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Abstract. The author reviews recent progress toward understanding blazars that multi-waveband monitoring
observations have advanced. The primary techniques include the compilation of multi-waveband light curves,
multi-epoch VLBI images at radio wavelengths, plots of linear polarization vs. time at radio through optical
wavelengths, and spectral energy distributions (SEDs). Correlations and the coincidence or lag of events across
wavebands and in the images indicate where the events take place relative to the “core” that3ips from

the central engine. Rotations of the polarization electric vector suggest a helical geometry of the magnetic
field upstream of the millimeter-wave core, while rapid fluctuations in degree and position angle of polarization
imply that the jet plasma is turbulent in and downstream of the core. The author is developing a numerical
model that simulates the emission from such turbulence as it interacts with a conical standing shock in the core

region.

1 Introduction

Blazars are well known for their extreme properties: they
are the most luminous objects in the universe that last
longer than a few minutes, radiate across nearly the entire
electromagnetic spectrum, often have much higher lumi-
nosities aty-ray than at lower frequencies, exhibit motions
that appear to be faster than light, and change their flux and
polarization on quite short time-scales. How they manage
to perform for astronomers in such a fashion has been one
of the greatest cosmic mysteries, the solution to which has
proved to be extremely flicult to unravel because of the
complex array of phenomena involved. At this stage, we
have determined that the essence of blazars lies in their
high-energy, magnetized plasmas that flow at near-light
velocities in the highly collimated structures we call "jets."
Although we have some basic understanding of some as-
pects of jets, it is safe to say that we never would have pre-
dicted their existence from first principles. Indeed, it has
been challenging to understand how a central engine that
is basically a monstrous black hole attracting and accret-
ing surrounding gas produces such ultra-fast, collimated
outflows.

Multi-waveband observations play a central role in the
struggle to figure out the physical properties of jets and
how the well-collimated relativistic flows are generated.
The great hope is to use details of variations in flux, polar-
ization, structure, and spectral energy distributions (SEDs)
to probe the physics of jets as close to the central engine as
possible. The questions that such programs seek to answer
include:

1. Is there strong evidence for most theorists’ belief

by the twisting of magnetic field lines owing to the
differential rotation of plasma near the black hole?

. How are the particles that produce the high-energy

emission accelerated — at shock fronts, via turbu-
lence, or during magnetic reconnections?

. What are the dynamics of the flow in the jet? How

common are moving and stationary shocks? What
role do instabilities play in the emission and struc-
ture of jets?

. What is the jet power? This is important for know-

ing what fraction of the jet's energy is deposited into
the galaxy and its surroundings, possibly causing
feedback that regulates galaxy growth.

. Are they rays from inverse Compton scattering by

relativistic electrons, secondary processes initiated
by protons, or even proton synchrotron radiation? If
protons are responsible for much of the luminosity,
the power requirements are considerably higher than
for radiation by electrons.

. Do outbursts ajy-ray and lower frequencies occur

mostly on parsec scales? If so, how can they

flux be so highly variable when it arises in a re-
gion so distant from the black hole? If only a small
fraction of the jet cross-section is involved, how can
such a small region generate such a high apparent
luminosity?

This review highlights some of the recent progress

that jets are launched, accelerated, and collimatedn our physical description of jets in blazars enabled by
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multi-waveband observations. Emphasis is given to stud-

ies and results that are not reported by others at the con-
ference; the reader is referred to the corresponding papers
in these proceedings. The author apologizes to the authors
of many enlightening studies that are not mentioned here

because of space limitations.
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In the past, blazar monitoring programs often had bad rep-
utations among telescope time allocation committees for
using a lot of telescope time while only publishing the re-

sults after years of data accumulation. Rather than solving
the outstanding problems, these programs usually gener-
ated new questions. The basic reason for this is the com-
plexity of the physical processes in jets and the incomplete
time and frequency coverage of past observations. The lat- 15
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ter has been overcome to a great extent by the availability % Foe * . et . .
of the Fermi Gamma-ray Space Telescope and its Large .- | ST e et e ]
Area Telescope (LAT). °r . 7 mm VLBA Core E

Fermiis usually in scanning mode, surveying the en- ot 50‘00 e 55‘00 ]
tire sky every three hours. There is a very small sun avoid- ID — 2450000

ance zone, so the light curves that it generates are essen- ] )
tially continuous year-round, with time resolution that can F19ure 1. Multi-waveband light curves of 3C 279 over a two-
be intra-day when a blazar undergoesy outburst ex- year period. Red arrows in the top panel correspond to upper

. . . limits to they-ray flux. Times of superluminal ejections are indi-
2 1
ceeding several times l@phot cm® s The dfective cated by the vertical blue arrows, with the line segment crossing

frequency range is about two orde_rs of magnitude, evenpe ooy corresponding to the uncertainty in the ejection date.
greater when the flux is extremely high, so the slope of thenote the complexity, with apparent correlations as well as events
y-ray SED can be measured to reasonable accuracy. Th& one frequency that do not appear to have counterparts at other
result is that now, just over five years sineermi began  frequencies. (From data obtained by the author and collaborators
science operations, we have an excellent characterizatiofv0])
of they-ray behavior of tens of blazars and at least mean
flux levels and parameters of the time-averagady SED
of hundreds more.

It is instructive to browse through the-ray light
curves, based on an unrefined analysiBeyiniLAT data,
at webpage httpfermi.gsfc.nasa.ggssgdatdaccess
laymsl_I¢g. Blazars featured at this site were selected
based on strong detection by EGRET on tBempton
Gamma Ray Observatory or a LAT-measured flux that - 1/2
exceeded k 107® phot cnt? st at some time. A small ¥~ 2XA0(L + Dronsis/ (OB @)

number of objects that do not meet these criteria but werayhen a “seed” photon of frequency o, as Hz as
see

anticipated to be interesting are included as well. Themeasured in the rest frame of the plasma moving relativis-
light curves on the right of the webpage, with one-weektically down the jetis inverse Compton scattered by an
binning of the data, are quite striking. Immediately glectron of an energy that produces an optical synchrotron

apparent to the eye is the fact teineof the blazars has  photon with observed frequencklL0*® Hz, its frequency
a roughly constang-ray flux. There are some quasars and jn the observer's frame is

BL Lac objects whose-ray flux never sinks below the
detectable (with one-week integration) levekof x 10~7 vic ~ 4x 1073, as/B. (2)
phot cnt? s, but those fluctuate between strong and
weak. This volatility of they-ray emission is quite similar  which is in the low GeV range. If flux variations mainly
to that seen at lower frequencies in blazars. We can themesult from changes in the number of electrons in the above
ask the question of whether there is a strong relationshignergy range, we then expect very similar optical and
between they-ray and lower-frequency variations in ray light curves. While this is often approximately the case
the hope that this will lead to insights into the physical [e.g., 7, 11, 16, 72], the correspondence is not usually very
conditions in the relativistic jet. close when examined in detail with fine time resolution.
Usually when we analyze the synchrotron emission at  An example illustrating this complexity is 3C 279,
optical frequencies, including relating the time-scale of whose multi-waveband light curves are displayed in Fig-
the variations in flux to the time-scale for radiative energy ure 1 [see also 28]. An outburst from late 2008 to early

losses of the electrons that produce the optical photons, we
derive a magnetic field between 0.1 and 1 G. The typical
dimensionless (i.e., relative tac) energyy of the elec-
trons that emit synchrotron radiation at an observed optical
frequency of 18vops15 Hz is then
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2009 is seen most strongly jarays, not quite as strongly
and with less dramatic short-term fluctuations at optical
wavelengths, and weakly in X-rays. The next major event
in 2009 is a sharp “orphan” (without a counterpart at
other wavebands) X-ray flare. Another sharp X-ray flare
a few months later corresponds to weaker optical gnd :
ray flares. The first two-thirds of 2010 saw relative qui- 5 *°F ]
escence at all three wavebands, which ended with a sharp £ 1o F ; E
v-ray flare in late 2010. The-ray, X-ray, and optical light T osp " | E
curves displayed a lot of activity over the next year, but o A Smrarr ‘ :
without much correspondence among each other except » "t a;z .
for a short flare at all three spectral regions, most pro- Al o 3% . . & E
nounced ay-ray energies, in early 2011. ?“’.‘ ‘,"’M e ‘;W# Wé A

Chatterjee et al. [17] have studied the multi-waveband = & . . , + . . . . | ¢
light curves of the quasar PKS 020812, in which two [ 37 GHe 14.5 GHz z !‘w, ]
outbursts occurred at botiray and optical frequencies, ; . P e g; . 7
while a third was only significant in the-ray domain. T gt ‘-31.;? Hétl g ww"* e ]
They interpreted this by proposing multiple sites of flar- o th [ keobpespcentrodeteoe } f ]
ing emission in the jet aridr variations in the magnetic 5000 - 245000220 6000
field strength in the flaring region.
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Figure 2. Multi-waveband light curves of PKS 152089 over
a 4-year period. Times of superluminal ejections are indicated in
3 Combining VLBI Images with the bottom panel by the vertical blue arrows, with the line seg-

Multi-waveband Light curves ment crossing the arrow corresponding to the uncertainty in the

ejection date. The-ray (0.1-200 GeV) data from thHeermi LAT
From the example of 3C 279, we can see that the relation2'® 1-day integrations except for blue points, which are 0.25-day
ships of the emission across wavebands are quite complekntegrat'onS; red arrows are upper limits. R-band optical (var-

) - . I0us telescopes) and X-raiR¢ssiX-ray Timing Explorer) data
This greatly weakens our ability to use light curves aloneare from the same sources as in [54]. In order to display the opti-

In-our quest to understand the physics of emission e_vent§a| variations with better clarity, the extremely high-amplitude
in blazars. Fortunately, we have more sources of infor-fiare at J3-2450000= 4962, which reached 18 mJy, is trun-
mation than flux vs. time: multi-epoch VLBI images in cated. [From data published in [54] and [43], as well as data
both total and linearly polarized intensity, optical polar- not yet published from Metséhovi Radio Observatory (37 GHz)
ization vs. time, and spectral energy distributions at indi- and University of Michigan Radio Astronomy Observatory (14.5
vidual epochs and as a function of time. In the opinion of GHz)]
the author, VLBI images are the most powerful diagnostic
tool among these, since they can be used alongside light
curves to determine where in the jet flares occur.
Referring to events seen in VLBA images of 3C 279 y-ray flux sometimes exceeded110™° phot cm? s°.
at 43 GHZ, we see in Figure 1 that a new Super'umina'AS seenin Figure 2, the 2009 and 2011-12 outbursts each
knot passed through the core (the millimeter-wave corestarted with an opticat-ray flare that occurred prior to
referred to henceforth as the mm-core; the time when thénajor increases in the 14.5 and 37 GHz radio flux. An-
position of the centroid of a knot matched that of the mm- Other set of opticgj-ray flares coincided with a radio
core is called an “ejection”) either very shortly before or outburst as a new, very bright superluminal knot passed
during each of the three outbursts in 2008-09. The periodhrough the mm-core on 43 GHz VLBA images. The sup-
of quiescence at optical teray frequencies starting in late  Pression of radio emission early in the development of the
2009 saw no new superluminal ejections of bright knots asoutburst and the high amplitude of theray vs. optical
the mm-core flux rose by about a factor of 3. Apparently' flares at the beginning of the 2011 outburst led Nalewa-
the jet was swinging during this time, since an extremelyiko et al. [60] to propose that the early flares during an
bnght knot was ejected during a Sharp’ay flare in late Outburst take place W|th|n the BLR, We” upStream Of the
2010 and proceeded to move at a position angle more thafm-core, while later flares occur on parsec scales. This
90° less than the previous jet direction [48]. The knot re- IS in concert with the millimeter-wave outburst and super-
mained very bright (brighter than the core for more than luminal ejections occurring during the second set of flares
a year) as its motion curled toward the old path. A few if the same disturbance propagating down the jet was re-
months after this feature crossed the mm-core, the fluxsPonsible for all of the flares during at least the first half of
of the mm-core dropped precipitously, coinciding with the an outburst.
decline of a major X-ray flare. The mm-core flux recov- We can establish whether the opticajtoay outbursts
ered to its previous high level near the time of the shortgenerally arise from superluminal knots during or after
flare seen at all three of the higher-frequency wavebands.their ejection through a statistical study of a sample of
During theFermi era, the quasar PKS 151089 has  blazars. Four years of VLBA images aRdrmi LAT light
undergone two prolonged, multi-flare outbursts when thecurves of 34 blazars compiled by the author’s collabora-
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tion [57] lead to the result that, out of 62ray flares,

48 (77%) are simultaneous (within uncertainties) with the
ejection of a new superluminal knot or a major outburst
in the core at 43 GHz. This conclusion, which agrees
with previously results from the VLBA and EGRET in the
1990s [34], is supported by the Metsahovi Radio Obser-
vatory group’s finding that outbursts at 37 GHz usually
start beforey-ray flares ([43]; see also [40] for a simi- =
lar EGRET-era result). Furthermore, both the jet and E 20
ray emission were quiescent during the four years in five
blazars, and 86% of all of the sources exhibited contem-
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counting for chance coincidences, more than 50%-of
ray flares occur in the mm-core, which lies parsecs from

S
o
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the black hole in luminous blazars. This means that = % "} m’,"":: Y ”\!t, 3
millimeter-wave VLBI images most of teray emitting = ?2 C W, r 3
regions Since optical ang-ray flares are often simulta- ok A ES e e,

neous, the VLBI images also image sites of variable op- B000 - sonon °

tical synchrotron emission. A number of theorists have

resisted this observational result on the grounds that intrarigure 3. Multi-waveband light curves of 3C 454.3 over a 3.5-
day variability on parsec scales idftiult to understand year period. Times of superluminal ejections are indicated by the
(e.g., Tavecchio et al. [68]). However, the observation of vertical blue arrows; the line segment crossing the arrow corre-
flaring emission of photons with near-TeV energies from sponds to the uncertainty in the ejection date. Note that the major
some quasars (e.g., 128216 [8] and PKS1424-418 [69]) outbursts are apparent at all wavebands. (From data published in
has provided convincing evidence that such events neetf? 72D

to take place well outside the BLR. Otherwise, the very

high-energy photons would be lost to pair productidih o

the BLR photons before they could escape to be detectegf the peak ati1.3 mm and its simultaneity with the op-

at Earth. tical, X-ray, andy-ray peak requires two conditions. One
It does appear, though, that BL Lac objects with s that the flare must be on parsec scales rather than inside
high-frequency synchrotron SED peaks and luminous TeVihe broad emission-line region (BLR). If, as concluded by
emission are exceptions (see papers in these proceedinggrcellone et al. [70] based on rapid variability and SED
by Richards, Lico, and Niinuma). The parsec-scale jets offitting, the flare took place in a region of radiu$ % 10
Mkn421 and other similar objects do not tend to producecm |ocated~ 0.05 pc from the black hole, the optical
highly superluminal knots. This does not necessarily mearyepth ati11.3 mm would have been 5600 and the event
that the jet flows are not highly relativistic, since many \ould have been impossible to detect at that wavelength
BL Lac objects (e.g., BL Lacertae itself) contain multi- [72]. The rapid decline at1.3 mm can be explained if the
ple stationary emission features in addition to superlumi-yadiative energy losses were so severetha® MeV elec-
nal knots. It may be the case that the plasma flow in theyrons emitting at this wavelength decayed in energy within
nearly quiescent jets is smooth for some reason. about 2 days in our rest frame. This, plus opacitgets, is
Outbursts in the core without ejections may be the probably why there was no sharp peak in #8mm light
same type of disturbance that creates the appearance of sgurve and the superluminal knot ejected was not as bright
perluminal knots. Perhaps the absence of a knot is causegs the knot ejected during the 2009 outburst [39].
by strong radiative energy losses that suppress the emis- The mm-core did, on the other hand, become very
sion. The latter could occur for the strongestay flares,  pright during the outburst, starting about two weeks be-
which should correspond to the highest energy losses fromfore the sharp flare [39]. Analysis by the same authors of
inverse Compton emission. However, as is discussed furthe time profile of the light curve of 3C 454.3 during out-
ther below, there are examples of high-amplitude outburstgyrsts finds a triple-flare structure, similar to that found in
in the mm-core that produce neither a superluminal knotearlier events in the same object [37]. Super-resolved im-
nor a counterpart at optical aneray frequencies. ages (i.e., convolved with a point-spread function corre-
A blazar with clear multi-waveband connections is the sponding to the angular resolution of the longest baselines
quasar 3C 454.3. Figure 3 presents light curves demonef the VLBA rather than with a beam resulting from for-
strating that the major outbursts have counterparts frommal statistical weighting) contain a triple structure in the
millimeter toy-ray wavelengths. Of particular interest is mm-core region that may be related to this repeating light
the very sharp “megaflare” in late 2010. The sharpnessurve pattern [37].
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100 ¢ Brs oo bis beo ok os o 3 EVPA of the variable optical emission. This implicates the
= 80 [ ) 1 = knot as the site of the high-frequency flares, even when the
% 60 [ 0.1-200 GeV 3 knot was~ 35 pc (after deprojection) from the mm-core.

:ﬂ; 40 F ', In 0836+710 and some other blazars (e.g., 11885

%ﬁ 20 E- 2. : i and CTA102), some major outbursts in the mm-core do
3 —_ .4’" *? not coincide with outbursts at higher frequencies, while
3 B Brid : ! others do in the same blazar. This inconsistent behavior

is difficult to understand. One possibility is that particle
acceleration is too irficient during the first type of event
to generate electrons with energies high enough to radi-
. cand o ose % e ate at optical ang-ray frequencies. That is, energies of
TR RN E . 3 electrons in the range of hundreds of Mev are attained,
7 T TR o L but energies exceeding5, 000 are not achieved. Perhaps
= L there is a deficit of moderate-energy “seed” electrons in the
: ] ~ 10 MeV range that facilitate rapid acceleration to higher
energies by shocks. One can imagine that the level of tur-
bulence — and therefore second-order Fermi acceleration
i in the ambient jet — might vary with time upstream of the
e 4024505800 5500 core. Alternatively, some outbursts might involve propa-
gating shocks when the jet’s bulk Lorentz factor increases
Figure 4. Multi-waveband light curves of 122216 over a 4-  after a period of slower flow, while in others the jet flow
year period. The red arrow indicates the time of detection at subhecomes denser without becoming fast enough to create
TeV photon energies [8]. (Figure from a presentation by Jorstady moving shock. Both of these ideas presuppose that ei-
etal. [38]) ther turbulence or a moving shock is needed to raise the
energies of the seed electronstd0 MeV values.
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It is instructive to examine the relationship between 4 Linear Polarization as a Diagnostic Tool
high-energy flares and events in the jet at millimeter ) )
wavelengths by studying less active blazars than 3C 279At radio through optical wavelengths, measurements of
PKS 1516-089, and 3C 454.3. One prime specimen is linear polarizatioh provide a Wealt_h of information tha’F
1222+216 (4C 21.35). Its jet was inactive from the time com.ple_ment.s what we learn from light curves and total in-
whenFermibegan operating in August 2008 until Septem- t€nsity imaging. The case of 088810, discussed above,
ber 2009. Then the flux at 37 GHz rather abruptly in- |I_It_Jstrates how pol_anzatlon vs. time can aid in _the iden-
creased by more than 60% and the first of maray tification on VLBI images of a feature responsible for a
flares was observed. The mm-core in 43 GHz VLBA im- high-energy flare. Such cross-identification can be consid-
ages brightened from 0.30 to 0.75 Jy between 2009 Ayfred firm if eithgr a new emission fegture with a gnique
gust 16 and October 16. (Unfortunately, there were noEVPA appears in VLBI images and if the EVPA is the
VLBA observations in September.) Figure 4 presents theSame as found at optical wavelengths at the same time, or
y-ray, optical, and mm-core light curves. Interestingly, if the polanzatlon_vectorof the feature_rotates in the same
no new superluminal knot was detected with an ejection™anner as at optical wavelengths. This led the author and
time near this event. Rather, a strong knot was ejectedollaborators [53] to identify optical, X-ray, and possibly
later, at 2010.4, essentially coincident with the brightestSUP-TeVy-ray flares in BL Lacertae with a new superlu-
0.1-200 GeVy-ray flux and the detection of the blazar Minal knot while it wasupstreamof the core on 43 GHz
with MAGIC at photon energies up to at least 0.4 TeV [8]. VLBA images. _ o
While it is tempting to ascribe the absence of a brightknot ~ ItiS common for the optical EVPA to be similar to that
associated with the late-2009 activity to radiative lossesS€€N in the mm-core or, less frequently, in a superlumi-
it is then dificult to understand why the more luminous Nal knot [20, 36]. Often, the direction of the polariza-
event in mid-2010 would not have suppressed the emis!ion vector lies either nearly parallel or perpendicular to

sion from the bright knot ejected at that time. Therefore, the local jet axis. In the mm-core, this can be understood
another explanation is needed. if the core corresponds to a standing conical shock (often

called a “recollimation” shock, but can also be a decol-
: e . limation shock or one type of shock followed by another
slumber is 0836710, which is featured in a paper by [14]) [12, 13, 63]. Cawthorne et al. [14] have taken one

Jorstad et al. in these proceedings. As in 12216, the tep further b . larized intensity | f
mm-core of this quasar increased in brightness along with® P fUrther by companng polarized intensity Images o

the optical andy-ray emission after a long quiescent pe-  1This review does not cover circular polarization, which is observed
riod. The ejection of a very bright superluminal knot oc- atradio wavelengths, since a study of a large sample of blazars has found
curred near the time of the first flare of the flux outburst, tat circular polarization appears to be unrelated to the multi-waveband
. L. . properties of jets [29]. The use of circular polarization as a diagnostic of
About six months later, the polarization electric-vector po- the jet magnetic field is discussed by Homan et al. [30] and in the review

sition angle (EVPA) in the knot rotated along with the paper by Wardle in these conference proceedings.

Another blazar that woke up from a multi-waveband
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the BL Lac object 1808784 observed by the VLBA with
simulated images based on such a model, with favorable 150

with quasar jets supporting more longitudinal fields (per-
haps from velocity shear across the jet) and BL Lac ob-
jects more subject to turbulence generating chaotic fields.
Gabuzda (in the proceedings of this conference) promotes 30
the idea, with supporting evidence from Faraday rotation
and circular polarization, that the field maintains a helical
structure, which can yield polarizations either parallel or
perpendicular to the jet axis undefférent circumstances.
However, support for either scenario is ambiguous with-
out a robust explanation for the dichotomy beween BL
Lac objects and quasars. Strong evidence for a toroidal 600
(= helical with a high pitch angle) magnetic field geom-
etry comes from rotations in the polarization vector ob-
served in a number of blazars. While apparent rotations
can occur owing to random fluctuations in magnetic field
direction, e.g., those expected from turbulence [32], re-
peated smooth rotations — especially in the same direc-
tion and with non-random timing (e.g., simultaneous with
a flare) — implicates a physical mechanism as the cause.
In the case of BL Lacertae, the optical polarization vec-
tor rotated by~ 24Q shortly before a superluminal knot Figure5. y-ray and optical light curves and optical polarization
crossed the mm-core [53] during a flare. A Sim”ar' more VS. time of PKS 1510089 during and after the 2009 outburst.
dramatic event in PKS 1531®89, displayed in Figure 5, The rotation of the linear pola_rization vector is seen in the bottom
occurred in 2009 when the EVPA rotated through four full Panel. From data presented in [54]

18 cycles during a multi-flare outburst, with the final

high-amplitude flare coinciding with a bright knot passing

through the mm-core. Kiehlmann et al., these proceedings), 0¥164 [42], and
Polarization rotation events such as these were actuall3C 454.3 [39]. The rotations could also be caused by phys-
predicted by Vlahakis [71] based on MHD models of jet jcal twisting of the jet, as proposed by Abdo et al. [2] and
formation. The geometry is sketched in Figure 6. An emis-Raiteri et al. [64], the latter of which also explain flux
sion feature (e.g., a magnetosonic shock) that does not filariations in 3C 454.3 and other blazars.
the entire cross-section of the jet (an important criterion,  Farther downstream, however, turbulence appears to
otherwise the polarization would cancel because of symyather strong in blazar jets. This is most easily seen in
metry) traces out a spiral trajectory as it circulates aroundhe mean level of linear polarization and time variations of
the he”cal f|e|d |ineS, Wh|Ch are adVeCting dOWI’]Stream atboth the degree and position ang|e. Consider a S|mp||f|ed
near-light speed. In a frame flowing with the field lines, the model of turbulence that creatés emitting cells in the
emission feature’s path follows a loop around the nearlyp|asma, with each cell containing a magnetic field that is
toroidal field. When one takes into account aberration an(ﬁniform but whose direction is random. Although the level
light-travel delays, the EVPA follows an undulating curve, of synchrotron radiation depends on the angle (after rela-
shown in the bottom panel of Figure 5 for PKS 15089. tjyistic aberration is taken into account) between the mag-
These observations provide the strongest observationaietic field and the line of sight, the polarization vector de-
evidence to date that the MHD jet launching scenario ac-pends only on the azimuthal angle. The mean polarization
tually occurs in blazars. Other EVPA rotations include, (P) is then~ N~¥/? times the maximum valuBax ~ 75%
among others, those observed in 3C 279 ([2, 41] and33]. If the cells are replaced by new turbulent cells, again

results. The implication of these studies is that much of the 7, C '0.1'_'206 GeV F'lm'{ ' '§'§ I
optical emission in blazars occurs in the mm-core. This ¥ Co Y S 4 + ]
conclusion is quite surprising given the placement of the E 100 |- *1’ 2 SAg 1 7
mm-core parsecs from the central engine, whichis hardto 3 Coo t 8 ]
reconcile with the rapid variability of blazars in both flux & o[ g | e * ]
and polarization at optical wavelengths. g ¥ &,‘3 ‘4:’}}:‘ .‘.* "

The tendency of the linear polarization E-vectors to E 0 ﬁ E,,;ﬁgn,&,; "*0: | YaVS ~
line up with the jet axis in BL Lac objects and to lie T L
roughly transverse to the jet axis in quasars (e.g., [23)is = R-Band Flux Density, L ?
not as strong at 43 GHz as at lower frequencies [58]. This g P : R $
suggests that thefect is stronger well downstream of the ;: 05 i ﬁ i !‘.
mm-core. The dference could be the magnetic field ge- o P : ‘.‘ : w ""
ometry in the ambient jet through which shocks propagate, 2 :-.5.:’" .),s'; SR ®e
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The Innermost Regions of Relativistic Jets and Their Magnetic Fields

profile, as in Figure 8, with the luminosity represented
by vL, peaking at IR and sub-GeY-ray frequencies in
guasars and low-synchrotron-peak BL Lac objects, and at
X-ray and sub-TeV energies in high-synchrotron-peak BL
Lac objects. This fits in with the standard emission model
of synchrotron radiation at lower frequencies and inverse
Compton scattering at high energies. During outbursts, the

—
Bnet

] P vector

2 y-ray luminosity dominates by up to 3 orders of magnitude
v over the synchrotron componentin quasars, while for most
BL Lac objects the/-ray and synchrotron luminosities are
™~ more comparable [1].

If the mainy-ray emission mechanism is synchrotron
self-Compton scattering (SSC), i.e., inverse Compton scat-
tering of seed photons produced via synchrotron radiation
Figure 6. Sketch showing how the linear polarization vector in the same location as where they are scattered, high lev-

P can rotate as a shock or other bright feature follows a spiral®!S 0f y-ray dominance would require so many electrons
streamline as it moves down the jet. Foufetient times are illus-  that there would be high optical depths to both scattering
trated, representing continous rotation of the feature as it move@nd pair production [27]. The latter would produce more
down the jet. If the shock does not cover the entire cross-sectiorfadiation and more pairs, leading to a “fireball” cascade,
of the jet, then the mean magnetic field vedBorotates, hence  and most of the luminosity would emerge at low MeV and
so doesP. soft X-ray energies. This has led to the conclusion that the
seed photons in quasars come from slowly moving sources
located outside the site of the scattering: the accretion disk
™ lj:‘%%‘* EYE L A [22], the BLR [65], a dusty molecular torus [10], a relative
3 G el wo s N ¥ ] slow sheath of the jet [24], or a Mach disk (a strong shock

1 2 3! 41 51 ! 6

w
S o

by ib o Bl 3 oriented perpendicular to the flow, located at the axis and
(bt il e i st Ak S covering only a small fraction of the jet cross-section [19])

2.4-10 keV |

b o E [51, 52]. A great advantage of this “external” Compton

M*}J;Mwwﬁtle scattering (EC) is that the seed photons are blueshifted in

L the frame of the jet plasma, as long as the site of scattering

F (1077 phot em™2 s71)

0
3 E
2
1

|
: i ] is not much farther down the jet than the distance of the
i %3 ] seed photon source from the central engine. This greatly

F (10! erg em=2 s71)

F, (mly)

* iy e anaadl & -t g 1‘?‘; increases the-ray luminosity. However, the constraint on
- sof ‘ o FR the relative location is a problem for the accretion disk and
Z % : L l i_,‘u te ‘.'. . i i . BLR origins of the seed photons if theray flares occur on
Zof . '.'h .‘::f} ) _.'-'53};‘, TS ;t;}&"' F parsec scales. Even IR photons from the dusty torus could
N . T B S S strike the jet at too wide an angle to produce the high
iﬁ 52: ! il} .s"i'r“‘:"‘ﬁ"i':-:-f%%'f':? ray I_uminosities (_)bserved during outbursts if the torus is
N R AA T confined to a region less then 2-3 parsecs from the central
= E | 1 e b, [ . H A

e E— engine, as may be the case in the quasar 1228 [49].

JD — 2450000

For high-synchrotron-peak BL Lac objects, however,
SSC models often produce reasonable fits to the SEDs, and

Figure 7. Multi-waveband light curves of BL Lac, including X-Tay variations are generally well-correlated with those
degree and position angle of optical linear polarization [51]. in the TeV range (e.g., [3, 4]). Thgrays (and perhaps
X-rays) observed in low-synchrotron-peak BL Lac objects
could also be of SSC origin, since the ratioyefay to syn-
] ) _ ] chrotron luminosities is usually of order unity [6, 7], al-
with randomly oriented fields on a regular basis, the de'though Ackermann et al. [5] have proposed EC with seed
gree of polarization will vary with a standard deviation photons from a dusty torus fgrrays and Compton scat-

equal to the mean divided by 212, or(P)/2 [21, 33].  {ering of accretion disk photons by low-energy pairs for
This general description agrees qualitatively with the Opt"x-rays in AO 0235-164.

cal polarization of blazars like BL Lacertae (displayed in

Fig. 7) It has become customary for observational teams to en-

list a theorist to fit the SED of a blazar at one or more
epochs to justify a particular interpretation of the emission
5 Spectral Energy Distributions process and location. The author’s feeling is that, while
this exercise is sometimes important, it can be falsely re-
After compiling a large database of multi-waveband ob- assuring. Furthermore, it takes up a considerable amount
servations, it is possible to construct SEDs of a blazar abf the theorist's time that could be more profitably spent
different epochs. We invariably find the double-humpeddevising new models that can explain more than just the

04001-p.7
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specific times when an observed SED was available, with

parameter values adjusted separately for each epoch.
F MJD 55520 1 .
15 | MJD 55530 i The preference of many theorists for a thermal source
MJD 55537 1 of seed photons arises partly from SED fitting. The inad-
] equate fits at X-ray energies of the model shown in Figure
8 is largely driven by the synchrotron spectrum of the seed
photons, which is much broader-band than a thermal spec-
trum. Scattering of the plentiful photons at frequencies
between 18 and 162 Hz generates a strong X-ray flux.
The observed high-energy hump, on the other hand, peaks
at an energy of 100 MeV and drops by 2 orders of
magnitude into the X-ray domain during an outburst. This
is easiest to model if the seed photons have a thermal dis-
tribution.

The origin of the X-ray emission from blazars that
do not belong to the high-synchrotron-peak class has
N (SR | W T O still not been decided. The spectral (energy) indices
10 15 log v (Hz;’“’ 2 tend to lie in the range of.@ + 0.02, which is similar

to the millimeter-submillimeter spectral indices pfay

bright blazars [44]. This is what one expects from SSC
Figure 8. Example illustrating how of model fits to an SED can models, where millimeter-wave to IR photons are scat-
be deceptive. The model reproduces the SED fairly well (ex-tgred to X-ray energies by electrons in the 100s of MeV
cept for the X-ray slope) at two epochs (black and blue symbols;3nge  However, the lack of consistent correlations be-

and lines), but the fit to the third epoch data is terrible at X-ray tween millimeter-wave and X-ray variations in the light
andy-ray frequencies. (The dotted curves represent the rapidly

: S . . curves presented in Figures 1-3 implies that multiple pro-
variable emission in the model, while the solid curves add much b ble f ina X -
more slowly varying components that are simply added to the CESSES May be réponsibie tor generating X-ray nt

model.) The filled circles correspond to observations of 3C 454.3limes in a given blazar. Unfortunately, with the demise of
presented by Wehrle et al. [72]. RXTE there are no space missions dedicated to continuous

X-ray monitoring now that ALMA is available to monitor
at mm'submm wavelengths.
The millimeter-wave to optical SEDs of 3C 454.3 dis-

SED. This is because the ability to fit a model SED to someP!ayed in Figure 8 can be fit by piece-wise power-laws,
observations (the word “fit’here is approximate and sub-Put the break(s) required by the steepness of the optical-

jective, since all, or nearly all, published SED fits would 'R VS. mm-wave spectra is considerably greater than the
fail a y2 test) does not mean that the physical conditionsV@/ue of 0.5 expected from radiative energy losses [55].
of the blazar were similar to the model parameters. The! NS issue has received little attention, butimposes an im-
fitting of the SED of the mega-outburst of 3C 454.3 in late portant constraint on particle acceleration scenarios. The
2010 discussed in the previous section is a prime exampleg?uthor's own solution has been to propose that, in addi-
good SED fit, bad conclusion about the size and locationfion to radiative losses steepening the spectrum somewnhat,
of the emission region responsible for the flare. We shouldth® volume filling factor decreases toward higher electron
demand that successful models explain not only the SEDsENergieigher frequencies in the particle acceleration re-
but also the time variability of flux, polarization, and jet 9'0N-

structure. And we should give theorists time to develop

models that show promise in doing so. 6 The Case for Turbulence as a Major
Nevertheless, the inability to fit an SED despite a pa- Factor in Blazar Jets
rameter search, or to fit the SED at one epoch but not
another, is a sign that a model might be inadequate. AmAs discussed above, time variations of the optical po-
example is an attempt by the author to fit the SED of larization of blazars provides considerable evidence for
3C 454.3 at three epochs during the 2010 outburst, illus-a chaotic component to the magnetic field, as would be
trated in Figure 8. The main source of seed photons in theexpected from turbulence. Furthermore, power spectra
model is synchrotron plus SSC emission from the Machof blazar variations can be fit by power laws [15, 16],
disk. The excess hard X-ray flux and overly flat X-ray a fact that suggests that the flux changes are governed
spectrum of the model are worrisome, but perhaps thisy a noise process rather than occasional discrete high-
could be fixed by altering the energy distribution of elec- amplitude events.
trons in the 100s of MeV range. The more serious problem  The author has used this evidence as a basis for devel-
is the shifting of the inverse Compton spectrum up and tooping a new paradigm for blazar variability [50-52, 56].
the left some of the time, arffect that was not observed. The power spectrum of flux variations is assumed to re-
This flaw would not have been recognized if the numeri-flect time variations of the energy density of relativistic
cal code used to calculate the SED were applied only toelectrons injected into the jet. An approximate treatment

—_
>

log vF, (Jy Hz)
@
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04001-p.8



The Innermost Regions of Relativistic Jets and Their Magnetic Fields

of turbulence divides the plasma into many cells, each of
which has a uniform magnetic field whose direction is se-
lected randomly every ten time steps and rotated smoothly

in between. The plasma is advected at the systemic bulk 15
velocity of the jet flow across a standing conical shock.

(For determining the Doppler factor, each cell is givena 10
randomly directed turbulent velocity that is added to the
systemic velocity.) At the shock front, electrons are as-
sumed to be accelerated with a power-law energy distribu-
tion up to a maximum energy that depends on the angle
between the magnetic field and the shock normal. (Al-
ternatively, the maximum energy can be determined ran-
domly within a given probability distribution.) This de-
pendence on field direction approximates the results from
particle acceleration studies (e.g., [66, 67]) that particle 10
acceleration is moreflecient when the field is nearly par-

allel to the shock normal (as measured in the rest frame 5 |
of the shock). As the plasma advects downstream of the
shock, the electrons lose energy via synchrotron and in- :
verse Compton radiation. Seed photons from a torus con- 0 50 100
taining hot dust and from nonthermal emission in a Mach Time (days)

disk are included in the inverse Compton radiation. A

SSC—-MD y—ray

SSC—MD X-ray
Synchrotron Optical

Relative Flux Density
o

Synchrotron 1 mm

numerical code, TEMZ (Turbulent Extreme Multi-Zone 40 — —_—
562 THz Linear Polarization

model), calculates the time-dependent emission from mi-
crowave toy-ray frequencies, as well as the linear polar- 30
ization at microwave to optical wavelengths, as a function
of time.

A sample plot of the simulated flux and polarization vs.
time evolution of a blazar computed by the TEMZ code is
displayed in Figure 9. Note in the figure that there are both
correlated variations and deviations in the fluctuations at
different wavebands, a characteristic of blazars noted in
§2. In addition, the polarization position angle executes
apparent rotations in both directions. The results look en-
couragingly similar to observations of BL Lac (Fig. 7), so
the author plans to explore parameter space to determing& ¢
the extent to which the model can explain the range of be- ~
havior seen in actual blazars.

Trial SEDs of a variable component of a blazar, ob-
tained with the TEMZ model, are denoted by the dotted
lines in Figure 8. One can see that the slope of the mm-
wave to optical SED changes by much more than 0.5 de- Time (days)
spite the injection of a simple power-law energy distri-
bution. This is due to the lower volume filling factor of Figure9. Sample simulated flux and polarization vs. time curves
higher-energy electrons caused by the dependence of thieom the author's TEMZ model. For reference, 562 THz corre-
maximum energy on magnetic field direction relative to sponds roughly to the optical V band.
the shock normal. This, as well as the strondésat that
radiative losses have on higher energy electrons, also has
an dfect on the polarization, since fewer cells are involved
in the emission at higher frequencies. Tlkeet causes a purpose is magnetic reconnection, which may be more ef-
higher mean degree of polarization and also stronger varificient at accelerating electrons to very high energies than
ations in the degree and position angle, as well as the fluxare relativistic shocks [26]. The author hopes that simu-
at higher frequencies, as observed [39, 56]. lations of reconnection events will soon become sophisti-

Narayan & Piran [62] have suggested that a model sim-cated enough to make predictions regarding the polariza-
ilar to TEMZ can explain the most extreme intraday vari- tion characteristics so that the model can be compared with

ability of blazars on parsec scales. In order to enhance th&€ data, as is now possible with the turbulence scenario.
beaming, they propose that the turbulence is supersonic, so  Another factor to consider regarding variability on par-
that the emission from some of the turbulent cells is espesec scales is that the jets of blazars are extremely narrow,
cially well beamed. An alternative that can serve the samewith opening half-angles 0.1/Tqow [18, 35]. This indi-
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-50

o

50 100
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cates that the jet width 1 pc from the black hole is only This could provide a variable source of seed photons (as
~ 6 x 1010w /10)1 cm. A mean optical polarization of the Mach disk does in the TEMZ model), thueating the

~ 10%, typical of very active blazars, implids~ 50 cells  y-ray variations. This is similar to a model by Ghisellini &
with randomly oriented magnetic fields, so each cell has avladau [25], except that more than one cloud might be in-
diameter of about/¥ of the jet width, or a bit less than volved and the seed photon variations can come from pre-
10'% cm, or~ 3 light-days. The time-scale of variability vious flares rather than the current one since light-travel
of the cell can then be as shortasgl(1+ 2)/(6/20) hours.  delays are involved.

So, intraday variations are possible in such a model. Of It would be very satisfying to write that our recent ad-
course, if only~ 2% of the cells are varying, the ampli- vances allow us to answer all of the questions posed in the
tude of the variability is not high. But if the varying cell introduction. But this is only honestly possible for some,
has a turbulent velocity component in our direction, or if and of course further counter-evidence could be uncovered
random flucuations cause a number of cells to vary in thein the near future to cast these in doubt.

same way simultaneously in our frame (i.e., when light-

travel delays are taken into account) at some epoch, high- 1. Is there strong evidence for most theorists’ belief

amplitude intraday variability can happen on an irregular that jets are launched, accelerated, and collimated
basis. by the twisting of magnetic field lines owing to the

A likely source of turbulence is current-driven insta- differential rotation of plasma near the black hole?
bilities at end of the zone where the jet is accelerated and Yes — the rotations of optical polarization vectors,
collimated [59, 61]. By this location, the magnetic energy e.g., in BL Lac and PKS 151®89 prior to a knot
density has dropped until it is comparable to the kinetic reaching the mm-core, is just what the theorist or-
energy density of the plasma. Turbulence tends to drive dered!

a plasma toward equipartition between the magnetic and
internal particle energy densities. Magnetic reconnections
are also likely to occur in this region, since as the field be-
comes more chaotic there is a greater chance for sections
of the plasma with oppositely directed fields to come in
contact with each other. The mm-core of the jet could sim- 3
ply be the location where turbulence and reconnections ef-
ficiently accelerate electrons, but the agreement of the ob-
served linear polarization with that calculated for a turbu-

lent flow crossing a standing conical shock [14] suggests
the presence of such a shock in the mm-core.

2. How are the particles that produce the high-energy
emission accelerated — at shock fronts, via turbu-
lence, or during magnetic reconnection¥bere is
still no general agreement on this.

. What are the dynamics of the flow in the jet? How
common are moving and stationary shocks? What
role do instabilities play in the emission and struc-
ture of jets? We have accumulated a lot of clues
regarding the jet dynamics, especially with the large
MOJAVE survey [47], but need some time to digest
the results of this and other observational studies.

7 Conclusions 4. What is the jet power?This depends crucially on

the proton vs. positron content of the jet, which has
not been established to the satisfaction of a majority
of blazar experts.

As a community, we blazar enthusiasts are now accumulat-
ing an extremely rich dataset that should provide enough
clues for us to figure out both the general and detailed

physics of relativistic jets in blazars. In order to accom- g5 are they rays from inverse Compton scattering

plish this ultimate goal, theoretical models need to catch by relativistic electrons, secondary processes initi-
up to observations. But so far, attempts to do this have ated by protons, or even proton synchrotron radia-
instead added to the paradoxes that have haunted us since  {jgn? The y-ray emission makes sense if it is in-
highly variable quasars were first identified as cosmologi- verse Compton scattering by electrons, and the al-
cally distant objects. o ternative of hadron-dominated jets boosts the power
The observations now indicate that most (but probably requirements by 2 orders of magnitude. But until

not all) outbursts and flares occur on parsec scales. What \ye igentify the source of seed photons and develop
is the source of seed photons at these distances from the  yoqels that explain the complex time variations ad-

central engine? Thermal emission from hot dust extends equately, we cannot close the door on protons caus-
to parsec scales, but if it is confined to a torus, it is not ing most of the mischief.

suficiently blueshifted in the frame of plasma more than

~ 1 pc from the black hole to produce the obseryety 6. Do outbursts aty-ray and lower frequencies occur
luminosities during outbursts. Relatively slow sections of mostly on parsec scales? If so, how can {hey
the jet, e.g., a Mach disk, might provide ample seed pho- flux be so highly variable when it arises in a re-
tons, but the SEDs are better fit by a thermal spectrum gion so distant from the black hole? If only a small
of seed photons. One possible solution, supported by re- fraction of the jet cross-section is involved, how can
ported variations in emission lines from 3C 454.3 during such a small region generate such a high appar-
its late-2010 mega-outburst [31, 45], is that stray broad ent luminosity?The author has tried to answer this
emission-line clouds are located near the parsec-scale jet guestion in this review, but expects that many ex-
and are illuminated by beamed UV photons from the jet. perts in the field doubt that the answer is correct.
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Although we have become data-rich rather suddenly[14] Cawthorne, T.V., Jorstad, S.G., & Marscher, A.P.,
like thenouveau richave have not yet learned how to use  Astrophys. J772, 14 (2013)
our treasure. And we need still more data, since variability[15] Chatterjee, R., et alAstrophys. J689, 79 (2008)
studies often find that conclusions drawn on a data train16] Chatterjee, R., et alAstrophys. J749, 191 (2012)

several years long are misleading. Unfortunately, givenr17] chatterjee, R., Nalewajko, K., & Myers, A.DAs-
tight funds at the US National Science Foundation and  trophys. J. Lett771, L25 (2013)

NASA, the VLBA and Fermi — two of our most valu-  [1g] Clausen-Brown, E., et al., iroceedings of the 11th
able and unique facilities in terms of the observational pa- gy SymposiuparXiv:1301.5751 (2013)

rameter space that they cover — are in danger of be‘”%lg] Courant, R., and Friedrichs, D.BSupersonic Flow
terminated. NASA has already shut down the great X-ray™ 4 Shock,Wa’ve(§pringer-VerI,ag Néw York, 1976)

e a5y 20 DAGANGEl, .. Corested Muliwaeengt o
9 Y. larization in Blazars,” Ph.D. Thesis, Boston U. (2010)

serious setbacks to our enterprise. Although all of the at- ,

tendees at the conference, and many other astrophysicisth,l] F.D. D’Arcangelo et al Astrophys. J. Let659, L107

consider blazars to be one of the universe’s great gifts to (2007). o o

sentient beings, we need to make an even stronger case f&#2] Dermer, C.D., Schiickeiser, R., & Mastichiadis, A.,

jet studies than we have so far. And we need to lobby the AStron. Astrophys256, L27 (1992)

astronomical community and funding agencies to keep ouf23] Gabuzda, D.C., & Cawthorne, T.V., 200BINRAS

best time-domain instruments operating! 319, 1056 (2000)

[24] Ghisellini, G., Tavecchio, F., & Chiaberge, MAs-
tron. Astrophys432, 401 (2005)

[25] Ghisellini, G., & Madau, PMNRAS280, 67 (1996)

[26] Giannios, D., Uzdensky, D.A., & Begelman, M.C.,

The author apologizes to his collaborators whose data ap- MNRAS395, L29 (2009)

pear in some of the figures of this paper prior to their pub-[27] Guilbert, P. W., Fabian, A. C., & Rees, M. MNRAS
lication in journals that will give them all proper credit 395 593 (1983)
for their considerableftorts. The inclusion of their data [28] Hayashida, M., et alAstrophys. J754, 114 (2012)

allows the review to be current, while the exclusion of [29] Homan, D.C., & Lister, M.L. Astron. J.131, 1262
the observers from the author list prevents them from (2006)

_?f]':g tt’m‘e?a:gfr |(|)pz|anc|(k)rr:§ Ef;‘grzisf‘:]&’.vr']th';‘ thec)r??rz;r'[ao] Homan, D.C., Lister, M.L., Aller, H.D., Aller, M.F.,
NASAuthroug hFe;Jm}ilGuestvlvnvegti atjor Il’rcg) ruaFr)T? rants & Wardle, J.F.C.Astrophys. J696, 328 (2009)
g g g 9 [31] Isler, J., et al.Astrophys. J.in press (2013)

NNX11AQ03G (observations) and NNX12A079G (the-
ory). The VLBA is operated by the National Radio As- [32] Jones, T.W.Astrophys. J332, 788 (1988)
tronomy Observatory. The National Radio Astronomy Ob- [33] Jones, T.W.,, et alAstrophys. J290, 627 (1985)
servatory is a facility of the National Science Foundation [34] Jorstad, S.G., et alAstrophys. J. Suppl34, 181
operated under cooperative agreement by Associated Uni- (2001)
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