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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 J 

3C120, 3C179, 3C279 

VLB ~- mainly OUTflows (expansion) 

12. EXTRANUCLEAR EMISSION LINES, 

Vag J3►r~~ye( Ciues~ ) 
(rLR) 

^-8 radio galaxies, 1 QSR 

Seyfert 2 or liner-like spectra 

gas at EDGES of radio jets, outside bends, knots 

gas pressure minimum pressure of synchrotron jet 

line widths increase toward radio features 

peculiar velocities few 100's of km/s 

— all suggest — 

INTERACTION of ISM with jets 

BUT NO DIRECT MEASURES OF OUTFLOW 

VELOCITY (GAS NOT ENTRAINED IN FLOW) 

3. "JETS" SEEN WHERE "BEAMS" PREDICTEDn 
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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-sidedDin 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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Jet Spreading Rate vs. Core Power 
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Where are Extragalactic Jets 

Collimated ? 

INITIALLY, ON PARSEC SCALES 

— but — 

Many radio-galaxy jets spread rapidly 

a few kpc from the nucleus, but more 

slowly at 10-30 kpc from the nucleus * * 

— i.e. - 

• THE TETS ARE NOT FREE or1 RvL°ty RDN1 Co2E 
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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STRONG RADIO GALAXIES 

Pressure laws of X-ray haloes may have 

Pressures of X-ray haloes are too low ? 

QUASARS 

Total X-ray luminosities too low ? 

Can Jets be Thermally 

Collimated by X-ray Haloes 
of Galaxies/QSRs ? 

- ____ Q D SSe ' ' eYmA1 se 
r!M ncl,rot ".  rLro. 't-r d rc 

tO - 

WEAK RADIO GALAXIES 

Pressure laws of X-ray haloes have right form 

Pressures of X-ray haloes have right magnitude 

ale L f0 c~i;  K —era k~c 
lCf cr y K , I oo lac 

right form 

OBSERVERS MUST DISTINGUISH LOCAL 

OVERPRESSURES AT KNOTS FROM LARGE-SCALE 

OVERPRESSURES BETWEEN KNOTS J 
tee. cue bod tie col,U n.. 

"(4 o 3 ee / S QS 

i .dB. \tc: .1 
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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 ? 

r2.  CONFINEMENT MECHANISM UNCLEAR 

— especially for powerful QSR jets 2 

— possible relation to one-sidedness ? 

— magnetic collimation of current-carrying jets? 

— thermal confinement possible for weak radio-

galaxy jets, but are other mechanisms active ? 
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Departures from "Adiabatic" 
I R~ Brightness Variations 

in Extragalactic Radio Jets 

I 

I i. INITIAL "TURN-ON" AFTER "GAPS" 
Joc R, t.e. Jam" bh9hiens as ~Xr 

2. GRADUAL DIMMING AFTER "TURN-ON" 

- I 
R~1 -1±0 .5 

initially to I c R~4± far out 

3. BRIGHT KNOTS 

— especially jets in powerful sources 

4. TERMINAL HOT SPOTS 

— absent in weak sources, prominent in strong 

5. FLARING 

— rapid brightening and widening of trails/plumes 
a 
t — often seen in weak sources 

— i cdAes n_t eMtone c( r r c ~J
nest ~24v0.Y i ors, c..:e dar' t d erec± ce' ? 

C,' 

k 



Proposed Mechanisms for 
"Sub-adiabatic" I vs. R3 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 ? 

;• -  _ w.. -----.. . . .- s._~. ~n. tsu..a .. a. - . . n 

2. PITCH ANGLE SCATTERING j 

— streaming 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 

- att ,B1,Jers, duero stream v 
d4i~derr2 .n adickats



Tests of Mechanisms to Keep 

Extragalactic Jets Lit Up 

fi.  OPTICAL to X-RAY IMAGING j 

— find particle reacceleration sites 

(short synchrotron lifetimes) 

— full tests via detailed spectra (curvature !) plus 

model relating synchrotron emission to flow 

— olarimetry (where possible) required to prove 

(a) emission mechanism is synchrotron 

(b) all of spectrum arises in same volume 

L EVIDENCE FOR SLOWDOWN J 
— bending radii of curved head-tail jets?

C 3. EVIDENCE FOR ENTRAINMENT! 
— optical emission from entrained gas ? 

— Faraday depth variations along jets 
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Mean Spectral Indices of 39 Jets near 20cm 
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REVERSAL OF SPECTRAL INbEX 
GRI J4T AT (soLE) 7ET KNOT 
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Theoretical Astrophysics 

Institut canadien 
d'astrophysique theorique ICAT 

Typical Jet Mach Numbers May 
Increase with Source Power 

IOF~(~ 34 
JETS IN WEAK ( io w) SOURCES 

RESEMBLE MILDLY SUPERSONIC FLOWS 

1) They spread rapidly, hence —

2) are dominated by perpendicular magnetic field, 

3) so can stay bright as they expand by —

(a) becoming turbulent 

(b) entraining gas and slowing down 

and may thus become subsonic, so that they —

4) "poop out" without making hot spots 

toG~ 

JETS IN STRONG  I0 V) SOURCES ICM ~ 

RESEMBLE HYPERSONIC FLOWS (fyi3 ≥ 3) 

wcde 
3J-

~STMoa~~ 

~. ~Cc Ebc S 

1) They spread slowly, hence —

2) are dominated by parallel magnetic field, but —

form strong X-shocks from boundary instabilities 

3) so stay bright by shock acceleration at knots 

and remain supersonic until they —

4) plow into undisturbed IGM, making hot spots 

N t c~ ' i /M~e : ~ S~ ar~S ~~b " T ~l(Zok , i Y ok ~e 

~- ~cr•,~► ~~_1 -  ao ~~f~, S fez a►~c ►mac.. s' 's' c. 'off 
McLennan Physical Laboratories University of Toronto 60 St. George Street Toronto Ontario M5S 1A1 
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Arguments Favoring 
Bulk Relativistic Motions` 

in Parsec-Scale Jets 
~f~h~'ccL lat;ry.~~*co Y3  '. S 

When such jets point near the line of sight, we 

may simultaneously explain: 

BY TIME DELAY EFFECTS: 

Superliuminal 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 CS Ô  (Q4 56'tit 2e~ 

1 
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The Great Velocity Debate 

From collimation/brightness arguments: 

If jet MACH NUMBERS increase with increasing 

source power, do jet VELOCITIES increase also ? 

From parsec-scale core-jet properties: 

F How far from the nucleus does bulk relativistic 

flow persist in the powerful sources ? 

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 
t 

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 ('?zl - 1 
samples of big lobe-dominated QSRs ? f S Z 

— HOW one-sided are these QSR jets? 

— needs T decreasing outwards ? s ? 
' I , I O k4.3s4dIS . 

2. BOTH SCALES HAVE SYMMETRIC ENERGY 

FLOWS BUT ONE SIDE DISSIPATES MORE 

— why is dissipation coherent on pc f kpc scales? 

— why is asymmetry correlated with power ? 

 I 

3. INTRINSIC ASYMMETRY ON BOTH SCALES 

— needs decreasing with distance? 

— needs "flip flop" to build two lobes 

— asymmetry and "flip time" increase with power ? 

(ro 

v , tfc) 
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Evidence for Non-Doppler 
Brightness Asymmetries in 

Low-Power Jets 

BRIGHT ONE-SIDED JET BASES ( rsr-e  c) 

(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 

bO& th is /Aneb C t 
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Problems for Observers] 
1. DETECT COUNTERJETS

— symmetries, sidedness, spectra, collimation 

2. HOW MANY SUPERLUMINALS ? 

— complete samples of one-, two- and no-sided 

kpc-scale jets should be monitored for hard 

evidence of bulk relativistic motions at bases 

3. TEST PC/KPC JET SIDEDNESS 

— are pc and kpc sidedness always the same ? 

i.e., same SYMMETRY? same SIDE? 

4. MAP INTRINSIC FARADAY DEPTHS 

— constrain 3-D B field, jet density, entrainment 

5. FIND PARTICLE REGENERATION SITES 

— image optical, X-ray synchrotron emission 

— polarimetry if you can! 

6. IMAGE X-RAY HALOES

— test thermal collimation in detail for 

both galaxies and QSRs 

VL4 
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Jfo[TheotEtsisj
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 ? 3Cz►97 

4. ASYMMETRIC DISSIPATION 

— can be coherent from pc to 100-kpc scales ? 

5. SYNCHROTRON FLOW VISUALISATION.

— how do the synchrotron parameters "visualise"

(a) collimation, (b) pressure ? — predict I,Q,U ! 

6. FLOW IN PRESSURE GRADIENTS 

— can parameter evolution in haloes stabilize jets ? 
? ' i YA Wtd 2a~~1 


