PROCEEDINGS

OF SCIENCE

A Review of Astrophysical Jets

J. H. Beall!
Space Sciences Division, NRL & S. John's College, USA
E-mail: beal | @j c. edu

This review considers the nature of astrophysical jetsnddfas linear structures on the sky, typ-
ically bi-polar, and originating from a common source. Tdgsds are typically associated with
outflows originating from accretion processes in star-fogwegions, compact objects (such as
neutron stars and black holegjray bursts associated with stellar collapse, active gialaaclei,
and in some pulsars. In pulsars, the jet production can berdfiiom angular momentum loss
from the pular. The jets can be extremely powerful in termih lnd their kinetic luminosity and
radiative signatures, and often emit radiation over theeeatectromagnetic spectrum, from radio
to y-rays. Astrophysical jets often appear to be one-sided app@r boosted. This phenomenon
is usually interpreted as evidence of bulk relativistic imotof the emitting particles. In the last
three decades and more and as a result of observing campaigigsdetectors sensitive from
radio toy-ray energies, theoretical models of these sources hawartgedcher and more com-
plex. They have moved from assumptions of isotropy that nzadytic calculations possible,
to fully anisotropic models of emission from the jets anditleractions with the interstellar
and intra-cluster medium. Such anisotropic calculatiorsoaly possible because we now have
extensive computational resources. In addition, the @egfénternational cooperation required
for observing campaigns of these sorts is remarkable, siecestruments include among others
the Very Large Array (VLA), the Very Long Baseline Array (VI2B, and entire constellations of
satellite instruments, often working in concert. In thipea | discuss some relevant observations
from these efforts and the theoretical interpretationyg tieve occasioned.
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1. Introduction

Astrophysical jets can be defined as linear structures observed dkyils®setimes bi-polar,
and originating from a common source. These jets are typically associatedwtitbws origi-
nating from accretion processes in star-forming regions and in comjpery/tsystems containing
compact objects (i.e., white dwarfs, neutron stars, and black holes)f aodrse in active galactic
nuclei (AGNSs), and galaxy clusters. They also appear to be presgmainbursts associated with
stellar collapse when the jet is pointed at the Earth, and in some pulsarslsémgyuhe required
energy for jet production can be drawn from angular momentum loss gfulae. Astrophysical
jets can appear to be one-sided and Doppler boosted. This phenomersarally interpreted as
evidence of bulk relativistic motion of the emitting particles.

The jets can be extremely powerful in terms both of their kinetic luminosity anictreel
signatures, and often emit radiation over the entire electromagnetic speétammradio to y-
rays. We have become aware of considerable details of these resulightittecades of sustained
observing campaigns.

The results of these campaigns show similarities and significant differamties data from
some epochs of galactic microquasars, including GRS 1915+105 (Miettadl, 1998; Rahoui et
al., 2008), the concurrent radio and x-ray data (Beall et al., 197&amtaurus A (NGC 5128),
3C120 (Marscher (2006), and 3C454.3 as reported by Bonning(@0419), and Cygnus A (Carilli,
et al., 1996), to name a few. The Bonning et al. analysis of the 3C454.3FHdateed the first
results from the Fermi LAT Space Telescope (Abdo 2009a, 2009thé&concurrent variability
at optical, UV, IR, andy-ray frequencies for that source. In combination with observations of
microquasars and quasars from the MOJAVE Collaboration (see, e.tgr kisal., 2009), these
observing campaigns provide an understanding of the time-dependéuti@v of these sources at
milliarcsecond resolutions (i.e., parsec for AGNs, and Astronomical Ualesdor microquasars).

In blazar sources (see, e.g., Ulrich et al. 1997, and Marscher) 208@ seems to be a con-
firmed connection of jets with accretion disks. In sources without largke$ioear structures (i.e.,
jets), as Ulrich et al. (1997) note, the source variability could result ttecomplex interactions
of the accretion disk with an x-ray emitting corona. But to the extent that "sijeddl"are present
in these sources, the disk-jet interaction must still be of paramount impertsince it provides a
mechanism for carrying away energy from the disk.

Current theories (see e.g., Hawley 2003 and Bisnovatyi-Kogan, e0aB, far a discussion of
disk structure and jet-launch issues, respectively) suppose that teéganed and accelerated in
the accretion disk. But even if this is true in all sources, it is still uncleartkdreor not astrophys-
ical jets with shorter propagation lengths are essentially different in catitittrom those that
have much longer ranges, or whether the material through with the jetgatgsadetermines the
extent of the observational structures we call jets. At all events, theleaitips of the jet-ambient
medium interaction must have a great deal to do with the ultimate size of emitting region

This sort of argument has applications to both quasars and microquespesially if essen-
tially similar physical processes occurs in all these objects (see, e.g., Bé@l, and Marscher,
2006). To some, it has become plausible that essentially the same physickisgvaver a broad
range of temporal, spatial, and luminosity scales. Hannikainen (2008)zatg (1998, 2007) have
discussed some of the emission characteristics of microquasars, add$2@@07) has considered
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the role of microquasars and AGNs as sources of high engrgy emission. In fact, the early
reports of the concurrent radio and x-ray variability of Centaurusmamaplausibly interpreted as
the launch of a jet from Cen As central source into the complex structuitscore. Additionally,
these observations are remarkably similar to the observations of galactiqmasars and AGNSs,
including the observations from the Fermi LAT Space Telescope of coarty-ray, IR, optical,
and UV variability of 3C454.3 (Bonning et al., 2009), and observationstbgejski et al. (1997)
for BL Lac, among others.

2. Jetsfrom Accretion Disksin Star-Forming Regions

There is evidence for accretion disks associated with the bipolar outflogtarifiorming re-
gions such as the rho Ophiuchus cloud (see, e.g., Beall 1987, andati@phiuchus jet obser-
vations taken from K. Tachihara’s Ph.D. thesis). The data therein ietexpshow that the IR
spectra in the centers of the regions of bi-polar flows are consistentritssien expected from
accretion disks with the thermal gradient expected from a Shakuraa8ui(¥973) accretion disk.
The spectrum calculated by Beall (op. cit.) agrees with the illustration prexséy Hannikainen
(2005).

Recent observations bear out this hypothesis. For example, the atiseswof HL Tauri with
the Atacama Large Millimeter/Sub-Millimeter Array (ALMA) presented in Figurdeady show
the resolved accretion disk structure of the protostellar system beginnsggtegate itself into
rings that are hypothesized to become proto-planets.

Remarkably, this resolved accretion disk is clearly associated with a jetisgy&odriguez,
et al., 1994) for data taken by the VLA on arcsecond scales.

The observations from ALMA are also corroborated by data from Gwéailey Radio Ob-
servatory’s Combined Array for Research in Milimeter-Wave Astronom&R®IA), as reported
by Stephens et al. (2014). In addition, and perhaps most importantly, ARMB. date show a
magnetic field morphology of at 0.6 arcsecond resolution. The polarizatictions appear to show
a magnetic field perpendicula to the disk orientation.

We now turn to jets associated with AGNs and quasars.

3. Concurrent Variability of AGN Jet Sourcesas an Indication of Jet Launch or
Jet-Cloud Interactions

As examples, we now turn to two such observations in this paper, the centtadio and x-
ray variability of Centaurus A (Beall et al., 1978), and theay, UV, and IR concurrent variability
discussed by Bonning et al., (2009) using the Fermi LAT and Swift spafte

3.1 Radio and X-ray Variability Measurements of Centaurus A (NGC 5128)

The first detection of concurrent, multifrequency variability of an AGN cdrom observa-
tions of Centaurus A (Beall et al., 1978, see Figure 1 of that paperl Beal. conducted the
observing campaign of Cen A at three different radio frequenciesrijunotion with observations
from two different x-ray instruments on the OSO-8 spacecraft in the&k@6and 100 keV x-ray
ranges. These data were obtained over a period of a few weeks, wisttahford Interferometer
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Figure 1. HL Tauri: note the ring-like structure that is likely to regent planetary formation in the proto-
stellar system. This image is from ALMA (Atacama Large Milkter/sub-millimeter Array).

at 10.7 GHz obtaining the most data. Beall et al. also used data from othelnef® construct a
decade-long radio and x-ray light curve of the source. Figure laeafl2011) shows the radio
data during the interval of the OSO-8 x-ray observations, as well as thk longer timescale flar-
ing behavior evident in the three different radio frequencies andtatlbw-energy (2-6 keV, see
Figure 1b of Beall, 2011) and in high-energy (00 keV, see Figure 1c of Beall, 2011) x-rays. As
noted by Beall (2011), a perusal of Figure 1a in that paper showshthaadio data (represented
as a “+" in that figure) generally rise during 1973 to reach a peak in mid-1%hen decline to a
relative minimum in mid-1975, only to go through a second peak toward the feb@786, and a
subsequent decline toward the end of 1976. This pattern of behavisoistewn in thew 30 GHz
data and the- 90 GHz data albeit with less coverage at the higher two radio frequencies.

Several points are worthy of note. First, as Beall et al. (1978) shawathio and x-ray light
curves track one another. This result demonstrated the first repodnclrrent radio and x-ray
variability of an active galaxy. Mushotzky et al. (1978), using the weé&Kklyy GHz data obtained
by Beall et al., (1978) demonstrate that the 10.7 GHz radio data track tHe¥2-&-ray data on
weekly time scales, also. The concurrent variability at radio and x-emgug&ncies argues that the
emitting region is the same for both the radio and x-ray light. This, as was ngteddll and Rose
(1980), can be used to set interesting limits on the parameters of the emitting. regeddition,
the observations at the three radio frequencies (10.7 GHf) GHz, and~ 90 GHz) clearly track
one another throughout the interval whenever concurrent dataaifelde.
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Figure 2: Fermi LAT data (see, e.g., Lott et al. 2013) showing the tinséony of the flaring from 3C454.3
(Figure 2a), along with the Bonning et al. (2009) data shgwdoncurrent-ray, IR, optical, and UV data
(Figure 2b). The time of the jet launch from the MOJAVE "mdvieillustrated by the arrow..

A plausible hypothesis for the observations we have witnessed is thatrieeyram physical
processes associated with the "launch" of an astrophysical jet into theleo structures in the
core of Centaurus A. The timescale of the evolution from early 1973 tihra9g7 appears to be
associated with the evolution of a larger structure over a more extended.rdde observations
are consistent with the interaction of the astrophysical jet with an interstéiad @ the core of
Cen A.

It is clear from this discussion that a distinction needs to be made about wib$ehvational
signatures are associated with the jet launch, the jet itself, and the ambientmisekaction to
the jet. In considering such a scenario applied to microquasars, thevatiees of Sco X-1 by
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Fomalont, Geldzahler, and Bradshaw (2001), as discussed by Bedll €013) are extremely
informative.

3.2 A Jet Launch Coincident with the 3C454.3 M ulti-frequency Flaring

Bonning et al. (2009) performed an analysis of the multi-wavelength data fhe blazar,
3C454.3, using IR and optical observations from the SMARTS telescopésal, UV and X-ray
data from the Swift satellite, and public-releaseay data from the Fermi LAT experiment. In
that work, she demonstrated an excellent correlation between the IRalppti¢ andy-ray light
curves, with a time lag of less than one day.

Urry (2011) noted that 3C454.3 can be a laboratory for multifrequeaogbility in Blazars.
While a more precise analysis of the data will be required to determine thectdréstics of the
emitting regions for the observed concurrent flaring at the differequiencies, the pattern of a cor-
relation between low-energy and higher-energy variability is consistitiaat observed for Cen
A, albeit with the proviso that the energetics of the radiating particles in 3G454onsiderably
greater.

A perusal of the data for 3C454.3 at milliarcsecond scales taken from G@AVE VLBA
campaign during the Bonning et al (2009) flare show that the time-depefides occurs during
launch of a new component of the jet that originates from the core.

The pattern of variability reported by Bonning et al. is consistent with thetinjeof relativis-
tic particles into a region with relatively high particle and radiation densities (neintarstellar
cloud). The picture that emerges, therefore, is consistent with thewaltiesis of spatially and
temporally resolved galactic microquasars and AGN jets.

It should not escape our notice that other epochs in the 3C454.3 datd@IAVE and Fermi
LAT also show similar periods of injection of radio blobs that are associaidanouble-peaked
structure in they-ray light. The Fermi LAT data (see, e.g., Lott et al. 2013) show that the time
history of the flaring from 3C454.3 are associated with times for sevediliadal flares in the
MOJAVE data sets (see Figure 3). The flares are similar to those shownureRigand clearly
indicate the correlation of-ray flares with the jet launches. These associations have also been
pointed out by Jorstadt et al. 2013, who provide a detailed review aé thutbursts in their paper.
The direct correlation of the Fermi LAT and the MOJAVE data can cleargam in the figure. The
data show evidence for the repeated launching of the astrophysicaltigthénambient medium.
The jet structure is apparently not a continuous injection over long time stalean injection of
a series of "blobs" that are co-aligned along some preferred axis.

For the Cen A data, and for data from 3C454.3, it is the concurrentitityahat suggests that
the radio to x-ray (in Cen As case) and the IR, optical, and U¥y-tay fluxes (in 3C454.3’s case)
are created in the same region. This leads to the possibility of estimates of the pavameters
that are obtained from models of these sources. VLBI observationsres vs. jets (see, e.g., the
study of BL Lac by Bach et al. 2006) show the structures of the corgetsas they change in
frequency and time. It has thus become possible to separate and study thartabdity of the jet
and the core of AGN at remarkably fine temporal and spatial scales.

Van der Laan (1966) discussed the theoretical interpretation of costdi@data by assum-
ing a source which contained uniform magnetic field, suffused with an [siotdistribution of
relativistic electrons. The source, as it expanded, caused an evadditiba radio light curve at
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Figure 3: Fermi LAT data (see, e.g., Lott et al. 2013) showing the tiris¢olny of the flaring from 3C454.3
along with times for several additional flares in the MOJAV&Ealsets, The flares are similar to those shown
in Figure 2 above, and clearly indicate the correlatiop-cdly flares with the jet launches. These associations
have also been pointed out by Jorstadt et al. 2013, who pravitktailed review of three outbursts in their
paper. The direct correlation of the Fermi LAT and the MOJAY&ta can clearly be seen in the figure.
The three additional flares are similar in temporal struectior those illustrated in Figure 2. In total, the
data presented here show four concurnerdy and radio flares associated with the launch of matdrél t
comprises an astrophysical jets.

different frequencies. Each of the curves in Van der Laan’s pagpeesents a factor of 2 difference
in frequency, the vertical axis representing intensity of the radio fluxfaatiorizontal axis repre-
senting an expansion timescale for the emitting region. Van der Laan’s daoslahow a marked
difference between the peaks at various frequencies.

In the example of Cen A, the radio frequency bands track one anotluergthout the entire
interval reported by Beall et al. (1978). The data from Cen A (as d&szidi more fully in Beall
(2008, 2010) are, therefore, not consistent with van der Laameiqra(Van der Laan, 1966), since
for van der Laan expansion, we would expect the different frecjesrto achieve their maxima at
different times. Even if the 10.7 GHz data are in the synchrotron selfrabdortion of the
spectrum, as appears likely, there is no straightforward way to explainethevior of the radio
data via the van der Laan mechanism.

The observations in the hard x-ray at 100 keV are also problematic, sircglope of the
power-law spectrum at 100 keV hardens (i.e., flattens) at one epocé ob#ervations. The hard
X-ray spectrum is unabsorbed, and therefore represents thewspetftthe underlying radiating
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Figure4: 3C454.3 shown at milliarcsecond scales for data taken freVtOJAVE VLBA campaign during
the Bonning et al (2009) flare. A perusal of the time-depenhtlare clearly shows that the jet launch from
the core of the AGN is coincident with the double peaked ftaghown in the Bonning et al. results.

electrons. Therefore, the most likely explanation for the changes in doéram of the Cen A data
at 100 keV (Beall, et al., 1978) is that the emitting region suffered an injeotioeacceleration of
energetic electrons.

A similar scenario can explain the reported radio variability. That is, the jetertzimedium
interaction injected a population of energetic particles into a putative vareder'lblob," or, equiv-
alently, that there was a re-acceleration of the emitting electrons on a timelsoele@npared to
the expansion time of the source.

An analysis of the 3C120 results compared with the data from the galactic masag Sco
X-1, undertaken by Beall (2006) shows a similar radio evolution, with tgpitbving “bullets”
interacting with slower moving, expanding blobs. It is highly likely that the eldmenthese
sources that are consistent with van der Laan expansion are the-slmwvitg, expanding blobs. |
believe that the relativistically moving bullets, when they interact with these sloweing blobs,
are the genesis of the flaring that we see that seems like a re-accelef#tiermitting, relativistic
particles. | note that a similar scenario could be operating in Cen A and 38454

This is not to say that the "slower-moving blobs" are not themselves moviativigtically,
since the bi-polar lobes have significant enhancements in brightness delattaistic Doppler
boosting for the blobs moving toward us.

The true test of this hypothesis will require concurrent, multifrequensgfations with res-
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olutions sufficient to distinguish jet components from core emissions in galaatioquasars as
well as for AGN jets.

One of the most remarkable sagas regarding the discovery of quasaetikity in galactic
sources comes from the decades long-investigation of Sco X-1 by Edéararry Geldzahler,
and Charlie Bradshaw (Fomalont, Geldzahler, and Bradshaw, et al).2D@ring their observa-
tions, an extended source changed relative position with respect tdrerypobject, disappeared,
and then reappeared many times. We now know that they were obsenigigyadariable jet from
a binary, neutron star system. The determinant observation was cotdisitg the Very Large
Array (VLA) in Socorro, New Mexico and the VLBA interferometer (segj., Beall, 2008) for a
more complete discussion).

The observations of the concurrent IR, Optical, UV, gnagy variability of 3C454.3, and its
associated jet launch in the MOJAVE data, argue for a reinvestigation s¥ thega sets in the near
future.

Itis worthy of note that the milliarcsecond observations show a complextawolof structure
at parsec scales, including an apparently sharp change of directiemsated with changes in the
polarization of the radio light at that point in the jet's evolution (see FigureF2ythermore, the
multi-frequency flares reported by Bonning et al. (2009) are consigfiémthe launch of another
component of the astrophysical jet in the core region.

Regarding the acceleration region and the possible mechanisms for the coliiofatie jets,
a number of models have been proposed (see, e.g., Kundt and Gaglatd<(2004), Bisnovatyi-
Kogan et al. (2002), Romanova and Lovelace (2009), and BisnoMatyan, et al. (2013) that
might help explain the complexity present in these data.

4. Concluding Remarks

The data discussed therein suggest a model for the jet structures in lvdaofs or blobs of
energetic plasmas propagate outward from the central engine to intétlath@vambient medium
in the source region. This ambient medium in many cases comes from prita o the central
source, but can also come from clouds in the Broad Line Region. Theueapparently also
excavate large regions, as is suggested by the complex structures @xafaple, 3C120. The
physical processes which can accelerate and entrain the ambient medaughtivhich the jet
propagates, have been discussed in detail in several venues .(se®ase et al., 1984, 1987,
Beall, 1990, Beall et al., 2003, and Beall, 2010).

In this paper, we have focused on the patterns of concurrent radix-aay variability for
Cen A, and on concurrent radig;ray, optical, IR, and UV variability for 3C454.3. The data can
be interpreted as being associated with a jet-launch scenario for thesesoand suggests an
association between a jet launch in the MOJAVE data for 3C454.3 awerdtg flare from Fermi
LAT. In addition, jets from microquasars show similar patterns of variability tsé¢éhof AGNSs.
These data require us to abandon our assumptions both of spherical syranteof single-zone
productions in our models of these sources.

The author gratefully acknowledges the support of the Chief of NaeakRrch for this re-
search. This research has made use of data from the MOJAVE dathbasgemaintained by the
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DISCUSSION

GENNADI BISNOVATYI-KOGAN: What could be the mechanism of energy prodution in very
long jets where the kinetic time is much longer than the time of synchrotron enesggsi®

JIM BEALL: My own view is that the jets are powered by the kinetic energy and momentum of
the hadronic components of the flow. That is, after the initial acceleratiorrathiation we see
which is a consequence of cooling processes, and occurs bedahsdaptonic processes in the
jet-ambient medium interaction. Essentially, the leptons slow more quickly amdigea charge
separation in the jet rest-frame which “drags" the leptonic components alithghe hadronic
elements of the jet. Of course, exactly how this happens is very complex.
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