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Abatract. I meview the owstanding gquestions regarding the nature of rel-
ativitle jets as well as the tools avallable lor exploring the il plee oo s
oleerved In hlazars. Each technlgue provides important nflormation, but it &
only by combining the metlosds that we can hope to ebialn a compleie descrip-
thom of hlazar jets. T advocate monltoring a number of hlazars comprelemively
1o obtaln detalled mulilwaveband lght curves to sample changes In the spec-
tm] energy distribution, sequences of mm-wave Images with resolution ~ (1
milllarseconds, amd polarieation at as many [Mequencles as possible, Inclisding
thme at which lmaging Is avallable. Such a program has the potential of allowlng
s tosyntleske multlwavebamd emission maps om radio fequencles to -ray

energles,

1. Imtroduction: Questions about Blazar Jets and Methods for An-
swering Them

There are few phenomena in astrophysics as exciting as relativistic jeta. They
emit radiation across the electromagnetic spectrum through exotic processes
invalving ultra-high-energy electrons embedded in magnetic fields. Their nearly
Inminal flow speed s create illusions of superluminal motion, radiation enhanoed
by Doppler beaming, and variations in brightness and polarization over times
shorter than the light-crossing time of the emitting plasma.

If we wish to study relativistic jets, blazars are the handiest objects to
obeerve. Their jeta are highly rel ativistic and pointing nearly at us, which causes
their emission to dominate over that of the less exciting, unbeamed radiation
that can be found in any of the more mmindane active galaxies (see Fig. 1), Of
conrae, much can be learned by studying jets viewed side-on and especially those
found in X-ray binaries, but only blazars allow us to taste the flavors of the full
menu offered by highly relativistic jets.

Of course, one cannot get telesoope time to observe blazars simply by point-
ing out that they are exciting objecta. We should expect that the data we pro-
pose to collect will answer some fundamental questions that puzzle us about the
nature of jeta. Among these questions are:

1. How are jets made by accreting black haoles?

2, How and where are jets accelerated such that they flow with high Lorentz
factarsT

4. How and where are the jets focused to opening angles less than a few degrees?
4. Where and how are the relativistic electrons accelerated?

5. What physical conditions exist and how do they arise? These can incude
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Figure 1. Rough sketchol the emision reglons of a radio-loud active galaxy.
Note the legarithm ke scale on the bottom lor the distance down the jei. The
likely waveband of photons that can he emiited at each site Is Indleated. Ti
remains o be dotermined whether there 15 substantial emission betwesn the
hase of the jet and the mm-wave core. [Adapted Imom Marscler 205, )

shocks, turbulence, instabilities, bending, precession or less regular shifts in
direction, matter content. (electron-proton va, pair plasmas), magnetic field pat-
terns, large-scale electrical eurrenta, and interaction with the ecternal medinm.
Figure 2 illustrates how a few of these physical processes may manifest them-
selves in blazar jets.

The techniques that are available for probing the inner workings of blazar
jets are limited, mainly because the angular size scales are extremely small
close to the central engine. Very long baseline interferometry (VLBI) samples
acales ~ (1.1 milliareseconds (mas) routinely at 7 mm (43 GHz) and even smaller
scales at shorter millimeter wavelengths, although at the expense of dynamic
range and perhaps even image fidelity. This corresponds to ~ 1 gravitational
radii at the distance of 3C 273, Variability can potentially probe scales as
amall as the timescale of significant changes (transformed to the rest frame after
correcting for redshift and Doppler bosting) mmltiplied by the speed of light.
Light curvea, however, are difficult to interpret since the timescales are related to
aizes and not necesaarily to distanee from the eentral engine, plus the reason for
variahbility is often unclear. Multiwaveband light ourves improve the aituation
ainee they provide both the evolution of the spectral energy distribution (SED)
and, via time laga, valuable information on the processes of energy gainas and
losses. Finally, polarization is an excellent probe of the degree of ardering of the
magnetic field and the mean direction of the filld (onee the effects of aberration
and Faraday rotation are removed). But the presence of different magnetic field
confignrations in separate emission regions often confuses rather than enlightens
us.

Fortunately, it is now possible to combine these techniques, although to do
ao requires a lot of effort, a legion of collaborators, and a multitude of observing
proposala. The Very Long Baseline Array (VLBA) produces images at 7 mm
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Flgure 2. Sketch similar to Figure 1 bt with some of tle plysical processes
that are thought to occur nslde jeis. [Adapted bom Marscher 205, )

in total intensity at dynamic ranges up to ~ 1001 and in polarized intensity
with sensitivity sufficient to measure the polarization of all major emission fea-
tures. (Jne can—if the referees and sched uling committes are willing—observe
as frequently as once per 1-2 months, in which case wery few, if any, of the
main events are missed in the sequences of images. We argue below that such
monitoring of the polarization and structure can be combined with total-source
polarization monitoring at shorter wavelengths to relate the emission at short
millimeter, submillimeter, IR, and optical bands to events or long-lived features
in the VLBA images. Adding total flux light curves at a variety of wavebands
might then allow us to map the emission across the entire electromagnetic apec-
trum with the VLEBA images providing the reference locations and motions.

Before undertaking such an ambitious program, we need to convinee our-
selves that the emission at different wavebands is indeed intimately related. I
hope that the next section convinees the reader that this is the case.

2. Connections between Low and High Frequency Emission

2.1. Images

As is well known, sequences of milliarcsecond-scale VLBI images reveal knots of
emisgion moving away from a “core” at superluminal apparent speeds in most
blazars (eg., Jorstad et al. 2001; Kellermann et al. 2004). HRecent studies at
the relatively high frequency of 43 GHz reveals considerably higher apparent
apeeds in many blazars than had been observed previously (Jorstad et al. 2001,
2005, Jorstad & Marscher 205). This is due in part to the presence of stationary
features that, when blended with moving knots at the coarser resolution of lower
frequencies, canses confusion leading to lower derived apparent velocities than is
actually the case. Of course, the same problem can afflict the 43 GHz analysis,
an relying on model fitting to define positions of components that are not well



1 Marschor & Jorstad

|
PH"‘! !I:ll[:l UHF.F .-_’ 20 h:r'l." {I{III::I

mmwwu ﬂM¢

:: |'T'|'TI: |' ! F‘F‘FI’T’IT_I |1:*'I

[

Flux {10 erg em™® 1)
(L= |

i 14, :-,-‘22,-‘:3'?‘ GHz fLHR;!.D Hctsahnw]

al 4 8
=k ¢ A
= LF B HIC
o RS gt ':‘"\*f w

L
| [+
a i | i | i
1998 2000 E.-"ﬂﬂE EDD4
YEAR

Flgured. X-ray andradiolight curves of the guasar PES LEL0—080. A rrows
give times of know n ejections of superluminal radie koots up to JEE.0. Data
are from Marscler et al. [(200M) and Mascher ef al. [20065).

resalved from each other adds anextra level of uneertainty to the proper motions
obtained.

At 43 GHz we often see significant changes in both structure and polariza-
tion on timescales of weeka, A monitoring frequency less than onee per meonth
can miss some of these variations and even canse one to mis-identify knots across
epochs of obaervation. Polarization can help, but in some cases changes in the
degree and direction can be quite sudden, so there is no reliable subatitute for
good time aam pling,

2.2. Multiwaveband Light Curves

Figures 4 and 4 display mm ltiwaveband light curves of two highly variable quasars
that my collaborators and I have been monitoring, PKS 1510—-089 [z = (0.361)
and JC 27 (2 = (LEIE). Ascan be spen in the figures, most X-ray flares in bath
aources can be associated with gjections of superluminal radio knota (see Figs

4 and 4). The apparent speeds are extremely high: 28-46c in PEKS 1510089
(Jorstad et al. 2005) and up to 21c in 3C 279 (Jorstad & Marscher 20005). The
firat of these papers determines the Doppler factor by comparing the timescale
of variability of knots with their sizes. This allows derivation of the Lorentz
factor and angle to the line of sight (see the paper by Jorstad et al. in these
proceedings). A detailed kinematic model of the changing apparent speed and
direction of motion allows the same in 3C 279, Jorstad et al. (2005 conclude
that the jet in PKS 1510—108Y has a variable Lorentz factor that reaches 48 with
a Doppler factor up to 44, while the Lorentz factor in 3C 274 is as high as 24
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and the Doppler factor has a value up to 40, The very high Doppler factors
explain why these are such extreme blazars.

Both inspection by eye of Figures 3 and 4 and formal analysis (Marscher
et al. 2004 ) indicate that there is a strong correlation between the radio and
X-ray wariations in PKS 1510—089 and between the optical and X-ray light
curves in 3C 279 (Marscher et al. H0)4). In each case, the X-rays usually lag the
lower-frequency emission. The eross-correlation of the entive light eurves gives a
radio /X-ray lag of 66 daysin PKS 1510089 and an optical /X-ray lag of 15£15
days in 3C 279, where the standard deviation cted corresponds to the FWHM
of the peak in the discrete cross-correlation function [Marscher ef al. 2004).
The “reverse” time delays can be understood if the X-rays are from synchrotron
ad fF-Compton emission, in which case there is a light-travel delay. This occurs
because the synchrotron seed photons need to move across part of the source
before they are scattered, whereas the synchrotron photons propagate prompt Ly
toward the observer as the Hare develops (Sokolov, Marscher, & Mcllardy 2004 ).
This cannot work for shocks oriented transversely to the jet axis unless the
relevant portion of the jet makes an angle < I' to the line of sight, which is
congistent with the results of intensive VLBA monitoring of 3C 279 (Jorstad
& Marscher 2iN15). On the other hand, in this quasar frequency stratification
can also delay the peaks of X-ray flaves relative to those in the optical. In the
case of PKS 1510089, Jorstad et al. (2(05) find that the viewing angle ~ I' in
1498894, During this period, however, the radio (X-ray correlation deviated from
the radio-leads norm (see Fig. 3 and Marscher et al. 2004), so the theoretical
requirement is not relevant. We are still analyzing the later VLBA data, which
should allow us to determine whether times when the radio variations lead indeed
correspond to smaller viewing angles.

The superluminal ejections usually correspond to radio Aares in the quasar
PKS 1510-08Y, although sometimes the rising flux of the new knot is canceled
out in the light curve by the decay of the previous event. The X-ray lag (average
of i days) implies that in this quasar the X-rays come from the radio-emitting
portion of the jet. Jorstad et al. (2001) have drawn a similar conelusion regarding
the v-ray emission of blazars, based on a statistical sssociation of superluminal
ejections with high -ray Hux states that lag behind the epoch when the radio
knot eoincided with the core.

In 3C 279 the X-raya lag the optical by 15 £ 15 d.a.:.'a g0 the X-rays come
from near or downstream of the optically emitting reg The radio variations
at 37 GHz are delayed by 140 £ 40 days relative to t.]:m ]l.'.-ra.}' light mrve. Very
little of this is due to opacity at 37 GHz, since there is little time delay between
the 37 GHz and 90 GHz light curves. Nar is it cansed rrmplptnly by the Aux
of radio knots peaking several months after thn:,' leave the core region, since the
knots that accompanied the largest outburst, in 2001, became weak by the time
they were more than (0.1 mas from the core. From the parameters of kmot {19
of Joratad & Marscher (5] and the time delay of 140 days we can conclude
that the mm-wave core is quite far from the optical /X-ray emitting region—a
deprojected distance of ~ 1) g
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2.3. Millimeter-wave and Optical Polarization

Marscher & Jorstad (2005) show an example of similarities in the polarization
electric-vector position angles (EVPAz) of some blazars at 7 mm, 1.3 (L85 mm,
and optical wavelengths. The ~ 1 mm and optical EVPAs often line up with
those of features seen in the VLBA images. In a mumber of cases we see changes
in the high-frequency EVPA such that it lines up with an emerging superluminal
knot seen at T mm. In addition, Gabuzda & Sitko (1984 and Gabuzda, Sitho, &
Smith (1994) have previously reported observed relations between longer wave-
length VLBI and optical polarization.

We can interpret these cross-frequency polarization similarities in a fewr
different ways., The simplest is that the synchrotron emission from mm-wave to
optical is at least partially co-spatial. This is expected, for example, in the shock-
in jet modes (e.g., Maracher & Gear 1985). The tendency of higher degrees of
polarization to be measured at higher frequencies is then the result of the smaller
wolumes that contain the highest energy electrons: ordered magnetic fields can
occur in small cells even if the global field is fairly chactic. Alternatively, the
aame structure in the jet might be responsible for the emission at all frequencies,
but at different times because the dominant frequency of emission changes as
the feature propagates down the jet. This could well be the case in 3C 274
where we find optical /X-ray to mm-wave time lags of more than 1N days (see
abovel. Another possibility is that there is a systematic ordered component
to the magnetic field, for example a helical field (e.g., I.}"IJ.‘t..IlII?l".' et al. 2005),
in the jet that modulates the polarization of all emission regions within an
extended section of the jeb. In fact, this is required by models in which the jet is
accelerated magnetohydrodynamically [Mrmr Koide, & Uchida 2000; Viahakis
& Kinigl Jll}'ij Yet another l“Ip]..H.]:I..H.t.l.rﬂ:l. is that the magnetic field gecmetry
ia arranged in a similar manner in different emission components. For example,
polarization paralled to the jet oomrs when a disordered field is compressed by a
shock front oriented transverse to the jet axis (Laing 1980), while perpendicular
polarization could correspond to shearing at a boundary layer. However, it is
diffimult to imagine how this idea could apply to the case of moving kmots with
polarization oriented obiquely to the jet direction, as is often seen.

3. BSuggested Program Combining Light Curves, Images, and Polar-

mation

One aof the great problems in inferpreting multiwaveband light curves is dif-
ficulty in associating high and low flux states at one frequency with those at
another., Correlation analysis can do this statistically, but in order to derive
physical parameters we need to know, for example, which specific lare at op-
tical wavelengths corresponds to one seen in the radio light curves. Of course,
maximizing the time coverage helps, but a one-to-one correspondence between
light curves at different wavebands is rarely observed and not even expected the-
oretically when there is frequency stratification owing to energy losses (Sokaolov,
Marscher, & McHardy 20i4).

I think that polarization is the key, since it can be measured alongside the
light curves at optical and longer wavelengths, and can be imaged along with
the total intensity by VLBI observationa, The general procedure is as follows:
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1. Monitor the object as frequently and at a8 many wavelengths as you can in
total Aux and, at wavebands for which it is possible, in polarization.
2. Image at one or more mm wavelengths with VLBI as often as the scheduling
commitbes will allow, [ Onee per month is usually adequate, once per two months
is marginal.)
4. Identify features in both the polarization light mirves and the images that have
identical (to within the uncertainties) electric vector position angles (EVPA=).

Fram the time delays betwemn when the polarization signatures appear in
the light curvea and on the sequence of VLBA images, it should be possible
to determine which features in the images correspond to eventa in the light
curves, Une can then construct a crude emission map of the sites of emission at
different times. Even at wavebands, such as X-ray and ~v-vay, where polarization
observations are not currently possible, at.rm:lg correlations of light curves can
be used to estimate the locations of the emission regions relative to those for
which polarization provides more precdse information.

My collaborators and I are carrying out such a program with the VLBA
(at 43 CGHz), Lowell Observatory's 1L m Perkins Telescope (optical and IR
polarization), the Crimean Astroplysical Observatory and Steward Observatory
(optical polarization), the JOMT (polarization at A ~ 1 mm), RXTE (X-ray, no
polarization), and various optical telescopes without polarization capabilities. If
succesaful, we plan to continue by adding -ray total-fux light curves supplied
by (FLAST after its launch, currently scheduled for 2007,
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