. Observations

Model:

precession

cone Sm X VIJ%"
Um o ¢
fine of sight 5 X 'r‘b
7 _
Bocr ™

Nocr™ ™

Observables:

e B Bapp(t)
a%;inon T e -7 S(t)

Sm(t), vm(t)
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Jet models: Analytical

* Relativistic beaming (Shkolvsky 1963)

 Accretion (Linden Bell/Salpeter/Zeldovich 1964)

* Relativistic jet (Rees, 1969)

* Relativistic shock (Blandford & Rees, 1978)

 Plasma instability (Reynolds 1982, Hardee, 1982)

 Shock-in-jet model (Marscher & Gear 1985)

» Two-fluid model (Sol, Pelletier & Asseo 1989)

 Poynting flux jet (Lovelace & Romanova 1992)

» “Electric current” jet (Camenzind 1993)
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1. Shock-in-jet models

A

. lustmu wecelerution [3_] —= B ™

» -
~ -~

Blandford & Konigl (1979];

Marscher & Gear (1985); Hugh et al. {1989]; shocks: C;;mprg_s'_s'gd regions

with enhunced mugnetic field

2. Oblique shock models

wmbient meclium Bl

. relutivistic flow B~1

bl

L

obligue shocks (possibly due to inteructions
with non—relutivistic medinm

Hardee & Worman (1989];
Bicknell & Begelman (1998]

3. Two-fluid models
B~ 0.4 jet

. ¥~ 10 Heum

.

ri k. _d

Bol et al. (1989): Lalng (1989]: Kelvin—H;E}nhof{; instubilities uncfor shocks

Hardee et al. (1994)(199E])
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NS Jet models: Numerical

Numerical era:

-- began in late 1960s from essentially 1D works,
-- continued through 2DMHD and 2DRMHD

-- the goal now 3D RMH(E?)D... + rotating,
transversally stratified outflows

-- problem: detailed comparison to observations

\d

- - ml‘éy etal. 1999

Marti et al. 1997

Nakamura et al. 2001



Shocks and Instabilites
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% Relativistic shocks

Relativistic shocks

Shock in a conical jet with a half-opening angle . z K R
Approximations: B B~™ N o« R~ § o R

Received spectrum: S(v) o« REy—C8(s+3)/2, e

A —
i
q40D

¢ and £ depend in the dominant energy loss mechanism.
Turnover flux density: Sm o B‘”?m?-.ﬁﬁz « RE+m)/2,22

Turnover frequency: vm oc RIE—G+m)/2+b(s+3)/2]/[5/2+(]

Stages of shock evolution:

1) Compton-lossstage & =[(11—s)—m(s+1)]/8 {=s5/2
2) Synchrotron-losz stage & = —[4(s — 1)+ 3m(s+1)|/6 (=s/2
3) Adiabatic-loss stage & =[2(5 —2s) —3m(s+1)]/6 (= (s—1)/2

MO0HS

3
S
=
=
=
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Shock model: application

d Shock model explain successfully the spectral evolution in
one of the moving features in the jet iIn 3C345.

U Fitting simultaneously the spectral and kinematic changes is

problematic — possibly due to rapid shock dissipation

3C345: trajectory of C5

B Measured positions
Qe Fitte d trajectory

Turnover flux density [Jy]

X [mas]

=]
T

o+

N
T

Turnover frequency evolution in C5 (3C345)

A C5 (measured)
mode] (spectrum)

—— shock model (spectrum + kinematic)
1988.2
Synchrotron _ _I'_|
1980.2 T [ j
> ‘ 19873
A | .
1990.3 19858 | +|' Compton
Adiabatic
&
1992.5 .
2 4 8

Turnover frequency [GHz]
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,{: v . - -p = A. Lobanov
NS Jet models: K-H instability
Linear perturbation analysis of dispersion relation (Hardee 1987, 1998 2000)
£ LIIIIJJJJlllllIIIIJF _Jlll|IIII|JJJJ|lllI:
Low frequency limit A= 4nTB;(M7 — 1)°° o FEees 3 Bl 3
(longest unstable wavelength) : (n+2m — 0.5) : P - E
MG of —4& g of -
High frequency limit Ar = An My, . f 3 1 F =
(resonant wavelength) : fn+2m+0.5) b T 4 -1 -
] 05 = n=1,m=0 . - n=2,m=0 .
Til ; -2 _r||||1111[rrrr||||1'__ _.3"””[!!“]1111[”“_.
*
Resonant modes propagate at: 8, =&fj, é=—7g 55> =2 -1 o 1 2! -2 -1 @ 1 @
I+ 5%
J E_l!!!ll]]]ll.l.l.l.l!!!l__ 3_.JI.I.I.I-IIII]JJJJI.I.I.I.!\_
] .. " Helloal - O Elliptical -
In the low and high frequency limits: | 3* oc R;, Mee Ry % Imi}' 4 et vedy -
Constant frequency (w=const) regime: < <] oF 3 of —& =
and A, may not depend on Rj. — = - 1 : . . 3 E
N I1 mI 1 | 1 En= I2 m=1 -
1 1 saERAEEEEENEENE NN R A NN E NN AN AN NN NN
« Can estimate basic parameters (M;, a;, My, ax, n, pi/px) e A T R S
'CanalsoprEdiCtthebEhaViorOfthe B T T a_lllllllll]lllllllll:
instability modes, and reproduce the 1 Bt hady R ST oy E
jet structure. g 1 F ' .
of- —% 4 °F 3
Pressure structure of Es mode E & 3 _F , :
=i = . -1 -
vg'é:ﬁ : En1m2 3 E n=2,mz2 .
1& Jetcrossectlon _,E_|||||||||[l||||||||",ﬂg_‘”"[““]""[”lr.
H 8 1z 18 o1 a0 38 & =1 o 1 @l =2 -1 a 1 ]
R (Hardee 2000)

w
o



Instabilities on pc scales

d Linear regime of K-H instability

w

B measured positions of P1 0 measured positions of P2

o K-Hmodel j:‘ 1 E o= K-Hmodel

s 2

Position offset [mas|

[ JATUTTRTEN FUVTTN VRTTL PPPPTY PUTEN EVETY PYPTIL PRI FPETL P
) 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Distance along jet axis [mas] Distance along jet axis [mas]

7\,|—|5:18.0, 7\,53:12.0, ;hEb1:4-O, }\4Eb2:1-9

E‘ a. Feature P1

g 5

=

o g°

[ E 5

S 3

[ 2

2 5

"__Es Transverse profiles 1

T L T T T T

o o B 10 15 20
Distance along jet ridge line {masj

b. Wavelet Power Spectrum c. Global Wavelet

Wavelength (mas)

Relative R.A. [mas]

oofio oo 1o 10 10°

| 1Distance1‘along jet ri::ﬁgelme(mas) —-\/\Mﬁ . m::f:riance (masj®
Gj=2.1, Mj=3.5, 1=0.02, 2;=0.53, Vy=0.21 T
Lobanov & Zensus 2001, Perucho, Lobanov, Marti 2006
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Nuclear Opacity
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AS Compact jet properties

-
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O Properties of ultra-compact jets can be described by the
following set of condition:

A power-low particle . e
N(ve) = Nove ™ for Ymin(r) < Ve < Ymax(7)

distribution
a=(l—15)/2
Jet expansion R=ar® (¢ <1)
Magnetic field evolution B = Bi(ri/m)™
along the jet ‘
Particle density evolution N = Ni(r/r)"
along the jet |

The case m=1, n=2 corresponds to the equipartition regime
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NS Physics of VLBI Core

jet origin VLBI core observed at different frequencies fsgaﬁﬁpgmina\
: jet | ) TS
D The "Core Of a VLBI Jet IS / VDZZZGHZ VOZISGHZ. VOZSGHZ. VO:SGHZ
located in a region where
emission turns optically thin at i =
a given frequency. Hence the : | : g
core position depends on the I
observing frequency S .
' - - eBy \° 0o,
Optical depth in the jet (rY= C(a)N -
ptl P J Ts(r ) ( (\C.l-)L\ | (271'_7”@ ) ,.r(e-;rn+-n,— I)I/E-H
The condition ts=1 determines the rlpc] = (Bfflw F/I/;)l/kr

location of the core
F=(1+2)7"6.2- 1080 ()8 Ny, ]/ D
ky = 3 —2a)/(5 — 2a)
ke = (3 —2a0)m + 2n — 2)/(5 — 2a)
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NS Nuclear opacity: Core shift

jet origin VLBI core observed at different frequencies fs:aﬁﬁ%mina
(1 Position offset of the optically / VD_ZWSGHZ
thick ,,core” of a VLBI jet can be used
to estimate physical conditions in the . o~
nuclear region of AGN
. | a 1 a e
Core location: ; N . B s
¢ ,I,_-_ nlN) -];“-,I._'.J. e m E T :L- £ - _i
rlpcl = (B*F/v)" (Konigl 1981) -
0.6 -
Core offset measure:
A 1/ke  1/kK .
O =485.10"° Armas Dr. + Vi Vs 2
L T e {l + d,}E ]I,-"'.,'TL'.]. II,-"'.,I{.]. E. 14 F .
RO TS B i
Derived magnetic field and distance from & I
the central engine to the core: 2 ner I [ T
: ot B Ko =17k ' :
By = (€2 / Sin @)/ e T Lobanov 1998
1 0.0 S ——
) o 1/ky o 4 & B 10 12
T CL"I'I'E{'U} — gl?'i'/ |:.U ! S1n 8:| Frequency [GHz]
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IS Summary
d Jets are formed in the immediate vicinity of supermassive
black holes.

Q Jets transport excess energy and momentum away from
SMBH

d Dynamic evolution and emission properties of compact jets
are described well by synchrotron emission

 Shocks and plasma instabilities affect strongly the dynamics
and emission of the jets.

O Multifrequency studies involving spectral imaging and
opacity measurements in the nuclear regions offer a good
opportunity to assess physical properties in the jet plasma.
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