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 DETECTION RATES OF JETS
IN COMPLETE SOURCE SAMPLES
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Evidence for Outflow in
Kpc-scale Extragalactic Jets

— VERY INDIRECT -

-

1. PROPER MOTIONS ON PARSEC SCALES AT
BASES OF SOME KILOPARSEC-SCALE JETS

3C120, 3C179, 3C279

VLB->— mainly OUTflows (expansion)
Vo Biewgel (Toesdny)

2. EXTRANUCLEAR EMISSION LINES (NLR.&}
~8 radio galaxies, 1 QSR
Seyfert 2 or liner-like spectra
gas at EDGES of radio jets, outside bends, knots

e—_,"
gas pressure~ minimumm pressure of synchrotron jet (ngg_c,.

line widths increase toward radio features 6710 (m

peculiar velocities few 100’s of km/s

— all suggest — F
INTERACTION of ISM with jets

BUT NO DIRECT MEASURES OF OUTFLOW
VELOCITY (GAS NOT ENTRAINED IN FLOW)

3. “JETS” SEEN WHERE “BEAMS” PREDICTED .
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Power-Related Properties
of Extragalactic Radio Jets

=

. Many jet properties change systematically with

— core power
— total power

— core prominence (ratio of above)

DETECTABILITY

— increases with core prominence in strong sources
SYMMETRY /SIDEDNESS

—"two-sided in weak sources,"one-sided"in strong
TERMINAL HOT SPOTS

— absent in weak sources, prominent in strong
DOMINANT MAGNETIC FIELD (straight jets)

— perpendicular in weak sources, parallel in strong

— parallel B-field enhanced by bending (outer edges)
— bright knots may have B-field across I gradients
CLUMPINESS

— jets in weak sources smoother than in strong

COLLIMATION (SPREADING RATE)

— rapid spreading in weak sources, slow in strong
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Mean Lateral Expansion Rate
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‘ QPREADING DVAGRAM OF THE JETS IN
A WEAK SovRcE (P} = 102496 Wivk)
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Where are Extragalactic Jets
Collimated ?

VLBRTI>

I INITIALLY, ON PARSEC SCALES |

— but -

a few kpc from the nucleus, but more

. SMany radio-galaxy jets spread rapidly ]

' slowly at 10-30 kpc from the nucleus **

_— ioeo =

® THE JETS ARE NOT FREE ONCE AWAY FRoM CoRE

SOMETHING RECOLLIMATES MANY RADIO JETS
ABOUT 10 KPC FROM THE PARENT NUCLEI
— WHAT ?

** in some cases they “flare” again further out
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Can Jets be Thermally
Collimated by X-ray Haloes
of Galaxies/QSRs 7

-1 N&ijet‘p-éssw *; . % thermal Ews.swc iy 7
(aFrm sjnd\rohw dora) ran (ﬁo-,k X-rajd r¢> +h
A =) to -2
WEAK RADIO GALAXIES / Ptk’”@
Pressure laws of X-ray haloes have right form R
Pressures of X-ray haloes have right magnitude h‘\iﬁ< bth
T 0o~ 1wk, feusiche
~0em® K, 100kbe

STRONG RADIO GALAXIES

Pressure laws of X-ray haloes may have right form

Pressures of X-ray haloes are too low 7 M‘* \-50&

QUASARS %
Total X-ray luminosities too low ? h‘w‘z 'Obl‘k ?

OBSERVERS MUST DISTINGUISH LOCAL
OVERPRESSURES AT KNOTS FROM LARGE-SCALE
OVERPRESSURES BETWEEN KNOTS

——  befpe we are sure how bad the collimahion
problems are {3 sbrang vadio grlaxies [G5Rs

. o 4 . \
N8, A\.\,\DQ\‘-S undd,, ‘Pm;,? ‘1‘;: ane (21?-5\2{.; 4



S DA 1Y ~ &R VWA NaT,

andbodentts
Tohn Wo.dhe has alro e—m\om\yd.t&nx t&eJ'm ps

Soong QSR Sewnes Canmsk be free, on grennds of
Rrnst balance



TURUST RALMCE For PowereDL JETS
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Conclusions:
Freedom or Confinement
for Extragalactic Radio Jets ?

1. NO DETECTED LARGE-SCALE JETS
ARE EVERYWHERE FREE

— some rapidly-expanding parts of jets free ?

— fully free jets too dim to detect ?

[2. CONFINEMENT CHINCLEARJ

— especially for powerful QSR jets 2

e

— possible relation to one-sidedness 7
— magnetic collimation of current-carrying jets?

— thermal confinement possible for weak radio-

galaxy jets, but are other mechanisms active 7

A
€.9. magnehe
mSLonsS
— Bermal confirement bossible fov all efs o
Synchotren sverbresmes tavfired Yo Shockad

Rﬁcms M ~ (Nackﬂn.)7

Pamsrent
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ADIABATIC BENCHMARK FOR
DIMMING OF A SPREADING JET

area A;
4@ = veloeZy 7

TF JET FLowe CoONSERNE mP«GNE'\' ¢ FLUX
B X A B, x ‘[g"{'

AND NOC PARTICLE REACCELERATION),
\\-\CN ADIABAT\C SPREADNG —>

S /%42
BSSNTY & L (B))

(T2 _(al) L (547)
v = (5 >[‘ 2)1\_; (3% /(
Obgenes messure eitber:
fumims-ifj Pe,r wwt Lu;\j\-& ’iv of & Aj OR
beak {;rﬁ\\e ety I« &y

'ra‘Ft@ eectren ey ndex Y~ 2.3 (&=
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Departures from “Adiabatic”
I—Rj Brightness Variations
in Extragalactic Radio Jets

L 1210
K,

; Q‘;e.t_,

| 1. INITIAL “TURN-ON” AFTER “GAPS”

[ 1 — Jo< R?z Le. et brghlens as expands
a .

T2. GRADUAL DIMMING AFTER “TURN-ON”
-120-85

= L=k I initially to I << R;‘“:I far out

3. BRIGHT KNOTS

— especially jets in powerful sources

v .

4. TERMINAL HOT SPOTS

— absent in weak sources, prominent in strong
i mc——

| 5. FLARING | | | Ies
— rapid brightening and widening of trails/plumes !:5 ¢

\

-y

| — often seen in weak sources oo

NB. \>osstb\e Seleanion effect
— (§ jer does aol exhisit one of mave of
WRese cehavios, Le den't defect it ¢



Proposed Mechanisms for
“"Sub-adiabatic” Ivs. R;Laws
in Extragalactic Radio Jets

1. PARTICLE ACCELERATION AND/OR
MAGNETIC FLUX AMPLIFICATION

— derived from bulk K.E. of jet
— mediated by shocks at high Mach number ?

— mediated by turbulence at low Mach number ?

e o o

E'2 PITCH ANGLE SCATTERINGj

— streamlng parallel to B until scattered ?

3. ADIABATIC SLOWDOWN

— longitudinal compression of slowing jet
— mediated by turbulent entrainment of ambient

gas across boundary layer at low Mach number
— odtractive 4 weak By jers, due o sbreng
ddprndone in odickols For B .



Tests of Mechanisms to Keep
Extragalactic Jets Lit Up

[ 1. OPTICAL to X-RAY IMAGING |

— find particle reacceleration sites

(short synchrotron lifetimes)

— full tests via detailed spectra (curvature !) plus
model relating synchrotron emission to flow

— polarimetry (where possible) required to prove
(a) emission mechanism is synchrotron

(b) all of spectrum arises in same volume

i‘2. EVIDENCE FOR SLOWDOWNJ
— bending radii of curved head-tail jets ? (0'Dea, bater

)

[3. EVIDENCE FOR ENTRAINMENT |

— optical emission from entrained gas ?

— Faraday depth variations along jets




Tareday Depth Test
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Number of Jets

20

10

Mean Spectral Indices of 39 Jets near 20cm

l i 1 T T I

ALL AVAILABLE

—

I

JeTS (39)
d =063
T =015 _
i [ | [ 1 i
0 L 0.5 1 T 1.5
Spectral Index
| A Brale, wnbusisted |




Number of Jets

Number of Jets

20

10

20

10

(WEAK SOURCES)
TWO-S'DED
Jets (22)

d = 063
7 =0.09

Spectral Index

LN L T 3 [

1
(STRONG SOURCES)
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P =3
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RENERSAL OF SPECTRAL INDEX
GRADIENT AT (RESOLVED) TJET KNOT
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PRINCIPAL KEWIN=-HELMROLTZ
|N$‘TAB\L\¥ REEIMES OF CONFINED
VPERSONVC TETS

{ ANAITIC (LINSAR) MODEUNG — €. Cohn, Remviersl, ot
NUMERIGAL (NONLINEA2) MEDEUNG - Novrcn c7a.

ot
— i

Q ! ! Wired, 22, =i

\4

L 3'3
4. ORDWARY MODE £ ( M;
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"Heovy, mildly sqaeysw'c_"
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UNMODELED COMPLICATIONS
OF THE REAL WORLD

) Resl AefS descend, F-esswe gredien’s
(\Oe’: | 7) but most models den't !

—> %qrame.rer wtuah'oe (N\ 1) /f,_)
2) Non:mdSammeﬁ\j , 2-D effecrs

3) Unstesdy inbute fiom certral engine
4) Eleetra mag refic efecfs ~ MHD needed ¢

5) Synehrotren yadiahon. og Lied
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CITA 1 s e s o Festoni e WO AT
Typical Jet Mach Numbers May
Increase with Source Power

06HE o4
JETS IN WEAK (P, <10 W) SOURCES

RESEMBLE MILDLY SUPERSONIC FLOWS

1) They spread rapidly, hence — wae
2) are dominated by perpendicular magnetic field, B
3) so can stay bright as they expand by —
(a) becoming turbulent drght
(b) entraining gas and slowing down (S\Mco!-\\.

and may thus become subsonic, so that they —

4) “poop out” without making hot spots g Sd\:\:( d?\:
" e -
JETS IN STRONG ( v 210 W) SOURCES
| RESEMBLE HYPERSONIC FLOWS (Wj23)
1) They spread slowly, hence — A
2) are dominated by parallel magnetic field, but — 3,

form strong X-shocks from boundary instabilities

3) so stay bright by shock acceleration at knots Kno “‘j
and remain supersonic until they —

uneh
4) plow into undisturbed IGM, making hot spots hest
Spa's
N@ f»gU l\(jg‘”d*“@ 4 S\ar(s o sk, Y moe, olia he ?Q

N Dy - m ol 05 Tule. a0 ifed sl one Inuin . Exl shaea ehoo.

McLennan Physucal Laboratorles University of Toronto 60 St. George Street Toronto Ontario M5S 1A1
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Arguments Favoring
Bulk Relativistic Motions™

in Parsec-Scale Jets
_*l',g\?c‘ml, Loverts {c.ero—.s \‘3 ~ S

When such jets point near the line of sight, we

may simultaneously explain:

BY TIME DELAY EFFECTS:
Superluminal knot separations (VLBI data)

BY DOPPLER BEAMING /BOOSTING:

One-sidedness of core-jets

Low self-Compton X-ray fluxes of bright radio cores

| “Excess” radio brightnesses of rapid variables

BY PROJECTION/ORIENTATION:

Large apparent jet curvatures/misalignments

(n CHre-dsminaled eounes

|



PROBLEMS WiTH VELOOTY ESTIMATES
FOR KPC-SCALE JETS

s TET DENSITIES POORLY CONSTRANED

o B2uing, _ ENTHALPY? FLUX DomMmANCE
KE S (x ossume Mok H 1onge)

— STEADY STATE Flows

- WIGGLE INTERPRETATICN

— PRESSVURE BALANCE ATROT SPOTR
- EQVIPARTITION [EF?—’!C! ENCIES

ME THOD CHOSEN + ™
‘ ASSUMPTIONS MADE L Uj ESTWATE )

Dﬁ(Pr /

(

‘\,/’
V‘“\Qt we cmbewa\g Sure ﬁ- (1 kk:c Scales :
1 :

) Ve < ¥ £ C

e r‘ . ] - -
\+ Yhere 13 c‘\«'rg{;w on fasse Scda:!

2) Toc 2-sided beat jefs in C-shaped seuees:
‘lYJ 0 ZC. ’S:\TN\ their bnghtﬂlw Sjmm efwer
(ODQAB (04%&%5%4?9@)



The Great Velocity Debate

From collimation/brightness arguments:

If jet MACH NUMBERS increase with increasing
source power, do jet VELOCITIES increase also 7

From parsec-scale core-jet properties:

N o T TSI TR R TN o

-- -. nucleus does bulk r‘éiati\‘;irs"ﬂcic i

flow persist in the powerful sources 7

T o — = R =SS i j

From symmetry/sidedness considerations:

Jet one-sidedness extends further from the core
as core power increases — does this indicate

increasing dominance of bulk relativistic effects

with increasing power output ?

— and —

How much of the above is a geometrical effect 7
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Parsec/Kiloparsec Correlations

1. CORE - JET DETECTABILITY
Jets are found most easily in sources with prominent
cores. There are no “disembodied” radio jets.

— thus —
A SIGNIFICANT PART OF THE CORE POWER"
IN MOST SOURCES IS NO MORE BEAMED
THAN THE KPC-SCALE JET

3\)‘1 CORE = RASE OF TET IN MCDELS OF PL SO 7

2. ONE-SIDEDNESS

One-sided pc-scale jets always point on the same side

of the core as one-sided kpc-scale jets, when both

are seen in the same source.
. — thus —
THE PRIME CAUSE OF JET ONE-SIDEDNESS
‘ IS THE SAME ON BOTH PC AND KPC SCALES'




3 Interpretations of Pc/Kpc
Jet One-Sidedness Correlation

1. BOTH SCALES ARE APPROACHING
SIDES OF SYMMETRIC (two-sided) BULK
RELATIVISTIC ENERGY FLOWS

— why SO MANY one-sided jets in complete <7>? - mosC >

__ | Shadd not
samples of big lobe-dominated QSRs '7/ he sern /

— HOW one-sided are these QSR jets 7

— needs -’3‘; decreasing outwards ?

=S, pescales 2
Y~1, lOk\x.saks .

e e T et

i2. BOTH SCALES HAVE SYMMETRIC ENERGY
FLOWS BUT ONE SIDE DISSIPATES MORE

AL

— why is dissipation coherent on pc/kpc scales 7

— why is asymmetry correlated with power 7

3. INTRINSIC ASYMMETRY ON BOTH SCALES

— needs ?J. decreasing with distance ? (ro preserve U7e, efe)
— needs “flip flop” to build two lobes

— asymmetry and “flip time” increase with power ?



N.B. bdoth noa- DO\?\P\U cr\texp-d'o\hms
Sheuld be Caken seriowsly , becuse of:

Evidence for Non-Doppler
Brightness Asymmetries in
Low-Power Jets

BRIGHT ONE-SIDED JET BASES (firsrfe kbe)

(a) on receding side in some dust lane. galaxies

(b) close to plane of sky in others

JETS IN “C?-SHAPED SOURCES
generally bend without showing the brightness

changes expected if emission is Doppler-boosted

LOW-VELOCITY OPTICAL EMISSION LINES
share jet/knot asymmetries in most sources
where both o\s&jmmd‘n‘cs and boes exnst

SO — DOPPLER BOOSTING CANNOT
EXPLAN ALL ONE-S\DEDNESS

NOW KNOWN IN EXTRAGALARLCTIC
NETS
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Concwsime abevt Jet Valoeities
(as at Jone 1985)

4. ALL MODELS For PC/i<Pc SIDEDNESS

CORRELATIONS HAYE SOME DIFFICLLTY

ALL-DOPPLER = Spbistics of big QSR
Stures with pne-suded jefs

ONE-3DED DISSIPATION = %;ls,jgs‘cs ngeded
INTRINSIC | FLIP-FLOP  —~ Symmernie hotspefs
{20 by ene-sided jefs
(e.5.Cy5 #)
2 . EV'DENCE TMaAT '}g-»\ IN JETS
(0) decreoses Lirh d:is‘(ancezf?—m CeeS
(b) decseoses usivh deceasing pawes

3. SOME TJETS ARE DEFINITELY
SVBRELARTIVNIST\C, PERHAPS ALSO

SvisSon\C T (To-sided e 1S ek © mv,{

A Al STATENENTS ABOLT JET VELOLTIES
STARTING W\TH ALL ARE LIKELY To BE WRoNG




Conclusions abawt Core - Jet Relafimshibs

1.(*2, = 10°° ro (0™ wHe)

- C5e emuiSsion and je.( erussin CANNOT
be significartty Dolhler -boosted.
VLB -ers: how many of tRese cove -jelare
one-sided, hew many supereumr\a.l. ,efe

2. (?cs“ = 10" % 1023'5wma-)
—  Cove-dominaled. Scures =» X,«S |
m\:aéecsca\es.

— \obe-dominaled Scuces —> Yaughly He
Same boos¥ing foclor en pe and kpe
scales (N.B." boost” could be = 1 1)

ENGINES MAKE BoTH ¥ ~5 (opondl?

AND Fj~ \ fompusery) QUTFLOWS.
-+

® SOME ONE-SIDEDNESS 1S NoN-DOPOLEE



[Problems for Observers

1. DETECT COUNTERJETS (34 Souces) VLA
— symmetries, sidedness, spectra, collimation =SS
2. HOW MANY SUPERLUMINALS ? VBN
— complete samples of one-, two- and no-sided VLA
kpc-scale jets should be monitored for hard
evidence of bulk relativistic motions at bases
3. TEST PC/KPC JET SIDEDNESS VKA
— are pc and kpc sidedness always the same ? \‘J\I,‘_ET:IL;(Z

i.e., same SYMMETRY ? same SIDE ? VLR A
4. MAP INTRINSIC FARADAY DEPTHS \LAX
— constrain 3-D B field, jet density, entrainment M&RuN
5. FIND PARTICLE REGENERATION SITES Ns7

— image optical, X-ray synchrotron emission AT

— polarimetry if you can !
6. IMAGE X-RAY HALOES ac?
— test thermal collimation in detail for

both galaxies and QSRs

/ ] / \ { o
[l / o~/ el : \ j - J . ~—
UCENC e M. Wit i

S

SIS

— T T



|Problems for Theorists |

1. RELATIVISTIC SLOWDOWN
— can it happen quietly about 10-100 pc out ?
2. ASYMMETRIC JET ENGINES

— can they have time scales or asymmetries that

increase with increasing power output ?
3. JET “GAP AND PIECE” THEORY
— what do (a) unsteady, (b) flip-flop jets look like 7 3247
4. ASYMMETRIC DISSIPATION
- canl:be coherent from pc to 100-kpc scales ?

5. SYNCHROTRON FLOW VISUALISATION  Myomen
) (Wwa&j

— how do the synchrotron parameters “visualise
(a) collimation, (b) pressure ? — predict 1,Q,U !
6. FLOW IN PRESSURE GRADIENTS

— can parameter evolution in haloes stabilize jets 7

[AWNR7Y (lewQaao




