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Abstract

Relativistic jets of active galactic nuclei have been kiiown to exist for 100
years. Blazars with their jet pointing close to our line of sight are some of
the most variable and extreme objects in the universe, showing emission from
radio to very-high-energy gamma rays. In this review, we cover relativistic
jets of blazars from an observational perspective with the main goal of dis-
cussing how observations can be used to constrain theoretical models. We
cover a range of topics from multiwavelength observations to imaging of jets
with a special emphasis on current open questions in the field.
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1. Introduction

The term blazar was first suggested by Ed Spiegel 40 years ago in a con-
ference dinner talk at the Pittsburgh Conference on BL Lac Objects (Wolfe,
1978). The term was introduced to find a common name for BL Lac objects
and flat spectrum radio quasars (FSRQs), which back then were mostly called
optically violently variable quasars. Blazars are active galactic nuclei (AGN)
that host relativistic jets that are pointing very close to our line of sight. This
results in their emission being highly beamed and Doppler boosted, making
them bright and variable in all wavebands from radio to ~-rays.

The spectral energy distributions (SEDs) of both subclasses of blazars
show two peaks where the first peak is generally attributed to synchrotron
emission. The peak frequency of the synchrotron bump is commonly used to
further divide the blazars into low-, intermediate- and high frequency peaked
sources (LSP, ISP and HSP, respectively) with log vpeq < 14 defining the
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LSP, 14 <log Vpeqr < 15 the ISP, and log vpeqr > 15 the HSP classes (Abdo
et al., 2010a). In the case of FSRQs, the first SED peak is typically in the
infrared regime (i.e. they are LSPs) while for BL Lacs it can be anywhere
between infrared and hard X-rays (LSPs, ISPs and HSPs).

The second SED peak is generally attributed to inverse Compton scat-
tering. Seed photons for the inverse Compton scattering are provided by the
synchrotron emission (Maraschi et al., 1992) or can originate from the dense
radiation field generated by the direct and reprocessed accretion disk emis-
sion (Dermer and Schlickeiser, 1993; Sikora et al., 1994) or molecular torus
(Sikora et al., 2008). Also hadronic mechanisms for producing the second
peak have been proposed (Mannheim, 1993; Miicke and Protheroe, 2001).
The optical spectra of FSRQs show broad emission lines, implying an exis-
tence of fast moving gas clouds close (0.1 to 1 parsec) to the central engine,
while BL Lacs show very weak or no emission lines in their spectra. There-
fore, in general synchrotron self Compton (SSC) models are favored for BL
Lac objects and external Compton (EC) models for FSRQs.

In this review, we have mainly concentrated on the observational prop-
erties of blazars at the different wavelengths, and how the observations can
be used to constrain theoretical models. In Section 2, we cover the different
observational tools that can be used to study blazars by utilizing their SEDs,
light curves and spatially resolved very long baseline interferometry (VLBI)
observations. In Section 3, we have listed (in our opinion) the most important
open questions that still need further understanding. This section includes
also details on the SED modeling (Section 3.3), magnetic fields (Section 3.5),
and structure of the jets (Section 3.6). We end this review with an outlook
in Section 4, where we have listed some major upcoming new instruments
that will help to shed light on the open questions.

In the last year, there has also been other reviews on relativistic jets in
AGN and blazars. Blandford et al. (2018) includes a very comprehensive
review on relativistic jets in AGN, covering a broader range of topics, such
as unification of radio galaxies and blazars. Their review also includes a more
in-depth discussion on the emission processes and theoretical models for AGN
emission. Bottcher (2019) also covers recent progress made in multimessenger
observations and theory of blazars, with emphasis on the theoretical models,
and for example, leaving radio emission out of the picture. We consider both
of these reviews to be complementary to this review, where we have covered
many aspects of blazars from a view on how observations can be used to
answer the open questions.
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2. Observational tools

2.1. Multiwavelength observations

As blazars are bright and variable in all bands from radio to very high
energy (VHE) ~-rays, coordinated multiwavelength observations have been
the key tool for blazar studies. In 1990s, with the launch of the Compton
~-ray observatory and Rossi X-ray Timing Explorer telescope, the first cam-
paigns including X-ray and ~-ray observations were organized. The cam-
paigns typically consisted of quasi-simultaneous data from radio, near-IR,
optical, X-rays and vy-rays. A worldwide network of optical, near-IR and ra-
dio observers, (whole earth blazar telescope, WEBT, Villata et al. 2002) was
established to organize and support such campaigns. The multiwavelength
campaigns typically had duration of weeks to months. These observations
revealed that in many sources the total energy (»F,) radiated by blazars is
largely dominated by the ~-ray band, in other words, the sources were found
to be strongly Compton dominated (Hartman et al., 1992).

Due to the limited sensitivity of the EGRET instrument, the campaigns
were limited to a handful of the brightest blazars, and only in few cases
variability in the v-ray band could be studied in connection with variability in
other bands. This has been revolutionized by the Fermi-LAT ~-ray satellite,
which has detected more than 1500 blazars in -ray band (1591 in 3LAC,
Ackermann et al. 2015b). For a comprehensive review on the Fermi y-ray sky
and the multiwavelength connection see Massaro et al. (2015). Well-sampled,
quasi-simultaneous data sets have now become available for a larger number
of sources, and the data sets also include VHE ~-ray data. While the first
VHE ~-ray emitting blazar, Mrk 421, was discovered already in 1991 (Punch
et al., 1992), only six VHE 4-ray emitting blazars had been detected by
2000. The current generation of Imaging Air Cherenkov Telescopes (IACTs),
H.E.S.S.; MAGIC and VERITAS have increased the number of VHE ~-ray
blazars to ~ 80', now covering also all blazar classes, even if HSPs are still
by far the most numerous. Figures 1 and 2 demonstrate one of the recent
extensive multiwavelength campaings with excellent coverage from radio to
VHE ~-rays.

In the following, we describe the major advances in multiwavelength ob-
servations of blazars, first on spectral energy distributions and then on light
curves.

thttp://tevcat.uchicago.edu/



Journal Pre-proof

31-12-2014 14-01-2015 28-01-2015 11-02-2015
Phase A Phase
H\\H\\H\H‘\H\H\\H\\\\H\\H\\H\\‘\\H\\H\H\\‘\\\H\\\\H
= T
= El P11 P2 1oy P3
¢ 15 —— mAGIC >150 Gev 5 i :
5 5E . 5
- — 1 i}
k=4 = 1
== - - . ;
= = . i
w = i
o — :
5 0.5 ¥
‘s - o
L= 0'-7-_3‘ v /
e SET
3 25E-
- S
£ $ 2E } """
w £ — 1
1.5~ ) ) !
- - t
<40 . [}
13 —e— SWIFT-XRT 0.3-10 keV : i
g 30 ! :
=l
£ 2 : :
vz 10 L L ! '
= 80 —e— Tuorla —+— Perkins i Y
i
§ 60 E| —— AzT-8+5T7 —o- LX-200 EO ¥ ‘:iﬂ
2 540 Kanata ! '
w £ 20 * [ Jeo) | [e) \ * : :
% 605 euvoTB ——UvOTU
3 40[5-* uvoTws ——UVOT W2 '
> _ 20F|—e-uvoT M2 '
23" 3 e [ |
wE 0 ! 1 :
@_T 6 — —e— SMA 230GHz ~&- IRAM 230 GHz
g 4 [—| =% CARMA 90 GHz —+— IRAM 86GHz
= [—| e Metsahovi 37 GHz o %
ss E D 'y '
3 2 X e | o ¥ % on L H
3.5 j
5 3 —— OVRO 15 GHz —*— Effelsberg 15GHz| '
]
& _2.5F| o Effelsberg 10GHz = Effelsberg 4.8GHZ
3 2 +
15 * . O '
- t
& 20 -e-Kanata -+ Perkins -~ AZT-8+8T7 '
15 E|-e-Lx-200 Steward — RINGO3 '
s 10 \
£ =P e L
§ 0 :.L ¢ o 4 . . ° > !
= . . : L
= 400E El-e-Kanata -+ Perkins ~ —AZT-8+ST7 ' y s
< E|-e-Lx-200 Steward  —+RINGO3 ' G
e 200 5 0 H
A S
=V [T | N et e o IV |
57010 57020 57030 57040 57050 57060 57070

MJD

Figure 1: Example of a recent extensive multiwavelength data set including data from
radio to VHE v-rays. The source is S5 07164714 and demonstrates well the complexity of
the flaring behavior of blazars: the phase A shows correlated variability in all bands and a
fast rotation of EVPA, while phase B flare is only visible in VHE ~-rays and X-rays. The
spectral energy distribution and VLBA data for the same campaign are shown in Figure 2.
Figure adapted from MAGIC Collaboration et al. (2018b).[Needs permission from A&A]
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Figure 2: Example of a recent extensive multiwavelength data set including data from radio
to VHE ~-rays: SED on the top, VLBA data in the bottom. The source is S5 0716+714
and the SED shows the wide separation of the two SED peaks: the synchrotron peak is in
the optical range, the IC peak at several GeV. The dark green data from NuStar constrains
the transition between these two peaks very accurately. The VLBA data (lower panel)
from the Boston VLBA blazar monitoring program at 43 GHz shows a new component
emerging from the VLBA core around the high activity period. Figure adapted from
MAGIC Collaboration et al. (2018b).[Needs permission from A&A]
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2.1.1. Spectral energy distributions

Spectral energy distributions (SEDs) have been the main tools for blazars
studies since the early days, and extensive multiwavelength campaigns have
been organized to have simultaneous data from radio to ~-ray bands (see
Hartman et al., 2001, for the most extensive campaigns in the CGRO era).
Since the launch of Fermi-LAT, several campaigns have been organized, the
most persistent being the campaigns on Mrk 421 and Mrk 501 (Abdo et al.,
2011a,b) including all main instruments. It is, however, also very important
to study SEDs of larger samples of blazars as done in e.g., Giommi et al.
(2012b). Nowadays a large sample of SEDs is collected in the Space Science
Data Center?. As the availability of the data has been improving, it has also
become more and more evident that single snapshot SEDs cannot constrain
the emission models sufficiently, and they have to be combined with other
observations. This will be discussed in section 3.3.

In recent years also daily ”time-lapses” of the evolution of the SED have
become possible (Aleksi¢ et al., 2015; Krauf} et al., 2016). This also requires
new approaches to the modeling of the SEDs, and instead of snapshot single-
epoch models, the modeling should be performed self-consistently including
the time-evolution. This also provides a new way to constrain the physics of
the whole jet more consistently (Lucchini et al., 2019).

2.1.2. Intra-day light curves

In the past years, fast variability of blazars in VHE ~-rays has gained a
lot of attention. It was first seen from the brightest VHE blazars, Mrk 421,
PKS 2155-304, and Mrk 501 (Gaidos et al., 1996; Aharonian et al., 2007;
Albert et al., 2007), but has now been detected also from FSRQs (Aleksi¢
et al., 2011) and BL Lac (Arlen et al., 2013) (which is a borderline ISP/LSP
source). The variability time scales seen in VHE ~-rays are shorter (or on
the order of) 10 minutes. These are the shortest variability time scales that
have been detected from blazars, as due to the much smaller collecting area
of Fermi (versus the TACTS), such fast variability has been detected only
from 3C 279 in the Fermi band (Ackermann et al., 2016).

It should be noted that in the lower energy bands of X-ray, optical and
radio, intra-day observations have been performed already for decades and
short-term variability was detected, for example, in S5 07164714 (Wagner

Zhttps://tools.ssdc.asi.it/
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et al., 1996). The amplitude of the variability was smaller, but it was still
clear that explaining this variability requires extreme physical conditions.

Simultaneous VHE-optical and y-optical intra-day light curves, covering
the phase of the fast variability in the highest energies are still extremely
rare. For PKS 1510—089 such light curves were obtained, and there seems
to be similar patterns in all three (VHE, GeV and optical) light curves, even
though the variability amplitudes are different (Zacharias et al., 2017).

The observed variability timescale imposes a limit to the emission region
size, so the emission region from which the sub-hour variability originates
from must be small. At the same time, there is no evidence for internal v—~-
absorption by the co-spatially produced low-energy (IR X-ray) radiation
in the observed 7-ray emission of blazars, so the emission region must be
optically thin to this process. This implies that the Doppler factor must
be high 6 ~ 50, much higher than the Doppler factors typically observed
in the jets with VLBI observations. In addition, it is extremely difficult to
accelerate particles in so short time scales. This problem has gained a lot
of attention in past years, which is nicely suminarized in a dedicated section
in the recent review by Béttcher (2019), in our review we discuss this issue
only shortly in Sections 3.2.2 and 3.2.3.

2.1.3. Long-term light curves

Already in the late 1980’s there were some blazars for which it was possible
to construct 100-year long optical light curves by extracting data from old
photographic plates, most notably OJ 287 for which a 12-year periodicity was
suggested based on nearly 100 years of data (Sillanpaa et al., 1988). There
are few other sources for which several tens of years of optical data exists such
as 3C 273 (Smith and Hoffleit, 1963) and BL Lacertae (Villata et al., 2004).
As the remotely operated and robotic telescopes have become more common
in last 15 years, also the number of sources for which long-term optical data
exists has become more numerous, and nowadays there are several on-going
optical monitoring programs that have collected more than 10 years of data
already (Nilsson et al., 2018; Smith et al., 2009).

In the radio wavelengths, the earliest monitoring programs, such as the
University of Michigan Radio Astronomy Observatory (UMRAQ), Metsédhovi
Radio Observatory and RATAN-600 blazar monitoring programs began in
the 1960s-70s (Aller et al., 1985; Salonen et al., 1987; Korolkov and Pariiskii,
1979). The UMRAO program, operating at three cm-band frequencies (4.8,
8, and 14.5 GHz) continued until 2012, providing more than 40 years of radio
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data both in total intensity and polarization. At Metsdhovi, the monitoring
is still on-going, and is concentrated on shorter mm-band wavelengths, being
mainly done at 37 GHz frequency, corresponding to 8 mm. RATAN-600 is
unique in that it can provide simultaneous observations at 1.1, 2.3, 4.8, 7.7,
11.2, and 21.7 GHz frequencies, which is especially useful when studying the
shape of the radio spectrum (e.g., Mingaliev et al., 2014).

In the last decade, to especially support the Fermi y-ray mission there
have been more radio monitoring programs, such as the Owens Valley Radio
Observatory (OVRO) 40-m monitoring program, which has obtained 15 GHz
light curves of nearly 2000 sources since 2008 (Richards et al., 2011). The
F-GAMMA program monitored over 60 blazars at multiple frequencies from
2 to 345 GHz to uncover spectral changes and frequency dependencies in the
variability (Fuhrmann et al., 2014, 2016). At shorter mm-wavelengths, the
POLAMI program (Agudo et al., 2018) has followed a smaller number of
sources at 3 and 1.3 mm wavelengths.

In X-rays Rossi X-ray timing explorer (RXTE) enabled the first long-
term monitoring observations of a handful of the strongest X-ray blazars.
For example, Chatterjee et al. (2008) analyzed more than 10 years of X-ray
variability of 3C 279 together with radio and optical data. The X-ray all
sky monitors such as ASM (onboard of RXTE) and MAXI-GSC are limited
to monitor the brightest X-ray blazars, such as Mrk 421 (e.g. Isobe et al.,
2015), but are still ultimately the only way to get X-ray light curves with good
cadence. While Swift has been crucial for blazar SED studies (see Ghisellini,
2015, for a review), the long-term light curves are rather sparsely sampled and
most of the blazars have been observed mainly during the multi-wavelength
campaigns triggered by flares, again with the exception of Markarian 421
(Carnerero et al., 2017).

While EGRET was in operation for almost 10 years, its pointing mode
observations and limited sensitivity did not really allow producing long-term
light curves of blazars in vy-rays. The situation changed dramatically with
Fermi-LAT, which has been scanning the ~-ray sky continuously, every 3
hours, for more than a decade already. Still, long-term 7-ray light curves
have been analyzed in detail only for rather small samples of sources (e.g.
13 sources in Sobolewska et al., 2014). In Fig. 3, an example of long-term
radio, optical, X-ray, and 7-ray light curves are shown for OJ 287. Variability
is clearly seen in all wavebands. Notable are the much longer light curves
available for the radio and optical bands.

Also in VHE ~-rays the real long-term light curves are limited to a hand-

8
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Figure 3: From top to bottom: Long-term light curves of OJ 287 in v-rays observed by
Fermi-LAT, X-rays by Swift-XRT, optical R-band by multiple observatories, and 4.8, 8,
and 15 GHz radio by UMRAO and OVRO monitoring programs. Figure taken from Goyal
et al. (2018), where the time series were analyzed using multiple statistical methods.[Needs
permission from AplJ]
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ful of the brightest sources in that energy band, in particular Markarian 421
(Ahnen et al., 2016; Acciari et al., 2011) and PKS 2155—304 (H.E.S.S. Col-
laboration et al., 2017). While the number of blazars detected in VHE ~-ray
blazars has been steadily growing with the advent of H.E.S.S., MAGIC and
VERITAS telescopes, the VHE ~-ray observations are often triggered by
flares in the other wavebands, and most of the blazars are mainly observed
during flares. Therefore, dedicated, but poorer sensitivity monitoring tele-
scopes Whipple? and FACT (Dorner et al., 2017) are an important addition
when studying the long-term behavior of blazars in VHE 7-rays.

With the growing amount of data in the last decades, and especially with
the upcoming wide-field instruments that are expected to transfer the field
into the direction of big data, it is necessary to develop and use statistical
tools to study blazars. Moreover, for understanding the big picture, and the
connection between different blazar types, large saiiples of objects need to be
studied objectively. First studies of the long-term data sets included typically
use of structure functions (Simonetti et al.; 1985) to analyze the character-
istic time scales in the radio light curves (Hughes et al., 1992; Hufnagel and
Bregman, 1992; Lainela and Valtaoja, 1993).

Other often-used methods included correlation functions to study the
connection between different. wavebands, typically between optical and ra-
dio, which had the best-sampled data trains (Hufnagel and Bregman, 1992;
Tornikoski et al., 1994; Clements et al., 1995; Hanski et al., 2002). Especially
the Discrete Correlation Function (DCF) developed to work on irregularly
sampled data (Edelson and Krolik, 1988; Hufnagel and Bregman, 1992) was
found to be ideal for studying both the characteristic time scales of sources
by the use of autocorrelation (e.g., Hovatta et al., 2007), and the correla-
tions between two wavebands. Additionally, different types of periodograms,
such as the Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982), were
developed for investigating possible periodicities in the light curves (see also
Section 3.7).

In the last decade, the focus has shifted more towards Fourier-based meth-
ods, such as Power Spectral Density (PSD) analysis, which are used to study
both the underlying physical process behind the variations, and possible peri-
odicities in the light curves. The PSDs of blazars are most often modeled by
a single power-law function, where the spectral slope indicates the nature of

3https:/ /veritas.sao.arizona.edu/whipple-10m-topmenu-117

10
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the variations. For example, slope of 0 corresponds to white noise where the
variations at different frequencies (or time scales) are not correlated, slope
of 1 indicates pink noise, and slope of 2 a red noise process. The steepness
of the slope describes the relative contribution of different frequencies to the
variability, with a steeper slope indicating that long time scales dominate
the variability. In the radio band, the PSD slope is typically around 2 (e.g.,
Max-Moerbeck et al., 2014; Park and Trippe, 2014; Ramakrishnan et al.,
2015), while in the optical and ~-ray bands it is around 1.5 (e.g., Abdo et al.,
2010b; Chatterjee et al., 2012; Max-Moerbeck et al., 2014; Nilsson et al.,
2018), indicating that in the radio band, longer time scales dominate than
at higher energies. Spectral breaks in the PSD woruld indicate presence of
characteristic time scales or periodicities in the light curves. These will be
discussed in Section 3.7.

The combined use of PSD analysis to uncover the underlying stochastic
process behind the variations, and DCF has allowed to study the connection
between variations in radio, optical and ~y-ray bands (e.g., Max-Moerbeck
et al., 2014; Cohen et al., 2014a; Ramakrishnan et al., 2015, 2016). These
studies show that the radio flares typically lag the y-ray flares by some tens
to hundreds of days, with shorter delays at higher frequencies (Fuhrmann
et al., 2014; Ramakrishnan et al., 2016). In the optical, both simultaneous
and short delays with respect to ~-ray variability is seen (Cohen et al., 2014a;
Ramakrishnan et al., 2016).

Recently, Goyal et al. (2018) studied the variability of the blazar OJ 287 at
multiple bands from radio to y-ray energies (see Fig. 3 for the long-term light
curves used in the study) using the continuous-time autoregressive moving
average (CARMA) model by Kelly et al. (2014). In this case, the PSDs are
first calculated in the time domain, which makes treating unevenly sampled
data easier. Their optical data set included observations from the Kepler
satellite, allowing them to probe the time scales over six decades in frequency.
They found that in the radio, optical and X-ray bands, the variability is
well characterized by colored noise from years down to minutes time scales,
while in the v-rays the variability at shorter than 150 days time scales seems
to be dominated by uncorrelated white noise. Also other likelihood-based
methods such as modeling the light curves using Ornstein-Uhlenbeck (OU)
process (Kelly et al., 2009, 2011) have been used to estimate the variability
characteristics of Fermi-detected blazars (Sobolewska et al., 2014), allowing
also to estimate characteristic variability time scales in addition to PSD
slopes. A good description of different time domain analysis methods used

11
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in y-ray astronomy can be found in Rieger (2019).

2.2. VLBI

Currently, the only wavelength range where blazars can be spatially re-
solved is in the radio and millimeter waves through interferometry. While
connected-element interferometers, such as the Jansky Very Large Array
(JVLA) and Atacama Large Millimeter Array (ALMA) are sufficient for
studying the kpc-scale jets in radio galaxies in arcsecond-scale angular res-
olution (covered in Chapter 3), in order to spatially resolve the emission in
the blazar zone on parsec scales, corresponding to angular resolution of mil-
liarcseconds, very long baseline interferometry (VLBI) is required. In VLBI
observations, radio telescopes around the world are simultaneously observing
the same targets, forming an interferometer with an angular resolution deter-
mined by the distance between the telescopes and the observing frequency.
Typically, angular resolutions ranging from some tens of microarcsecond to
some milliarcseconds can be achieved. The observations are time stamped
and usually recorded on disks, after which the signal from the different tele-
scopes can later be combined in a correlator to transform the data into a
format that can be used to form an image of the source.

Nowadays it is also possible to conduct real-time VLBI or e-VLBI where
the data are sent to a correlator real time over the internet. Technical details
of interferometry are beyond the scope of this review, but interested readers
can find all necessary information in the comprehensive book by Thompson
et al.

The first VLBI experiments were conducted in the mid 1960s (see Keller-
mann and Cohen; 1988, for a review of the early days of VLBI). One of the
most significant discoveries in VLBI science, the detection of apparent super-
luminal motion in the quasars 3C 273 and 3C 279, soon followed (Whitney
et al., 1971; Cohen et al., 1971). The field advanced further when imaging
techniques were developed to obtain high-resolution maps of blazars (Wilkin-
son et al., 1977; Readhead et al., 1978a), showing blobs emanating from a
stationary core at apparent superluminal speeds (e.g., Pearson et al., 1981).

2.2.1. VLBI surveys and blazar population studies

Another major step forward in blazar science was taken when the Very
Long Baseline Array (VLBA) started operations in 1993. VLBA consists
of 10 telescopes located around the USA, and it is fully dedicated to VLBI
observations. This allowed monitoring of large samples of AGN, such as the

12
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2cm-survey program (Kellermann et al., 1998) and its successor the Moni-
toring of Jets in AGN with VLBA Experiments (MOJAVE) program (Lister
et al., 2009a), which during the last 25 years have imaged over 400 parsec-
scale jets (Lister et al., 2019). At higher, 22 and 43 GHz frequencies, obtain-
ing a better angular resolution of down to 0.15mas, the Boston University
(BU) blazar research group has been monitoring especially the gamma-ray
loud blazars since 1993 (Jorstad et al., 2001). Figure 4 left panels show
example images of three blazars that have been observed by the MOJAVE
program at 15 GHz, all showing clear core-jet structures.

These surveys have shown that superluminal motion, predicted by Rees
(1967), is very common in blazars, and it is nowadays generally accepted that
the fast variability seen in blazars is a result of Doppler beaming enhancing
the variations caused by changing physical conditions. This is further sup-
ported by the high observed brightness temperatures (e.g., Horiuchi et al.,
2004; Kovalev et al., 2005) in excess of the inverse Compton catastrophe
limit of 10'* Kelvins (Kellermann and Pauliny-Toth, 1969). As suggested
by Readhead et al. (1978b) and Scheuer and Readhead (1979), relativistic
beaming will result in dominance of relativistic sources in any flux-limited
samples, making blazars the most numerous sources in any surveys targeting
the brightest radio sources on the sky. Beaming also makes interpretation and
comparison of the observations to theoretical models challenging, because it
affects the appearance of the sources.

The intrinsic properties of the blazar population can be recovered by using
the observed luminosity, apparent speed, and redshift distributions (e.g., Urry
and Shafer, 1984; Urry and Padovani, 1991; Vermeulen and Cohen, 1994; Lis-
ter and Marscher; 1997). Using a carefully constructed flux-density limited
sample, Lister et al. (2019) compare the observed apparent speed, redshift
and luminosity distributions from the MOJAVE sample with a population
model where the unbeamed parent population Lorentz factor distribution fol-
lows a power-law function. The observed flux-density limited sample, which
can be considered as a typical blazar sample, has a broadly peaked Lorentz
factor distribution where the peak is between I' = 5 and I' = 15 with a rapid
falloff at I' > 20, indicating that using a single value for the Lorentz factor
in any modeling is not observationally justified.

The objects are oriented at angles less than ~ 10° with a peak at ~ 2°
from the line of sight. The unbeamed luminosities match those of powerful
FR II galaxies with radio luminosities between 10?5 — 10 W Hz 1.

Perhaps a more unexpected finding has been that many jets show ac-
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Figure 4: Example images (left panels) and component motion fits (right panels) for three
blazars observed by the MOJAVE program at 15 GHz. The contours in the left-hand
panels indicate the total intensity of the source on the date marked on the lower-right-
hand corner of the panels. The right-hand panels show the region in the orange box.
Each open circle marks the position of a specific jet component at different observing
epochs, and the red curve shows the fit through these points. In all the shown cases, the
components are moving non-radially from the core and show acceleration along the jet.
Figure taken from Lister et al. (2016).[Needs permission from AlJ]
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celeration of the flow even on parsec scales (see Fig. 4 right-hand panels
for examples), up to de-projected distances of 100 pc from the base of the
jet (Homan et al., 2015). This is contradictory to most theoretical mod-
els, which assume that the jet flow has been fully accelerated within the so
called acceleration and collimation zone that extends up to the radio core
(e.g., Potter and Cotter, 2013a). Beyond these distances, the jets begin to
decelerate, as would be expected based on subluminal speeds in the kpc-scale
jets (e.g., Arshakian and Longair, 2004). Recently, Giannios and Uzdensky
(2019) proposed a solution to this dilemma through a striped-jet model where
the jet is magnetically launched and accelerated. The toroidal field in the
jet forms stripes of different length scales related to the growth time of the
magnetorotational instability in the accretion disk. This results in a gradual
acceleration of the jet up to distances of 100 parsecs in blazars with ultra-
relativistic jets (I' >> 1) and black holes of ~ 10¥M,, which could explain
the results from the VLBI observations. However, it is still unclear, without
more detailed comparisons, whether this model can explain other general
features of the jets, such as their magnetic field structure.

2.2.2. Highest angular resolution observations

In the past years, much higher angular resolution in the cm-wavelengths
has been achieved through space interferometry where one radio telescope is
placed in a satellite orbiting the Earth. One of the first such missions was
the Japanese-lead VLBI Space Observatory Programme (VSOP; Hirabayashi
et al. 1998), which used a 8-m telescope onboard the HALCA satellite. In ad-
dition to showing that the cores of blazar can reach brightness temperatures
in excess of the inverse Compton limit (Tingay et al., 2001; Horiuchi et al.,
2004), the VSOP images, for example, confirmed that some jets are clearly
limb brightened, indicating spine-sheath structure of the jet (Giroletti et al.,
2004).

The highest angular resolution in the cm-wavelengths has so far been
reached with the Russian RadioAstron Space Radio Telescope, which was
launched in 2011 (Kardashev et al., 2013). In addition to confirming the ex-
treme brightness temperatures (e.g., Kovalev et al., 2016), it has also showed
superb details of the jets, especially in nearby radio galaxies. Observations
of the nucleus of the radio galaxy 3C 84 by Giovannini et al. (2018), show a
limb-brightened structure reaching all the way down to 30 microarcseconds
(nas) from the core. More interestingly, the width of the limb-brightened
structure indicates that either the jet expands much faster than theoretically
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predicted for a black-hole powered jet, or the jet is launched from the accre-
tion disk. This is in contrast with observations of the nearby radio galaxy
M87 with a black-hole powered jet (Nakamura et al., 2018), which shows that
with the highest angular resolutions, the emerging picture and unification of
radio galaxies is more complex than simple models predict.

RadioAstron has also allowed imaging of blazars, and Gémez et al. (2016)
show the total intensity and polarization structure of BL Lac at the angular
resolution of 21puas, the highest achieved to date. Interestingly, their 22 GHz
RadioAstron image shows indications of emission ~ 50uas upstream of the
radio core (i.e., closer to the black hole), which they interpret as a possible
recollimation shock (see also Section 3.2.2). Their most striking results come
from polarization observations (see also Section 3.5.2), which when combined
with ground-based VLBI observations at 15 and 43 GHz show indications of
a helical magnetic field threading the radio core (see Section 3.5).

Another way to improve the angular resolution is by going to shorter
wavelengths. The first 3mm (86 GHz) VLBI observations were conducted
already in 1981 (Readhead et al., 1983), showing that the emission in the
radio galaxy 3C 84 is more compact at these scales than at longer wave-
lengths. Since then, observations with the Coordinated Millimeter VLBI
Array (Rogers et al., 1995) and its successor the Global Millimeter VLBI Ar-
ray (Krichbaum et al., 2006) have achieved angular resolution of some tens
of microarcseconds. Millimeter VLBI observations were recently reviewed by
Boccardi et al. (2017) where the reader can find an excellent description of
the past and present achievements in the field.

The next major breakthrough is expected to come from observations with
the Event Horizon Telescope (EHT) (Event Horizon Telescope Collaboration
et al., 2019a), which combines a set of millimeter-band telescopes to achieve
the highest angular resolution by shortening the wavelength down to 1.3 mm.
The main-advantage of going to such a short wavelength is the reduced
opacity in the jets. Most blazars are seen to transform into optically thin
at around 100 GHz (Planck Collaboration et al., 2011), meaning that at a
frequency of 230 GHz (1.3mm) it is possible to view the innermost regions
from where emission originates. The main scientific goal of the EHT is thus
to image the shadow of the black holes in the center of Milky Way, Sgr A*
and in the nearby radio galaxy M87 (Event Horizon Telescope Collaboration
et al., 2019b).

The first results from observations in 2017 when ALMA was included
in the array were recently published by the Event Horizon Telescope Col-
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laboration (Event Horizon Telescope Collaboration et al., 2019b,a,c,d,e,f).
These were the first observations where it was possible to obtain an image of
the black hole shadow (Event Horizon Telescope Collaboration et al., 2019¢),
while in earlier observations (e.g., Doeleman et al., 2008, 2012; Johnson et al.,
2015; Kim et al., 2018; Lu et al., 2018) only constraints on the size of the
event horizon were obtained from fitting the amplitudes obtained between
different antennas (visibility amplitudes in VLBI jargon). The amazing re-
sults for M87 show that images with extremely good angular resolution of
20pas can be achieved.

In addition to M87, also the blazar 3C279 was observed as a calibrator,
and first images of it were shown in Event Horizon Telescope Collaboration
et al. (2019d). Although the detailed analysis of the images was deferred
to a later publication, the images of 3C279 with ~ 20uas angular resolution
show two components separated by about 100uas. They note that the sec-
ond component is in the direction of the jet seen at lower frequencies (e.g.,
Lister et al., 2016; Jorstad et al., 2017), while the first core component is
perpendicular to it.

2.8. Multi-messenger observations

Cosmic rays were discovered just slightly before the astrophysical jets and
in 2012 hundred years since the discovery of cosmic rays was celebrated. As
cosmic rays are charged particles they loose their track in the galactic and
intergalactic magnetic fields and therefore arrive to earth uniformly from all
directions. As it is impossible to trace their origin, the mystery of origin of
cosmic rays has persisted throughout the decades (see Dawson et al., 2017,
for a recent review). In energies exceeding 10'® eV, jets of active galactic
nuclei have long been one of the main candidates (Biermann and Strittmatter,
1987). While the most recent work by Pierre Auger observatory shows that
cosmic rays at those energies are most certainly of extragalactic origin (Pierre
Auger Collaboration et al., 2017), pinpointing the sources to astrophysical
jets launched by supermassive black holes in the center of galaxies has been
very challenging.

Astrophysical ultra-high-energy neutrinos were discovered in 2013 by the
IceCube neutrino observatory (IceCube Collaboration, 2013), and a bit less
than hundred neutrinos likely to be of astrophysical origin has been detected
ever since (IceCube Collaboration, 2017). The origin of these neutrinos is
still unknown, but very recently IceCube detected the high-energy neutrino
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IC-170922A with good angular resolution, spatially and temporally coinci-
dent with the flaring blazar TXS 05064056 (IceCube Collaboration et al.,
2018; Ansoldi et al., 2018). An association of ultra-high-energy neutrinos
to blazars had been suggested before (Kadler et al., 2016; Lucarelli et al.,
2017) with marginal significance (due to insufficient angular resolution of
the neutrinos and the absence of y-ray signals well correlated in time). The
detection of astrophysical neutrinos from a blazar also means that protons
must be accelerated to high energies in the blazar jets. Neutrinos are the end
products of a proton-photon interaction, which requires energetic protons to
be present, and the discovery has triggered significant interest in hadronic
emission models (see Section 3.4).

Finally, blazars are interesting sources also for gravitational wave astron-
omy, as some of them are thought to host supermassive black hole bina-
ries with a rather small separation (Sillanpaa et al., 1988). The gravita-
tional waves produced by supermassive black hole binaries are in the sub-
microHertz regime and not in the bands detectable by ground-based laser
interferometers. However, the signal could be detectable with the space-born
laser interferometer LISA (see Section 4.6).

3. Open questions

In this section, we list some of the most relevant open questions still
remaining in blazar science despite more than 50 years since their discovery.
We also include discussion on how observations have been used to constrain
the models, and what more needs to be achieved to fully answer the questions.

3.1. Is there a blazar sequence?

Blazar sequence was first suggested by Fossati et al. (1998), who inves-
tigated a set of spectral energy distributions from radio to ~-rays (using
EGRET data). They found a systematic trend in the SEDs as a function of
radio luminosity, namely the highest radio luminosity objects had the low-
est SED peak frequencies. The existence of the sequence has been disputed
ever since, as there has been contradicting sources discovered (sources with
high luminosity and high peak frequency Padovani et al. 2003, 2012), and
claims that the sequence is just an observational bias (Nieppola et al., 2008;
Giommi et al., 2012a). Meyer et al. (2011) suggested that instead of a se-
quence, blazars form an envelope, in which the different blazar subclasses
are formed due to the progressive misalignment of two intrinsically different
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populations of blazars (FRI and FRII radio galaxies). However, high lumi-
nosity, high peak frequency sources, such as PKS 14244240, do not fit in the
envelope scenario either (Cerruti et al., 2017). Also sources with low syn-
chrotron peak frequency and very broad second peak of the spectral energy
distribution (e.g. H. E. S. S. Collaboration et al., 2015) do not follow the
general trends expected from the sequence and envelope scenarios.

Ghisellini et al. (2017) found that the sequence indeed exists for BL Lac
objects, while for FSRQs the peak positions in the SED remain constant in
different luminosity bins. In BL Lacs the two SED peaks have almost equal
luminosities, while in FSRQs the SED is typically Compton dominated, i.e.
the second peak is significantly higher, see Figure 5. In "FSRQ sequence”
only the amount of Compton dominance changes (Ghisellini et al., 2017),
see Figure 5. The difference between the FSRQs and BL Lacs is interpreted
to be the difference in the dominance of radiative cooling, as FSRQs have a
broad line region and an infrared torus that are very efficient in cooling if
the emission region is located inside these structures. The higher synchrotron
peak observed in some FSRQs during the flares is interpreted as the main
emission region moving outside the broad line region and dusty torus and
therefore cooling becoming inefficient (Ghisellini et al., 2013).

The question of a sequence or an envelope closely relates to the classifi-
cation of blazars as BL Lacs or FSRQs. The original classification scenarios
used the equivalent width of emission lines, EW< 54 as the dividing limit
(Stickel et al., 1991; Stocke et al., 1991). BL Lacs were thought to have
weak emission lines due to very bright jet continuum washing out the emis-
sion lines (Blandford and Rees, 1978), but then many X-ray bright BL Lacs
(which nowadays are called HSPs), were found to show host galaxy features,
but still very weak lines. This would indicate that the lines are intrinsically
very. weak. According to Giommi et al. (2013) these two possibilities are
not exclusive, and there exists sources that have been classified as BL Lacs
due to heavy dilution of the broad lines, but that are actually the missing
high-synchrotron peaked quasars.

The sequence and classification of the sources have also been studied by
comparing radio and 7-ray brightness of blazars (Lister et al., 2011). They
found that BL Lac objects display a linear correlation of increasing ~-ray
loudness with synchrotron SED peak frequency, suggesting a universal SED
shape for objects of this class. They also found that the high-synchrotron
peaked (HSP) BL Lac objects are distinguished by lower than average radio
core brightness temperatures, and none display large amplitude radio vari-
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Figure 5: The old (Fossati et al., 1998) and the new (Ghisellini et al., 2017) blazar sequence.
Figure taken from Ghisellini et al. (2017).[Needs permission from MNRAS]

ations or high linear core polarization levels. They found no such trends
for FSRQs. They concluded that HSP BL Lac objects have generally lower
Doppler factors than the lower-synchrotron peaked BL Lac objects or FSRQs.

The differences between FSRQs and HSP sources is clear also in radio
kinematics (Lister et al.; 2019, see Fig. 6). An independent analysis of the
jet kinematics from the data of the MOJAVE program was performed by
Hervet et al. (2016), who classified 161 sources based on radio kinematics
only, and found that kinematic classification agrees very well with the usual
spectral classification. They found that class I, with quasi-stationary knots,
corresponds to HSPs and class II with knots in relativistic motion from the
radio core, to FSRQs. The intermediate sources showing both class I/II
features, mainly belong to traditional ISP/LSP classes.

In summary, all the classification methods seem to agree that there seem
to be clear FSRQs sources and clear HSP sources with intrinsically different
nature, but the role and nature of the intermediate and outlier sources is
still very unclear and under debate. Furthermore, we might learn something
new about the existence of sequence and the undelying physics, when we will
extend it to even higher energies. Currently the understanding of the VHE
~v-ray blazar population is still incomplete. For example the extremely high
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synchrotron peaked sources have the second peak beyond the Fermi-LAT
band, which is challenging to explain with traditional emission models. First
mini-catalogue of these objects was recently published (Acciari et al. 2020,
ApJS in press) and it consists of ten such sources. Further observations are
certainly needed to understand how numerous these objects are and if they
provide additional challenges to blazar sequence models.

3.2. Blazar zone

This subsection combines open questions on the nature and location of
the blazar zone, i.e. the region(s) where most of the emission originates, and
how it can be observationally constrained.

3.2.1. How and where is the jet converted from magnetically to particle dom-
inated?

Despite decades of blazar studies, one major dilemma is the connection
between jets that, according to theoretical models, are launched as mag-
netically dominated (e.g., Blandford and Znajek, 1977) where the bulk of
the energy is contained in the magnetic fields, but where the emission can
be best modeled by equipartition between the magnetic and particle energy
density in the jets (e.g., Readhead, 1994). Often it is assumed that the jets
start off magnetically dominated with a parabolic shape and reach equipar-
tition at the point where the flow has been (magnetically) accelerated to a
terminal velocity, after which the shape of the jet is conical (e.g., Ghisellini
and Maraschi, 1989; Potter and Cotter, 2013a). This is also supported by
magnetohydrodynamic jet launching simulations of Blandford-Znajek-type
jets (McKinney, 2006). The question is also closely tied in with the particle
acceleration mechanism in the jets (see Chapter 14). In magnetized jets,
the working mechanism could be magnetic reconnection (e.g., Giannios and
Spruit, 2006), while in particle dominated jets, shock acceleration is expected
(e.g., Kirk and Schneider, 1987).

Traditionally, the variability in radio to optical bands has been success-
fully modeled by shocks moving down the jets (e.g., Marscher and Gear,
1985; Hughes et al., 1985), which require particle dominance in the jets.
This means that if the jets are magnetically launched, they must transform
to particle dominated by the regions where most of the optical and radio
emission originates. Observations of the jet shape on parsec scales also sup-
port the idea that most of the radio emission originates in conical jets (e.g.,
Pushkarev et al., 2017), although in some nearby radio galaxies that can
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be spatially resolved down to small scales, the jets appear parabolic up to a
transition point, which in M87 corresponds to a distance of 10° Schwarzschild
radii (Asada and Nakamura, 2012).

Most of the early works on jet emission concentrated on conical jets,
following Blandford and Konigl (1979) who showed that a conical jet with
shocks produces a flat radio spectrum. When ~v-ray data became more ample
in the EGRET and especially in the Fermi era, the jet modeling has shifted
more to time-dependent models of individual emitting blobs (so called single-
zone models, see Section 3.3). A full model for a quiescent jet is presented by
Potter and Cotter (2013a) who model the jet as initially magnetically domi-
nated, transitioning to a conical jet in equipartition. While their model can
adequately fit the SEDs of sources in quiescence, including their radio emis-
sion that is often ignored in single-zone models (Potter and Cotter, 2013b),
it does not account for flaring, which is typically the initial starting point
for the single-zone models. Their model requires the transition to occur at
fairly large (> 10 pc) distances from the black hole, corresponding to 10°
Schwarzschild radii in M87, which means that the transition occurs further
out than the edge of the dusty torus (e.g., Nalewajko et al., 2012). This would
indicate that in SED models requiring external photon fields to explain the
Compton peak, the photon field must be far out (as is expected by Potter and
Cotter 2013a), or the flaring oecurs in the magnetically dominated region,
which contradicts with the typical assumptions of SED models.

In the recent striped-jet model by Giannios and Uzdensky (2019), the jet
is magnetically accelerated up to the point where it reaches its maximum
Lorentz factor. For a typical black hole mass of ~ 108M this occurs at
a distance of about 5pc from the black hole. Interestingly, their model
indicates that dissipation in the jet can occur over a broad range of distances
(~ 0.03 — 300 pc for an ultrarelativistic jet reaching I'p.x ~ 30), with shorter
variability time scales expected at distances closer to the black hole. While
their model can explain many of the general features of blazar jets (flat
spectrum, continuous acceleration, different time scales), there have not yet
been any detailed fits to data of individual objects.

Thus, it is still not clear how the jets are accelerated and at what point
they transform from magnetically dominated to equipartition. Because the
magnetohydrodynamic jet launching simulations do not, by definition, in-
clude any radiating particles, it is impossible to make direct comparisons be-
tween the simulations and observed radiation. The simulations also typically
assume self-similar jets, which is clearly an invalid assumption considering
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the flaring behavior observed. Therefore, some new developments combining
the large-scale fluid physics with the microphysics of particle acceleration, in
addition to high-quality multifrequency observations, are required to even-
tually solve this problem.

3.2.2. What is the nature of the radio core and blobs in jets?

As discussed in Section 2.2, the jets of blazars exhibit components or
blobs that move down the jet at apparent superluminal velocities. They
are seen to emanate from the bright, typically unresolved end of the jets
called the core. The nature of this core is not always clear. It has been
suggested that at higher frequencies corresponding to mm-wavelengths, the
core would be a standing shock (e.g, Daly and Marscher, 1988), which are
seen to naturally form in hydrodynamic (e.g., Gomez et al., 1995; Mimica
et al., 2009) and magnetohydrodynamic (e.g., Mizuno et al., 2015; Barniol
Duran et al., 2017) jet simulations. At lower cm-band frequencies, the core is
often seen to correspond to the surface where the jet becomes optically thin
at that frequency (Marcaide and Shapiro, 1984), i.e. its location is not fixed
but varies as a function of frequency. This corresponds to the traditional
Blandford-Konigl type jet (Blandford and Konigl, 1979), which is a conical
synchrotron self-absorbed jet where the magnetic energy density and particle
energy density are in equipartition.

The nature of the core can be studied by observing the sources at multiple
frequencies, and carefully aligning the images so that the absolute position of
the core, and its possible frequency dependence, can be examined (Marcaide
and Shapiro, 1984; Lobanov, 1998). In the cm-wavelengths, this has been
done for a large number of sources (e.g., Kovalev et al., 2008; Sokolovsky
et al., 2011; Pushkarev et al., 2012), and the location of the core in most
sources seems to follow the relation v~1 as expected for a 7 = 1 surface in
a Blandford-Konigl type jet (Blandford and Konigl, 1979). The core shifts
can also be used to determine the distance of the core from the central black
hole. Pushkarev et al. (2012) used the core shift measurements at 15 GHz to
calculate the distance of the VLBA core from the jet apex. The distributions
were different for quasars and BL Lacs, with medians of 13.2 and 4.0 pc,
respectively.

There have been attempts to extend the core-shift studies to 