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ABSTRACT

Thanks to the availability of high-resolution high-sensitivity telescopes such as the Very Large
Array, theHubble Space Telescope, and @teandra X-ray Observatory, there is now a wealth

of observational data on relativistic jets from active galactic nuclei (AGN) as well as galactic
sources such as Black-Hole X-ray Binaries. Since the jet speeds cannot be constrained well
from observations, but are generally believed to be relativistic, physical quantities inferred
from observables are commonly expressed in terms of the unknown beaming parameters: the
bulk Lorentz factor and the line-of-sight angle, usually in their combination as relativistic
Doppler factor. This paper aims to resolve the discrepancies existing in the literature about
such “de-beaming” of derived quantities, in particular regarding the minimum-energy mag-
netic field estimate. The discrepancies arise because the distinction is not normally made
between the case of a fixed source observed with different beaming parameters and the case
where the source projection on the sky is held fixed. The former is usually considered, but it
is the latter that corresponds to interpreting actual jet observations. Furthermore, attention is

drawn to the fact that apparent superluminal motion has a spatial corollary, here called “re-
tardation magnification”, which implies that most parts of a relativistic jet that are actually
present in the observer’s frame (a “world map” in relativity terminology) are in fact hidden on
the observer's image (the “world picture” in general, or “supersnapshot” in the special case of
astronomy).
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1 INTRODUCTION to relativistic beaming, whose magnitude is, however, not known
from observations. A particular quantity of interest is the rest-frame
minimum-energy magnetic-field estimate for a synchrotron source
(Burbidge 1959), and there are different opinions in the literature
about how the true rest-frame minimum-energy field scales with
the relativistic Doppler factor compared to that inferred assuming
a non-relativistic source (compare eqn. A3 of Stawarz et al. 2003
to eqn. A7 of Harris & Krawczynski 2002). Some of the argument
revolves around whether the observed morphological features of
jets are “blobs” or “jets”, and their (apparently) different beaming
properties.

For over 50 years from the appearance of the senzinaElektro-
dynamik bewegter &tper (Einstein 1905), only the Lorentz trans-
formations of the 4-coordinates of “events” were considered in the
literature, but not how relativistically moving bodies woudg-
pear when looked at or photographed. This was first done inde-
pendently and (relatively) simultaneously by Penrose (1959) and
Terrell (1959); the former showed that the projected outline of a
relativistically moving sphere is always a circle, while the latter
provided a more extensive discussion of the appearance of movin
bodies and pointed out the key features of observing relativistically . . - “ »
moving bodies: they appear batbtated andscaled(more details Qlyen these dn"ferepges of opinion (?n how to dg-beam prop-
will be given below). erly, |_t is perhaps surprising thgt NASA_s A§trophyS|cs pata Sys_—
The motivation for writing the present paper is work on in- _tem lists only three papers on interpreting jet observations as cit-
terpreting observations of relativistic jets (Jester et al. 2006, e.qg.,), ing Terrell (1959), and ,h's results do not seem to be part of th?
where the need arises to infer physical properties of the jet fluid common knowledge of jet researchers. One of the citing papers is

in its own rest frame from observations, subject to corrections due L_|r_1d_& Bland_forcl ‘(198‘3)’_Wh0 consider the implications OT re_la .
tivistic beaming on the difference between observed and intrinsic

source counts and give detailed formulae for relating observed and
jet-frame fluxes and emissivities. Some of these formulae had al-

* Portions of this work were carried at the Particle Astrophysics Center, ready been presented in the seminal paper by Blandfordaid{
Fermilab MS 127, PO Box 500, Batavia, IL 60510, USA; and while the au- i -

thor was an Otto Hahn fellow of the Max-Planck-Gesellschaft at the Depart- (1979). . L. L. .
ment of Physics and Astronomy, University of Southampton, Southampton It appears that the difficulties in interpreting jet observahong
S0O17 1BJ, United Kingdom arise because the problem under consideration is ill-posed. As will

+ E-mail: jester@mpia.de be argued in detail below, what matters for interpreting jet obser-
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vations subject to unknown beaming paramters is that we have ob-wherey = cos 6 etc., or, equivalently,
served the 2-dimensional projection of a source’s appearance onto .

/ .
the plane of the sky and try to infer the source's rest-frame prop- 5" ¢ = 9sin?; @
erties from this projection. Confusion arises because most formu- wheres is the relativistic Doppler factor
lae in the literature consider what happens to the observed quanti- .
ties when dixed sourcemoves with different Lorentz factors and ~ © = LA =Bl ®)

at different line-of-sight angles to the observer, while in obser- The |atter phenomenon is the well-known angle aberration; the for-
vations, it is theprojectionof the source which is held constant.  mer is perhaps less well-known, but essential for the analysis of
Furthermore, the effects of light-travel time delays along the line jmages of relativistically moving objects, and implies that the su-
of sight are typically only mentioned explicitly in work compar-  persnapshot is scaledversion of the rest-frame image. Taken to-
ing jet simulations to observations, e.g., in Aloy etal. (2003) and gether, they yield Terrell's result that the appearance of such an
Swift & Hughes (2008), but not in the observational literature. This object in a supersnapshot is simply the object's appearance as seen

and the preference for adopting the fixed-source view may be re-
lated to the fact that Lorentz transformations are usually covered
in great detail in a typical course on special relativity, but Penrose
(1959) and Terrell (1959) are hardly mentioned in relativity text-
books.

This leads to the present paper with the following outline: the

from the aberrated angl® in its rest frame, with its apparent size
along the direction of motion scaled by the Doppler faétor

As a consequence of eql (1), even approaching objects appear
to be seen “from behind” unlegs< 3, i.e.,§ > T'; in the limiting
casey = f & 6 =T < sinf = 1/T, a relativistic object is
seen exactly side-on in its rest frame and with exactly its rest-frame

remainder of the introduction summarizes the results by Penrose|ength as its “projected” length.

(1959) and Terrell (1959) and sets out some basic definitions and
terminology. The appearance of relativistic objects, and in particu-
lar of astrophysical jets, is discussedjiy both from a theoretical
point of view and using a simple ray-tracer. Ready-to-use formu-
lae for relating jet-frame quantities to observables are give§3in
including the minimum-energy field. The discussion and summary
are given in§4, while Appendix A describes son@edankenexper-
imenteon non-conventional world-map measurements that lead to
length expansion and time acceleration.

1.1 World Pictures and Supersnapshots

As first noted by Terrell (1959), there is a fundamental difference in
relativity between théocations(4-coordinates) of events as judged

1.2 Terminology: “Blobs” versus“jets” versus“shocks” — at
rest in different frames

It is useful clearly to set out the terminology for the remainder of
the paper, because the brightness pattern observed in astrophysi-
cal jets can be at rest in frames that are different from both the
observer frame, and the fluid rest frame, as discussed in detail by
Lind & Blandford (1985). Their discussion and notation is adopted
here. It distinguishes between “blob”, “jet” and “shock” features,
which are defined by being at rest in one of three frames relevant to
the problem. Thus, it is useful to give the definitions of the relevant
frames together with those of the morphological terms:

(i) The “observer frame” is that in which the astronomer is at

by observers that are local to the events and equipped with sets offest. Once appropriate cosmological corrections are applied, the ob-

clocks that are synchronized in their rest frame, andifipearance
of relativistically moving bodies as judged by distant observers by
means of photons that are received simultaneously; a little earlier,

server frame is conceptually identical to the frame in which the jet
source and its host are at rest.
A “jet” feature is then aesolvedbrightness pattern whose out-

Penrose (1959) had considered the special case of the obsetved ouline is at rest in the observer frame. Observer-frame quantities have

line of a relativistically moving sphere. The set of event locations
is aworld map while the picture that is taken of the events is a
world picture In the special case of photons arriving at right angles
to the detector taking the world picture, it is calleg@persnap-
shot(Rindler 1977). Astronomical observations clearly fall under
the definition of a supersnapshot.

The appearance of relativistically moving objects in a super-

no primes, e.gj for volume emissivity.

(i) The “fluid frame” is the rest frame of the emitting fluid,
which is taken to be moving through the observer frame at rela-
tivistic speed. The term “rest frame” is used interchangeably with
“fluid frame” "

A “blob” or “plasmoid” is a brightness pattern whose outline is
at rest in the fluid frame. Fluid-frame quantities will be designated

snapshot is governed by two aspects of photon paths in special rel-by double primes, e.g!”.

ativity (Terrell 1959; Rindler 1977; Lind & Blandford 1985):

(i) Two photons traveling abreast with a separatids in one
frame (i.e., photons traveling “alongside each other” withmea-
sured perpendicular to their direction of motion) do sallrframes.
This is the case becaugés|? is invariant under Lorentz transfor-
mations and\s is a space-like interval.

(i) If a photon is traveling at an angt to the direction of mo-
tion of some frame that is moving with spe@dand Lorentz factor
I' = (1—?%)/2 with respect to an observer, the angle between the
direction of motion and the photon direction in that frame is re-
lated to the anglé between the direction of motion and the photon
direction in the observer's frame by

’ uw—p
n= ,
1—Bu

@

(i) A“pattern” or “shock” feature is a brightness pattern whose
outline is at rest neither in the fluid nor in the observer frame, e.g.,
a shock traveling through the jet fluid. It defines the third frame, the
frame in which this pattern is at rest. Pattern-frame quantities have
single primes, e.gi’. The emissivity of the fluid traveling through
such a “shock” transforms according to the fluid's Doppler factor
5", while its projected appearance and morphology are governed
by the shock’s Doppler factay .

1 The emitting fluid is not necessarily identical with that gamg the bulk
of the jet’s kinetic energy, nor are those two fluids necelysaoving at the
same speed (Harris & Krawczynski 2007). However, this disiim does
not affect the relation between observables and physicattiies in the
rest frame of the emitting fluid, which is the subject of this@apleverthe-
less, it needs to be kept in mind when interpreting fluid-framargjties.



These are fairly intuitive definitions. Nevertheless, the differ-
ence between the “blob” and “jet” formulae in egn. C7 of
Begelman et al. (1984) is just one dfoice of integration bound-
aries, and in particular whether the integration boundaries are held
fixed in the observer frame whenis changed (jet case) or are al-
lowed to vary according to the different projected morphology of
a “blob” under changes af. Thus, it is possible to apply a “jet”
formula to a small segment of a blob as long as the integration
boundaries are held fixed in the observer frame§J8.1.3 and
[3.2.3 below, | will present detailed formulae for converting ob-

served to fluid-frame properties in each case, with expressions for

the minimum-energy field i§3.3.2.

1.3 Basic definitions and beaming formulae

This section summarizes the basic definitions of surface bright-
ness/intensity, flux density and luminosity of astronomical sources,
as well as the beaming properties of blobs, jets, and shocks. | will
give explicit formulae for observed surface brightness and total flux

in terms of source parameters for simple geometries, as well as
ray-tracing images showing the appearance of such sources in su*

persnapshots.

For the computation of surface brightness and flux, | use
the notation and formulae as given by Blandford &ri{gl (1979)
and Lind & Blandford|(1985), assuming an optically thin, isotropic
emission with a power-law emissivity, o« v that is constant
within the emitting region. All observables will be expressed in
terms of the emissivity” in the fluid rest frame and the source size
in the pattern fram&’, which is identical to the fluid and observer
frame for a “blob” and “jet”, respectively. Cosmological transfor-
mations, however, are not always given explicitly in order to sim-
plify the notation; they can be re-incorporated in the usual way by
inserting appropriate powers ¢f + z) for cosmological redshifts,
and using the appropriate cosmological distance measures.

The surface brightness or intensityflux densityS, and lu-
minosity L of a source are given by

L - / juda, @
0
s, = /IudA 5)
A
= d° / jvdV, (6)
\%
L, = 4ndS,
= 4x / 4,4V, (7
\%

whered, is the luminosity distance to the source, which has spe-
cific emissivityj, volume V and projected surface area A.

The transformation properties of these quantities then follow
from the relativistic invariance of, /v® and the volume transfor-
mation (taken from Appendix C of Begelman et al. 1984):

1"

v = v (8)
a = 67249 9)
L) = §°1".(0" (10)
guw) = 8" (") (11)

Assuming optically thin emission makes the discussion appropri-
ate for arcsecond-scale jets, where sources are not compagtenou
for self-absorption to become important. The difficulties of in-
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terpreting observations of optically thick sources, such as com-
pact cores and milli-arcsecond scale jets, have been highlighted by
Blandford & Konigl (1979) and Lind & Blandford (1985). The es-
sential point here is that the appearance of optically thick sources
varies as function of viewing direction, and the relativistic angle
aberration implies that the beamed appearance is governed by this
intrinsic viewing angle dependence in addition to the flux and sur-
face brigthness beaming. The volume transformation deserves sep-
arate consideration.

1.4 Volume transformation of relativistic objects in
astronomical images

The fact that the outline of the different kinds of brightness pattern
is at rest in different frames has led some authors to write down
different volume transformation formulae for astronomical obser-
vations of “jets” and “blobs” (see Sikora et al. 1997, Appendix A,
and Stawarz et al. 2003, Appendix A, e.g.). However, what matters
for the volume transformation of a feature identified in an astro-
nomical image or radio map is only that the image is a supersnap-
shot. What matters for the interpretation of the supersnapshot is the
volume of fluid whose photons arrive simultaneously onshger-
snapshatnot the volume of fluid that is located within the jet vol-
ume in theworld map Hence, the correct volume transformation
for any fluid volumeV”’ observed by means of a supersnapshot is

V=5V, (12)

whered” is the Doppler factor of the fluid in the observer frame.

If the decisive criterion was not the fact that astronomical ob-
servations are supersnapshots, one could argue with equal justifica-
tion that the correct volume transformation formula for the fluid in a
jet sectionis/” = V/T" because the jet volume is at rest in the ob-
server frame and hence appears contracted in the rest frame of the
fluid, or alternatively that the correct transformatio®i$ = V' xT"
because the fluid is moving through the observer frame, and there-
fore it is contracted. Both can of course be correct, depending on
whether one is judging the jet volume with the help of events that
are simultaneous in the fluid or the observer frame. However, a
supersnapshot corresponds to neither world-map case — the su-
persnapshot criterion is photoagiving simultaneously at the ob-
server, which nearly always does not correspond to phdieirg
emittedsimultaneously in any frame.

That eq.[(12) is correct for both the “jet” and “blob” case can
be seen also by considering a section of a “jet” as a collection of
infinitesimal blobs that are each at rest in the fluid frame. Alter-
natively, a “jet” can be considered as a section of a “blob” that is
moving through a transparent gap in obscuring material that is at
rest in the observer frame — if 90% of a blob’s volume is covered
in the observer frame, the rest-frame volume of the visible part is
10% of the blobs’s total observer-frame volume, and hence must
also be 10% of the blob’s rest-frame volume.

As an alternative derivation of ed. (12), consider that the
observer-frame volume of a “jet” or “blob” (or an infinitesimal el-
ement of it) is given by

V=sxlxh,

wheres is its extent transverse to the line of sight in the plane of its
motion, h is the extent perpendicular to both the line of sight and
the direction of motion, andis along the line of sight. The indi-
vidual factors ofV” transform into the fluid rest frame as follows.

First, sinceh is perpendicular to the direction of motion, it
is not affected by relativity in any way, arid’ = h. Next, recall
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from 1.1 above that the transverse separationof two photon alongits extent. The rod is subject to Lorentz contraction, so that
paths, i.e., light rays, is Lorentz-invariant. The transverse extent its rest-frame lengti\” is related to its length in the observer frame
is defined by two such parallel light rays and therefore it is also by

Lorentz-invariant, hence’ = s. Finally, to determine the transfor- "

mation properties of, consider the following argument. The opti- A=AT, (13)

cal depthr alongl has to be Lorentz-invariant since it encodes the whereA is inferred from a world-map analysis. For the interpreta-
fractione™ " of photons that are absorbed by the jet material, which tion of observations, where the observer is sufficiently distant from

is independent of the motion of any observer (Rybicki & Lightman the moving rod to be able to takesapersnapshotve want to re-
1979, p. 147). By definition, the optical depth is late the apparent size of the object on the supersnapshot to its actual
length in the world map. To clarify terminology, the term “projected
size” (symbolA,,..;) will be used to mean the size that corresponds
where £, the absorption coefficient of the material. The tgthe projected extent as measured on the supersnapshot, while the

T=1K,,

Lorentz invariance ofr therefore implies that transforms in- term “apparent size” X.,p) is the size that is inferred from the
versely tor,. From the Lorentz invariance ofx, (again see  projected size by deprojecting with the line-of-sight angjlé.e.,
Rybicki & Lightman 1979), it follows that transforms ag, i.e., Aproj = Aappsin 6. From the constancy and finite value of the
1 =46"1".HenceV = slh = s6"1"h =¢§"s"1"h" =¢§"V", speed of light,
again yielding eq! (12).

Thus, the relation between rest-frame and observer-frame vol- A, = A (14)
ume for supersnapshots is always given by eq! (12), no matter L= pBp
whether we are considering a “jet”, “blob” or even “shock” fea- = MA, (15)

ture. As noted at the end of the preceding section, the well-known . ora | have defined a magnification

apparent difference between the beaming formulae for a blob and a

jet (92~ versuss®, such as in App. C7 of Begelman et al. 1984)is M = (1 — Bu) ", (16)
in fact just a difference ahtegrands since theintegration bound-
aries differ depending on whether an object is considered as blob
or jet, the final answer is independent of the assumed geometry. INA,,, = JA”. a7
other wordsjets and blobs have the same beaming properties
if identical source volumes are consideredThe equivalence of

Substituting eq/ (113) recovers the well-known relation

(e.g., Ghisellini 2000, eqn. [12]). Equivalently,

jet and blob formulae will be shown explicitly i§8.2.3 and 3.3.2 Aproj = 6A"sind (18)
below. Asin @
While eq. (12) appears straightforward to interpret, the super- = 1o (19)

snapshot is merely a projection of the observer-frame volume onto
the plane of the sky, so thtte observer-frame volumeV is not

a direct observable(see Figl. 4 below). Therefore, the volume for- Not by coincidence, the projected velocity,.; (usually called
mula can only be used for interpreting astronomical images if an “apparent transverse velocity”) in apparent superluminal motion is
assumption is made about the geometry of the source. However, itsrelated to the actual velocity by exactly the same magnification
use in determining observables from known rest-frame quantities is factor that relates the projected length to the actual length:
straightforward.

= MAsinf (20)

vsin 6
e R
= Musin6.

2 THE APPEARANCE OF RELATIVISTIC OBJECTS
From eqgs./ (14)] (18) and (19), we can read off all the relevant im-

This section attempts to give an intuitive pictorial representation of .~ . ; .
P g P P plications for the interpretation of supersnapshots:

how relativistic jets appear in supersnapshots. The first part con-
siders jet observations as supersnapshots of infinitesimally thin (i) For an approaching rod with > 0, 1—3u < 1 and therefore
relativistic rods. This approach is appropriate for demonstrating M > 1 for any value of3. Thus, theapparent deprojected length
how the scale change in a supersnapshot, referred to below as\,,, of a relativistic approaching object is always greater than its
retardation magnificationarises as spatial corollary to the well-  observer-frame lengtiA as inferred from a world map. In other
known temporal phenomenon of apparent superluminal motion words,in a supersnapshot, any approaching relativistic object
(Rees 1966). The second part presents results from a ray-trater th appears magnified compared to its actual observer-frame size
demonstrate the differences between world maps and world pic- Only for§ = 90°, u = 1 andApr0; = A” /v = A, and the Lorentz
tures. Those effects are particularly important which arise from the contraction of a thin rod becomes observable.
extent of actual jets perpendicular to the direction of motion, asthey (i) The projected length\,..; is always less than or equal to
results in extra light-travel delays between the near and far side of the rest-frame length”. The limiting case\,..; = A” occurs for
the jet that are not present in the case of an idealized, thin rod. @ = [, which implies§ = v andsin® = 1/T". In this case, the
“projected” appearance of the rod in a supersnapshot is identical
to the view of an observer looking at the rod from°d8 its own
rest frame, without any Lorentz contraction. This fact was already
2.1.1 Retardation magnification as corollary to apparent derived at the end df1.1, there based on eq. (2).

superluminal motion

2.1 Retardation magnification and hiding

The second point implies that it is possible to constrain the orienta-
Consider a relativistically moving rod, i.e., an object for which the tion and speed of a moving relativistic object if its rest-frame size
light-travel time acrossits extent is negligible compared to that is known. In the case of jets, this may be possible if jet features are



How relativistic jets look 5

time »

o "Black hole” 0| o 1 B\ . o
s
y
X
"Screen"”

World map (intrinsic)

z
X . ° ¢ o—

Supersnapshot (observed)

Figure 1. lllustration of retardation magnification and hiding, showa sequence of events in which a relativistically movinghilis emitted by some source
(e.g., an accretion disk around a black hole), and the maecorded by a distant observer at the corresponding timeuper frames give theorld map

in the (z, y) plane with the true locations of all events; for an infiniteeg of light, the world map corresponds to the “top view” of évents as seen by an
observer at 90to the blob’s direction of motion. The lower frames give tupersnapshothe image projected onto ttie, z) plane as recorded by a distant
observer looking along th¢ y axis by means of simultaneously arriving photons, i.e., pttbat are crossing the dashed “screen” line simultanedeahel
(0) shows the setup, with the black dot marking the location ofsitierce (“black hole”) ejecting the relativistic blofl.) The front end “A’ of the blob is
ejected,(2) The rear end “B” of the blob is ejected, and at the same locatotA’ was in frame (1). “A’ itself has travelled some distancerfi the black
hole. The curved line illustrates the current location @fwWavefront by which the observer will later imply that “A” hbeen ejected3) The wavefront from
the ejection of the front end “A’ reaches the “screen” locatind appears on the observer’s picture. The second waveanying the information about the
ejection of “B” is lagging behind(4) The light from the ejection of the rear end “B” reaches thesnrlocation. At the same time, the front end “A’ crosses
the screen location. Therefore “B” and “A” appear at the shdweations on the supersnapshot. The separation B—A oruf@@anapshot is greater than it is
in the world map, and the observer records a magnified image tidbelf any further material is ejected after “B” (and henceupied the region indicated
by the dotted line), it will not yet be visible to the observdence, the apparent magnification of the blob’s extent iraghat any further ejections will be
unobservable until the light emitted by them has had time tolréfae observer, thus (temporarily) being hidden from view.

known to have a certain ratio of length to width, since the width is yet had time to reach the distant observer, even though they have
not affected by the beaming. already emerged from the core. As the object appears magnified by
Figure 1 gives a more intuitive illustration of why distant rel-  a factorM, it follows that only a fractionl /M = 1 — Bu of the

ativistic objects appear magnified in a supersnapshot compared toobject is visible; since time delays are greater for the parts of the
their true observer-frame extent. As in apparent superluminal mo- object that are further from the observer, the visible part of the jet
tion, the cause of this effect is the time delay between light signals is that closest to the observer, and the hidden part is that furthest
reaching the observer from the end of the object that is closest to from the observer. Figure 2 shows the visible fraction as function
the observer and those from the end of the object furthest from the of Lorentz factor and line-of-sight angle. Figlre 3 illustrates which

observer. Therefore, | call this effectardation magnificationin parts of a relativistic rod are visible to a distant observer.

analogy to the first point above, any relativistic object’s apparent . o .
velocity isalways magnifie¢ompared to its true velocity, without The relativity-textbook analogue would be a relativistic train
necessarily appearing to be superluminal. emerging from one tunnel and disappearing into a second one. If

the distance between the end of one tunnel and the beginning of the
second one is sufficiently short, a distant observer looking at the
2.1.2 Retardation hiding in astrophysical jets train from a small angle to the train’s direction of motion will ob-

serve fewer railway carriages between the two tunnels than actually

For astrophysical jets, however, there is a catch: jets are producedfit between them as judged by observers creating a world map.
by accretion disks around a compact object (“core”; for active

galactic nuclei, the compact object is a black hole, and similar jets The magnification obviously applies to blobs, as their outlines
are launched from accretion disks around black holes [Liebovitch zre at rest in théluid frame. However, it also applies to individual
1974, e.g.], neutron stars and white dwarfs in X-ray binaries and flyid elements that make up a “jet” feature whose outline is at rest
novae [see Fender, Belloni & Gallo 2004, e.g.]), and they terminate jn the observerframe. Hence, a given section of an approaching jet
in a “hot spot” (this can be a shock terminating an FR Il jet, or a actually containsmore fluid elements than asésible simultane-
flaring point at which an FR | jet decelerates substantially). Both ouysly to an observer. This is another way of deriving that eq. (12) is

are moving through the observer frame much more slowly than the gways the correct volume transformation for supersnapshots, eve
jet material itself. Hence, the apparent size of any jet feature cannotjn the jet case.

be larger than the separation between the core and the hot spot.

Thus, if jet features appear magnified, it means that not all of The discussion so far has dealt exclusively with 1-dimensional
the features that are actuallyesentin the observer frame can be  rods, with negligible light travel time in the direction transverse to
visible simultaneouslto the observer, as the total apparent length the direction of motion compared to the light travel time along the
would then need to be larger than the actual separation betweendirection of motion. This situation does not apply to features of real
core and hot spot. Hence, the magnification implies that parts of astrophysical jets, which have comparable extent along and across
the jet are hidden from the observer’s view. This retardatidimg the direction of motion. The next section illustrates the effect of
occurs because light signals from the further end of the jet have notlight-travel delays across a relativistically moving object.
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Figure 3. Visual appearance of a relativistic rod with features thatfixed in the object’s rest frame (i.e., 1-dimensional blpbs) different line-of-sight
angles) and Lorentz factors. As in Fig. 1, the upper panel in eachgilotvs a “top view world map”, while the lower panel shows thpeggance of the jet

in a supersnapshot taken by an observer at —oo. The solid bars above and below the jet in the upper paneisatalthe fraction — 3 of the jet that

is visible to the pole-on observer, above the jetlfo= 2 (longer bar) and below the jet fét = 10. Those photons arriving at a projected position just next
to the core were emitted by jet material adjacent to the inngéroéthe bar at the time when it was just next to the core. Allpafithe jet that are closer to
the core are not yet visible because the photons from thatgegfahe jet have not yet had time to reach the observer. Té¢terseat the ends of the solid bars
indicate the relativistic beaming cone of half-opening arigi2; for the angles and Lorentz factors shown here, only thewetsI" = 2 at angle® < 15deg
have their fluxes enhanced by beaming, while the remainderthairdluxes significantly suppressed by beaming.

2.2 Ray-tracing simulations of supersnapshots objects in supersnapshots are related, including the question how to
infer the volume of a relativistic object from a supersnapshot.

The discussion here and in the entire the paper is restricted to
To give a visual illustration of the difference between a world map qpically thin objects. The effects of relativistic beaming on flux
and a supersnapshot, this section contains images of the same emifneasurements and quantities derived from them will be examined
ting regions, once in the world map view, identical to whatwould be i, the following section.
seen if the speed of light was infinite, and once in a supersnapshot Figures 4 and 5 shows some simple ray-tracing pictures il-
view, appropriate for astronomical observations. As just noted, the lustrating the difference between world map and supersnapshot
discussion in the preceding section applies directly to “blob” fea- o1 piobs, and the different projection properties for relativistically
tures, whose outline is at rest in the fluid frame, but also to individ- moving and stationary features. The following points about obser-

ual fluid elements making up a “jet” feature, whose outline is atrest \,5tions blobs or jets can be inferred from Figs. 4/and 5:
in the observer frame. The main difference between a blob and a jet

for the ray-tracing images is that tloaitline of blobs experiences (i) As expected from Penrose (1959), blobs that are spherical
the magnification effects. By contrast, the outline of stationary jet in their rest frame are always observed as spherical blobs, even
features does not get magnified and behaves according to our in-though they are in fact lens-shaped in the observer frame (due to
tuition, which is formed by observing bodies moving at velocities the Lorentz contraction along the direction of motion). They are
much less than the speed of light. Hence, this section concentratesstill magnified in the supersnapshot, but the magnification is now
on the aspect of how the observed (projected) and true geometry ofalongthe line of sight; this is why their observer-frame volume still
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Figure 4. World maps and supersnapshots of spherical, optically tleinstand stationary jet features, with the fluid moving withémtz factol” = 2 at the
line-of-sight angles as shown. The two leftmost columns shielysowhich are spherical in their own rest frame, the righteheolumn shows spherical jet
features. The observer is locatedjat —oo, and blobs that are visible to the observer are shown in rhile Wwlobs that are hidden to the observer are shown
in cyan. As in previous figures, there is a panel each for avtep” and the projected appearance in the plane of the skirarcase of the “supersnapshot”,
both projections include light-travel delays towards theerver, i.e., photons originating at largevalues left the source at progressively earlier times. For
the “supersnapshot” and the “jet” column, the projectionoathie plane of the sky is identical to the supersnapshot médaldy a distant observer (for the
jet case, it is assumed that the jet is much older than the lighelttime difference from the furthest to the nearest fegiuor the “world map” column,
the projection on the plane of the sky is whetuld be seen if the speed of light was infinite. The world map showsra/the emitting material actualiy,
while the supersnapshot shows whatlserved The salient points about this figure a(#&) spherical blobs always appear as spherical blobs, but trueir
observer-frame shape is ellipsoidal; moreover, spheriobisthre magnifiedlongthe line of sight, retaining the orientation-dependentimeé V,pp, = V77,

but the projection onto the plane of the sky makes this effaobaervable as far as the shape of the object is conce@)edhile theshapeof the spherical
blobs is unaffected by changesdntheir spacingis affected; the projected length of the entire sequencdatishis the same in the supersnapshot and the
world map, but taken up by fewer blobs in the snapshot thar thetually are; therefore, some of the blobs are hidden (ttdehiblobs are shown in cyan).
Thus,(3) the projected appearance of jets and blobs behaves diffesmthe line-of-sight angle is reduced: jet features mdoser together and begin to
overlap as the line of sight passes through multiple featwiie blobs appear to move further apart.

scales a¥/,,, = §"'V", even though their projected appearance is rest-frame spacing, byt with respect to their true observer-frame
identical to their rest-frame appearance. spacing, resulting in an observed projected spacing\v6§in
(i) The observedshapeof spherical blobs is not affected by times their true observer-frame spacing. Thus, relativistic blobs

changes in the line-of-sight angle, and hence the Doppler factor: (and relativistic objects in general) behave very unintuitive under

however, theispacingchanges by a factat” with respect to their changes of the observation angle — the closer the line-of-sight an-
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Figure 5. As Fig.[4, but with slab features of rectangular cross-eaciin the slab geometry, the change of the blob-frame lingigift angle is seen clearly,
because the projected appearance now varies with that: atgd®server-frame line-of-sight angles greater than thiealrangle given bysind = 1/T
(corresponding to the “beaming cone” half-opening angle),d = 30° for I" = 2, even approaching blobs are seen from behind in their ovirfnase, and
only at line of sight angle@ < 30° are the jet features seen from the front. In fact, for a wideyesof angles, the features are seen nearly side-on in thigir o
rest frame (compafe Bicknell & Beéelm@g%). As in the sphétitob case, fewer and fewer blobs are visible for smalléwesofd, and the projected
spacing of the knots remains constant over the same range leamigere the knots are seen roughly edge-on.

gle is to the critical angle given byin & = 1/T" to the direction of shock’s Doppler factos’. The fluid’s emissivity in the observer

motion, the further they appear to be apart. frame, on the other hand, is governed by the fluid’s Doppler factor
(i) By contrast, stationary spherical jet features behave as ex- §”.

pected by our everyday intuition, with smaller projected spacings

between individual features for smaller line-of-sight angles.
(iv) The geometry of individual blobs (spherical vs. slab) does

not affecthow manyof the blobs are seen, or their total beamed 3 RELATING OBSERVED AND REST-FRAME

luminosity, but it does affect how tharojected appearancef in- QUANTITIES IN JET OBSERVATIONS

ividual bl varies with line-of-sight angle. . . . . .
dividual blobs varies with line-of-sight angle Beaming formulae have been given in numerous places in the lit-

The figures do not consider moving shocks, features which are aterature. The usual approach is one that considdised source
rest neither in the frame of the observer nor in that of the fluid. volumeand then determines the changes in the received flux den-
However, their projected shape as function of Doppler factor is sity, surface brightness etc. resulting from changes in the Doppler
identical to the projected shape of blobs, i.e., it is governed by the factor, i.e., the line-of-sight angle and Lorentz factor. However, in
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Figure 2. Visible fraction of a jet, or other relativistically movingody
emerging from a stationary one and disappearing into anatia¢ionary
one, on asupersnapshots function of the anglé between the observer's
line of sight and the jet’s direction of motion, for differelnbrentz factors

T" as given. The visible fraction is the inverse of the magniiicafactor
M = (1 - Bp)~! defined in the text. Relativistic flux beaming affects the
detectability of jets; fol® < 1, the visible fraction of a jet at the critical
beaming anglé ~ 1/T is given by5/(8T'2); as the jet becomes signifi-
cantly de-beamed for larger line-of sight angles, this istlagimum visible
fraction of the jet material in a relativistic jet.

astronomical observations, it is not teeurcevolume that is fixed,
but the source’projected appearancen the supersnapshot. The

fact that the source volume differs when deprojecting the observed

appearance with different line-of-sight angles is not considered of-
ten in the beaming literature. It is therefore worthwhile to restate
the beaming prescriptions for both directions, inferring changing
observables for fixed source properties, and changing sourpe pro
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ing S, over the appropriate range @fst-framdrequencies, leading
(after substitution using eds. 7 8) to

L=§"L". (22)

In general, the beaming properties of bolometric quantities are ob-
tained from the frequency differentials by addihg « to the expo-

nent of the Doppler factor, and the exponent to the Doppler factor of
beamed bolometric quantities does not contain any spectral-shape
parameter such as

3.1.2 Surface brightness beaming of blobs

Surface brightness beaming is important because the detectability
of jet features in optical and radio observations is determined by

their peak surface brightness, not by their total flux. The observed

surface brightness is given by the rest-frame volume emissivity in-

tegrated along the observer’s line of sight after rotation into the rest

frame.

3.1.2.1 Spherical blobs For a spherical blob, the beamed sur-
face brightness i3~ times the surface brightness that would
be perceived by an observer at rest with respect to the blob, but at
the same distance. Since the surface brightness of a spherical blob
varies according to the different length of the line of sight as func-
tion of sky coordinates, | do not give an explicit formula here.

3.1.2.2 Slab blobs For a slab blob with square cross-section of
side lengthw, the observed surface brightness far enough from the
edges is independent of sky coordinates and given by

6//2*@

v

j”l,/l (l/) w. (23)

sin 0
Ignoring edge effects is appropriate for slab blobs with
length:width ratios greater than about 2. The same expression ap-
plies to the surface brightness along the projected axis of a cylin-
drical blob with observed diametar, and the scaling of observed
surface brightness with the beaming paramefersapplies to the
entire cylindrical blob.

3.1.3 Inferring the rest-frame properties of blobs

erties from fixed observables. As above, the equations assume opti-

cally thin, isotropic emission with a power-law emissivjty oc v
that is constant within the emitting region.

3.1 Beaming and de-beaming blobs

In the case of a blob, the pattern frame is identical with the fluid
frame, so that’ = 1 andé” is the relevant Doppler factor. To get

Equations[(21) and (22) by themselves give the dependence of
received flux and inferred luminosity on observation angle and
Lorentz factor. In order to infer rest-frame quantities suchj’as
from observations, it is necessary to infer the rest-frame volume
from the source’s projected appearance. The prescription for this
depends on source geometry.

3.1.3.1 Spherical blobs As discussed above, a spherical blob

observed quantities in terms of source parameters, we need to specwill appear as the same spherical blob to any observer, including

ify a geometry for the emission region. | consider simple spherical

the rest observer. Hence, the rest-frame volume is sifily=

emission regions as well as “slab”-shaped regions of either square4/37TR3, whereR is the observed radius of the blob. This appar-

or circular cross-section.

3.1.1 Flux beaming of blobs
The beamed total flux density of a blob is given by

S, (v) =d; 28" 5" u(v) V", (21)

where emissivity and source volume are held fixed in the fluid rest ;~ (v) = S, (v)

frame. The beamed bolometric luminosity is obtained by integrat-

ently contradicts eq. (12), but there is in fact no contradiction, as
can be seen from Fig. 4: tife, y) view of the “supersnapshot” col-
umn shows that fof > 1, the (unobservable) “observer-frame vol-
ume” of a spherical blob has a larger extafdngthe line of sight

than can be inferred from its projected appearance, and a smaller
one for§ < 1. Thus, the rest-frame emissivity of the material is
given by

2 5//—3+a

di, 53" 24
“4/37R3 (24)
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3.1.3.2 Slab blobs Next, | consider a slab-shaped blob with by substituting eql (12), we can of course express eq. (26) in terms
square or circular cross-sectiah i.e., a blob whose intrinsic size  of the volumeV” = V/§" of jet fluid that contributes photons
perpendicular to the direction of motion can be inferred directly to the observer’'s supersnapshot, obtaining the same expression as
from its transverse angular size in the plane of the sky. The rest- for the “blob” case, eql (21), and hence also the same expression
frame length of the slab can be inferred from the projected length for the relation between observer-frame and fluid-frame bolometric
Aproj and the fact that our line of sight crosses the blob in its rest luminosity, eq.[(22).

frame at an angle given by el. (2), i.&!, = Apwoj/(dsin0). Thus, If the supersnapshot nature of astronomical observations were
V" = A Aproj/(dsin0) and ignored, an alternative definition of “fluid-frame luminosity” of a
572+ gin g jet could be derived by noting the following: according to the world
3" (v) = S, (v) diTl, (25) map of an observer at rest in the fluid frame, the volume of the jet
proj is contracted Hence,V” = V/T" and the fluid-frame bolometric
again ignoring edge effects. luminosity would be given by.” = 47 j"V" = L/(§"3T) —

Comparing to the relation between observed flux and rest- i.e., exactly the opposite scaling B’ and hencd.” with T from
frame volume emissivity, ed. (21), it is appears to be a contradiction that given by Stawarz et al. (2003, eqn. A3). The reason for this ap-
that eq.[(25) has a different scaling with Lorentz factor and obser- parent contradiction, and that it is only apparently a contradiction,
vation angle. The difference arises becauseleq. (21) applies to obds again that result of a relativistic experiment depends on what is
servations of the sanmsourcefrom different directions¥” is kept held constant in which frame (compare Appendix A). All that mat-
fixed), while eq.[(25) describes the situation wheredhservables ters for jet observations is the supersnapshot with constant photon
are kept fixed, so that different line-of-sight angles correspond to arrival times.

different inferred values fol’”’. The decisive aspect that is often Equation[(26) of course correctly describes the dependence of
neglected is the length of the sight line across the blob changes duethe received flux for a fixed jet feature when varying the fluid’s
to the relativistic angle aberration (eg. 2), leading tosine term Lorentz factor and the line-of-sight angle. As long as we infer the

in the final expression. Because of this line-of-sight deprojection, correct observer-fram& from the fixed apparent size of a jet fea-
the “de-beaming” formula cannot be expressed as function of the ture as function of the unknown fluid Lorentz factor and the line-
Doppler factors” only. of-sight angle, we can infer the fluid-frame emissivity by inverting
that equation.
For a spherical jet feature, the observer-frame volume can

3.2 Beaming and de-beaming jets of course be inferred directly from the projected radRiof the
3.2.1 Beamed flux density of a jet sphere, leading to

The beamed flux density of a jet feature is given by 3" (V) = S, (v) di% (28)
Su(v) =dg 26" 75" () V. (26)

For a “slab” feature, we can measure its cross-sectionaléarea
This arises simply from integrating the fluid-frame emissivity trans- and assume some rotational symmetry. For fixed projected length
formed into the observer frame over the observer-frame volume. A,,.;, the deprojected length is then just,.;/ sin 6, so that the
Though comparison with the blob case, €q./(21), seems to revealrelation between emissivity and observed flux of a jet section is
the usual difference in the exponent of the Doppler factor between 5 —2+a
“jet” and “blob” case, the expression is multiplied bifferentvol- i’ () = S, (v) di ,
umes, fluid-framé/”’ for the blob case, observer-framéefor the Alproj
jet case, that are at restdiifferentframes. Therefore, merely com-  again ignoring edge effects, i.e., assuming a length:width ratio
paring the exponent of the Doppler factor does not contain the full of greater than about 2. This expression is identical to equation
information about beaming properties of blobs versus jets. (25), the relation between observables and rest-frame emissivity
for a slab-shapeblob of fixed projected size but unknow(t’, 6).
In other words, our lack of knowledge about jet orientation and
Lorentz factor affects elongated slab-shaped blobs and jets in ex-

sin 6

3.2.2 Beamed surface brightness of a slab jet

If the emitting volume is a slab jet with transverse width the actly the same way.

volume of a section with projected lengthy,..; is just V. = However, for asphereof fixed observed radiug, the inferred

w? Aproj/ sin 6. Hence, the observed surface brightness of such a fluid-frame emissivity is different by one power &tlepending on

slab jetis whether we are considering a spherical blob or a spherical jet fea-
o ture (compare eqgnis. 28 dnd 24). This difference between the beam-

I, = 9 " (V) w, (27) ing of an elongated and a spherical blob arises because a spherical
sin 6 blob in effect becomes magnifiedong the line of sight, while a

This is identical to the beamed surface brightness of a Isleb slab blob appears magnified the plane of the skyas discussed

(eq{23), as it must, because a continuous jet can be considered as m §3.1.3 above (again compare Figure 4). The elongadiong

section of a long blob. the line of sight is unobservable in the projection on the plane of

the sky. Thus, in the special case of spherical features, there
) ) ) difference between “jet” and “blob” de-beaming.
3.2.3 Inferring rest-frame properties of jets
Asking about the “rest-frame” volume of a jet feature is not directly
meaningful, since the outline of the jet feature is at rest in the ob-
server’s frame, while the emitting fluid is not, so there isn’t a single A synchrotron source, such as the radio jet of an active galac-
frame in which both the fluid and its outline are at rest. However, tic nucleus, is powered by energy stored either in its magnetic

3.3 The minimum-energy magnetic field of beamed sources
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field or in relativistic particles. As first pointed out by Burbidge This is identical to equation (A8) of Stawarz et al. (2003), which
(1959), there is a minimum to the total energy in particles and fields implies that their expression applies to the fixed-volume case con-
that is required to power a given observed synchrotron luminosity. sidered here, not the fixed-observable case relevant to the inter-
This minimum can be parameterized in terms of the magnetic field pretation of observations. It is different from equation (A7) of
strength at the minimum energy density, which is often used as “the Harris & Krawczynski (2002) because those authors explicitly con-
minimum-energy magnetic field estimate”. sidered the fixed-observable case for a spherical blob whose rest-
Further derivations and ready-to-use formulae for non- frame volumeV” is inferred directly from observables, the case
relativistic sources are given by Pacholczyk (1970), Longair (1994 that will be discussed in the following subsection.
and Miley (1980). Beck & Krause (2005) have offered some con-
structive criticism on this so far well-established formalism, in 3.3.1.2 Jet caseFrom the frequency integral of the definition of
particular regarding the unknown rati&& of total energy in monochromatic luminosity (eq.] 7) and thé-dependence of the
relativistic protons and electrons. Harris & Krawczynski (2002) emissivityj, (eq[11; also egn. 2.5 of Lind & Blandford 1985), the
and| Stawarz et al; (2003) have presented detailed derivations ofpolometric luminosity of a jet section scales with the Doppler factor
minimum-energy estimates in the rest frame of relativistic jets, but of the fluid asy’’. Hence L /V for a jet scales in exactly the same
reached slightly different conclusions. Armed with the knowledge way asLZ”/V" for a blob. The Doppler scaling of the frequencies
from the preceding sections, we can now reconsider the questionoccurring in thez expression are identical to the blob case. Hence,
of the correct de-beaming of minimum-energy magnetic field esti- the expression from ed. (80) is obtained for the jet case also. Again,
mates. this is the same result obtained by Stawarz et al. (2003), again be-
As noted above, for the case of a “jet” geometry, the rest frame cause they were implicitly considering the fixed-volume case.
of the fluid cannot be identified with the rest frame of the “source”,
as the source volumefxedin the observer frame, while the beam-
ing is determined by the Lorentz factor at which the fluichisving

through the observer frame. The same applies for shocks. How-Thjs section describes how to infer the rest-frame minimum-energy
ever, as extragalactic jets are assumed to be close to ideal MHDxje|g from astronomical observations as function of the unknown
conditions, the rest frame of the fluid is also the rest frame of the | grentz factor and line-of-sight angle (usually only considered in
magnetic field, and the frame in which the electron energy distri- {hejr combination as Doppler factor) in the case relevant to obser-
bution is assumed to be isotropic. Thus, whether we are consid-ystions, where it is not the source volume that is kept fixed, but
ering blobs or jets, the fluid rest frame is the frame in which the e source’s projected appearance. A§§B.1 and 3.2, the compu-
minimum-energy field needs to be calculated in order to satisfy the tation of the source volume needs to be done taking into account
underlying assumptions. As before, the emission is assumed to begpat changing the Lorentz factor and line-of-sight angle not only
optically thin emission with spectral shapg oc "’ and constant changes the Doppler factor, but also fleagth of the sight line
emissivity throughout the emission region. through the objectlue to the relativistic angle aberration (gq. 2).

In the absence of beaming, the expression for the minimum- The differences between the formulae presented below and those
energy field in terms of quantities in the rest frame of the fluid i, the Jiterature arise because the effects of angle aberration are

3.3.2 Minimum-energy field for fixed observables

(double primes) is stated here explicitly.
JiL/te _ it/2ta i To express the minimum-energy field as function of an ob-
Brlrllin7/2 x —2 1 (29) served flux density at some frequengy,s, assuming a power-law

l///1+04 _ V//1+Oé W’ 2t
2 1 spectrum, one expresses the rest-frame flux density in terms of the
where the synchrotron spectrum extends over the rest-frame fre-rest-frame luminosity

quency intervalv’’1,v"5); the first fraction is from the functioa I 1+a

from Pacholczyk (1970, eqn. 7.8). As pointed out above, neither the S, (Vobs) = TndZ yrita o ita Yobs: (31)
rest-frame volumé’”’ nor the observer-frame volunié = 5V TaL VT v

is fixed by observations when the line-of-sight angle is unknown, Substituting into eq/ (29), one obtains

but it is the project.ion of the source on t.he. plane pf the sky that nj2ta pl/24a

needs to be kept fixed. Nevertheless, it is instructive to compare B/, 7/2 o §”, (vops) v5" 22 Y (32)

the minimum-energy field as function & and ¢ inferred for ob v

fixed source volume to that inferred for fixed projected appearance. As above §3.1), the transformation properties for fixed observables

Hence both will be rederived here, beginning with the fixed-source depend on the source geometry.

case {3.3.1), followed by the fixed-projection ca§d.3.2. Their Before considering this expression for different source geome-

direct juxtaposition illustrates why differing opinions have arisen tries, it is important to note that the,s term in this and the de-

in the literature about how minimum-energy parameters scale with rived expressions doe®t scale with the Doppler factor, since it

Doppler factor. is explicitly the fixed observing frequency. The effect of observing

the rest-frame spectrum at a Doppler-shifted frequency and hence

o ) at a different amplitude is already accounted for by the (K-

3.3.1 Minimum-energy parameters for fixed source volume correction) term that appears in the exponent of the Doppler factor

3.3.1.1 Blob case For a blob, the source volume is at rest in Multiplying the observed flux density. In other words, even when

the fluid frame, thereford’” is unambiguous, and the beamed Bmin is expressed in terms 6f, (vobs ), which scales a8”*~*, the

minimum-energy field is obtained from eg. (29) by insertiify= spectral indexx does not appear in the exponenttfin the final
§"AL, V" = §""'V, andv!y = 6”11 4. Hence B7/? expression for the minimum-energy field, or the minimum energy

X

§"-5/2 and e content, because the minimum-energy field dependsotometric
guantities and alk(-correction terms drop out again. This is also
Buin(8") = Buin(6” = 1) 8" 7%/7. (30) relevant for deriving the boosted version of the yet-lower limit to
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the energy content of a synchrotron source that Longair (1994, p. parameters from 2 to 1 is therefofe= I', equivalent tq. = 5 and
296, egn. 19.29) obtains by setting = v1,s in eq. (31) and ne- sin @ = 1/T. Substituting this assumption into eg. (34) leads to
glecting the other frequency integration limit. This substitution has

to be done in the Doppler-boosted expressions for the appropriaterfnn o 1/T" = sin 6.

geometry, as derived below. Hence, it would not be correct to set ) ) o S

V" = vons in €q. (32) and apply the boosting afterwards: in other Thus, if§ = T, the true fluid-frame minimum-energy field is given
words, the beamed version of eq. (19.29) of Longair (1224not by

be obtained simply by inserting Doppler factors into it. Once more,

the correct boosting transformation needs to be applied not only to Biin = Br(r?i)n x /T
theintegrand but also to thentegration boundariesand care has = Br(r?&‘ X sin 6,
to be taken to do both transformations at the same time.
where B{) is the minimum-energy field inferred from the ob-

3.3.2.1 Spherical blobs Since relativistically moving spheres  servables by neglecting beaming and projection effects and assign-
are always observed with a spherical outline, the rest-frame vol- ing the source a voluméA ;. It also turns out that at fixed,

ume of a spherical blob can be inferred directly from the observed 8" ~*/7(sin 8)%/7 > 1/T". Hence, the true minimum-energy field at
radiusR asV" = 4/37R®. Substituting this and the appropriate  fixed d is always larger tham/T" x Bffﬂ].
Doppler boosting for flux density (eq. 21) and frequency {(eq. 8)

into eq. [(32) yields

1/24a _ l/ll/2+o¢

no7/2 —a Vg
Bmin / X SV(VobS)V

"—"1/2
obs T i3 Rs 0 . (33)

This Implles that Blllllin X 5//71, precisely eq. (A?) of 4 DISCUSSION AND SUMMARY
Harris & Krawczynski (2002), and reassuring since they explic-

itly considered only this special case of a spherical blob. However, In §2, | have illustrated the difference between therld mapof
hardly any of the currently known jets has knots with morphology @ relativistic jet, what is actually there, and tverld picture or
that accurately can be described as spherical. its special case, theupersnapshothat corresponds to what is ob-
servable by distant astronomers. For the quantitative interpretation
3.3.2.2 Slab or cylindrical blobs As discussed above, if a of world pictures in the presence of unknown b_eamin_g parame-
slab-shaped or cylindrical blob with intrinsic length:width ratio of ~(€rs (Lorentz factoi’” and angle? between the fluid motion and
greater than 2 is observed to have a projected length (image ex-the line of sight), what matters is that theojected appearancef
tent) Apro; and cross-sectional ared, its rest-frame volume is the jet is _kept fixed and not thetrl_nsm vol_ume This gives rise to
V" = AApro; /8" sin 6. Performing the corresponding substitu- de.-bgam.lng formulae that are slightly different from those in the
tions into eq.[(3R), one obtains existing literature.
1/2+4« 1/2+4«
"o7/2 —a Vo — VU
Bhin''" o< Sy (Vobs) Vops Ao,
The scaling of rest-frame minimum-energy field with the un-
known Lorentz factor and line-of-sight angleof such a blob is 41 Implications fpr interpretation of flux and surface
/i o 6”5/ T(sin0)?/7, i.e., itis not expressible purely as func- brightness of jet features

tion of the Doppler factop” because the length of the sight line  he most important conclusion for the quantitative analysis of jet
through the blob scales witin 6. The scaling differs from that of  pservations is that the scaling relations relating rest-frame quanti-
Harris & Krawczynski (2002) because they considered only spher- ies (yolume emissivity, intrinsic source size) to observables (pro-
ical blob_s, and frqm that of Stawarz et al. (2003) because they did jected source size, surface brightness, total faagnotbe stated
not consider the fixed-observable case. as function of the line-of-sight angle and Lorentz factor in a gen-
eral way, but depend on the details of the source geometry. It is
3.3.2.3 Jetcaseln the jet case, the appropriate fluid-frame vol-  possible to write down explicit scaling relations for certain sim-
ume V" is again the volume of fluid that contributes photons to ple geometries such as spheres and elongated, rotationally sym-

§"7%/% ging. (34)

the supersnapshot, rather than #etual Lorentz-contracted vol-  metric blobs of constant cross-section. For other shapes, such as
ume inferred from the world map; hence, the appropriate volume ellipsoidal blobs or blobs with non-symmetric cross-sections, the

is given by V" = V/§”. For a jet with cross-sectional arek projected appearance is affected by edge effects, and additionally
and projected lengtf\..;, the observer-frame volume is again by observational effects such as the contrast between the faintest
V' = Alproj/sin 6, and hencd”" = AAp.05/8” sin 6 — identical parts of the source and the sky background, as well as the available

to the slab/cylindrical blob case. Therefore, eq. (34) applies also to signal-to-noise level. Edge effects are properly taken into account
continuous jets, analogous to the identical “de-beaming” equations py the ray-tracing ir§2.2, and such ray-tracing modeling of ob-

for slab blobs and jets i§§3.1 and 3.2. servables is probably the most accurate route to interpreting obser-
vations of relativistic objects. Indeed, it is part of the prediction
3.3.2.4 An amusing special caséJsually bothd andI" are un- of observables from jet simulations such as those by Aloy et al.

known in jet observations. However, the fact that the jet emission (2003), e.g. The work of Swift & Hughes (2008), which explicitly

is detectable makes it more likely that the emission is beamed to- considers the relation between the jet appearance in a supersnas-
wards the observer than that it is beamed away from the observer. Aphot and the underlying physical quantities, taking into account the
frequent guesstimate that reduces the number of unknown beamingetardation along the line of sight.
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4.2 Implications for interpretation of morphological of the source. Doing so resolves some conflicts (again only appar-

information in jet images ent ones) between different de-beaming formulae in the literature.
Given that astronomy provides only world pictures, the concepts
first laid out by Penrose (1959) and Terrell (1959) deserve more
attention in the interpretation of jet observations.

Most radio, optical and X-ray maps of relativistic jets (a list of
radio jets is given by Liu & Zhang Zoﬁ)show a series of well-
separated, distinct features usually referred to as “knots”, with dif-
fuse emission linking them. Given that relativistic beaming favours
the detection of objects with jets at small angles to the line of
sight, and the superluminal motions detected in the cores of many ACKNOWLEDGMENTS

such sources, it is plausible that the jet material itself is still rel- +1is research has made extensive use of NASA's Astrophysics Data
ativistic even at large separations (and indeed, this is required in gy 51em Bibliographic Services. | am grateful to Herman Marshall
models accounting for the X-ray emission from powerful radio ¢5; 4 1uaple discussions and the impulse to begin this work, and ac-
jets as beamed inverse-Compton scattering of cosmic microwave g jedge fruitful interactions with members of the Fermilab Ex-
backgrou_no_l photons; see Tavecchlq et al. 2000; Celotti et al. 2001 perimental Astrophysics Group, and the Astronomy group at the
for the original development of the idea, as well as the recent re- yniersity of Southampton. | am particularly grateful to Eukasz
view by Harris & Krawczynski (2006)). However, whatis not clear  giqy/ar7 for detailed feedback in early stages of this work, to Jochen
is whether the knots themselves are stationary shock features, ORpeller. Rob Fender and Dan Harris for continued discussions. to

themselves_ moving relativistically. Arieh Konigl for helpful comments on the paper — in particular
Referring to Figs. 4 and 5, the prevalence of well-separated ¢, reminding me of the Lorentz invariance of opacity — and to
knots in jet images seems to suggest that the knots are movingyy  ‘Herren for inspiration. | thank the referee, Henric, Krawczyn-
at least with m_lIdIy relativistic Lorentz factors — otherwise, there ski, for his constructive criticism which helped me improve the pre-
should besomejets observed at small angles (favoured by Doppler gqtation of this material. The portion of this work carried out at
boost_lng) where_d|f_fe_rent knots overl_ap along the line of sight, Fermilab was supported through NASA contract NASGO4-5120A
washing C_)Ut any individual morphologlcal features. ) . and through the U.S. Department of Energy under contract No.
In this case, the knots are subject to retardation magnifica- HE_Ac02-76CH03000. Last but not least, | acknowledge support
tion and hiding (illustrated in Figs, 1 and 3), and we are not seeing ,4,gh an Otto Hahn Fellowship from the Max-Planck-Institut f
all of the jet features which are actually present between core andAstronomie that enabled much of this work to be carried out within

hot spot, but just a small fraction (whose magnitude is given by o Astronomy Group at the University of Southampton, whose
Fig.[2). An observation of apparent superluminal motion of indi- hospitality | enjoyed tremendously.

vidual knots would be a direct confirmation that they are moving
relativistically, as in the case of parsec-scale knots in VLBI obser-
vations. The kiloparsec-scale knots are resolved out in VLBI ob-

servations, so that very long-term monitoring programmes at sub- APPENDIX A: LORENTZ EXPANSION AND TIME
arcsecond spatial resolution are required to make a potential super-ACCELERAT'ON? A QUESTION OF THE VIEWPOINT

luminal motion observable. The world-map analysis familiar from physics textbooks shows that
I jet knots are indeed moving relativistically, the retardation re|ativistically moving objects experience Lorentz contraction and

magpnification and hiding need to be taken into account when in- {ime dilation. The derivation begins with the Lorentz transforma-

terpreting morphological observables such as the ratio betweentons petween frames and X" with alignedz andz” axes and

knot separation and jet width, which is important for address- qrigins coinciding at = ¢/ = 0

ing the question of the origin of the jets’ morphological features,

e.g., whether they arise from instabilities (Hardee 2003) or as t = (" +pz") (A1)

manifestation of a stable magnetohydrodynamical configuration » = ~(2"” + gt"). (A2)

(Konigl & Choudhurj 1985). . . . ,
To show that there is Lorentz contraction of objects at rest’in

one considers two observers at restiwhich coincide with op-
4.3 Conclusion posite ends of the moving object at some fixede.g.,t = 0.
Solving eq.[(Al) fort” and substituting into ed. (A2) then yields
z2 —z1 = (x4 — zY)/~, i.e., length contraction. Time dilation is

L 7 1 ¢ i d th i h £ lenath obtained by considering a clock at resgiff whose time is read by
orenlz transiormations an € resuling phenomena ot 1ength ,,\, yitferent observers ik, e.g., one atz,t) = (0,0), the second

cpntraction and time_dila_tion is not suff_icient for int_erpretimgrld _at(zf) = (x1,61 = 21/8). The first observer read€ — 0 (by
pictures When con5|d'er|ng the beaming propertles_ of quantities convention); setting:” — 0 in eq. (AL), the second observer reads
expre§§ed in terms of |ntegrgls, .such asa surface brightness, flgx oy _ t/~ on the moving clock, i.e., infers that a shorter time inter-
the minimum-energy magnetic field estimate, one needs to conS|derva| has elapsed in the moving frame than in the observers’ frame
and that time is therefore dilated.

the transformation properties both of the integrand and the integra-
tioT volurpe. AR‘par?nt.diﬁerences between the beaming propertigs However, we can ask our observers to do slightly different ex-
of bI_obs and_ jets” disappear w_hen the same source vqum(_a IS periments. Imagine that there are a large number of clocks’in
considered. Finally, the de-.beamlng of astronomlca_ll o_bse_rvatlons and we are told that the clocks are all synchronized in that frame.
needs to be done not for a fixed source, but for the fpregection To investigate the behaviour of time, we ask a single observer to
compare the time read on successive clocks that are whizzing past
2 See hitp://nome.fnal.gov/ jester/optjets/ and to her own observer-frame clock. In other words, instead of keeping

http://hea-www.harvard.edu/XJET/ for lists of optical 2" fixed, let us keep fixed, and choose the observerat 0. The
and X-ray jets. first clock reads” = 0. If the clocks are separated ¥if’ by some

It becomes clear once more that relativistic effects are counter to
our non-relativistic intuition, and that familiarity witlvorld maps


http://home.fnal.gov/~jester/optjets/
http://hea-www.harvard.edu/XJET/
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distancel”, the second clock, being at’ = —I"" will reach the
observer at” = 1" /(3. At this time, the observer’s own clock reads
t =1"/(Bv) = t"/v; thus, the observer’s clock has advanced less
than the moving ones, and time is accelerated instead of dilated.
The reconciliation with time dilation is, of course, that the second
moving clock did not read” = 0 att = 0, but alreadyt” = 31"
—the clocks that are synchronizedY arenotin 3, simultaneity

is relative. Indeed, this setup allows the observers at réstonin-

fer thattheir clocks are slowed down relative to observer&ifu it
compares the time interval elapsed asiragleclock in one frame to
the interval elapsed between tadferentclocks in another frame.
The individual clock runs slow compared to two different clocks
whizzing past it, or that it whizzes past.

We can also derive an alternative length measurement. As-
sume that the observers know about special relativity, and that the
observers irE” have placed a clock at the front and rear end of the
object whose length the observergimre trying to measure. These
observers decide to measure the length by taking into account the
relativity of simultaneity, and they do so by noting the position of
each clock in their own frame when it shows a fixed time in the
movingframe,t” = 0, say. If the rear clock is at” = 0, it reads
t” = 0 att = 0 and will be seen by the observerat= 0. The
front clock is atz’’ = 1", and thus from ed. (A2) it will reatl’ = 0
when it has reached the observerat +I”. Hence, the observers
in X infer that the moving rod has expanded by a fagtoompared
to what it is in its own rest frame. Again, this is just the converse of
the observers ift”” measuring the length of an object at restin
and finding that the moving object has contracted.

Thus, observers in either frame can both observe that moving
objects appear contracted to thamd infer that something that is
at rest in their own frame will appear contracted to observers in the
other frame; similarly, observers can observe clocks in the other
frame run slowandinfer that their own clocks will be observed to
run slow by observers in the other frame. The important point is that
the outcome of an experiment dependsvdrich quantity is held
fixed in which framgand the correct interpretation of apparently
contradictory results depends on being clear in the description of
the experiment.
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