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Abstract: The magnetic field is believed to play a critical role in the bulk acceleration and propagation
of jets produced in active galactic nuclei (AGN). Polarization observations of AGN jets provide
valuable information about their magnetic fields. As a result of radiative transfer, jet structure, and
stratification, among other factors, it is not always straightforward to determine the magnetic field
structures from observed polarization. We review these effects and their impact on polarization
emission at a variety of wavelengths, including radio, optical, and ultraviolet wavelengths in this
paper. It is also possible to study the magnetic field in the launching and acceleration regions of
AGN jets by using very long baseline interferometry (VLBI), which occurs on a small physical scale.
Due to the weak polarization of the jets in these regions, probing the magnetic field is generally
difficult. However, recent VLBI observations have detected significant polarization and Faraday
rotation in some nearby sources. We present the results of these observations as well as prospects
for future observations. Additionally, we briefly discuss recently developed polarization calibration
and imaging techniques for VLBI data, which enable more in-depth analysis of the magnetic field
structure around supermassive black holes and in AGN jets.

Keywords: galaxies: active; galaxies: jets; polarization; magnetic fields; techniques: interferometric;
black hole physics; accretion; accretion disks; radiation mechanisms: non-thermal

1. Introduction

In some active galactic nuclei (AGN), collimated outflows are observed, known as
jets (e.g., [1]). They often move at relativistic speeds (e.g., [2,3]) and contribute to the
evolution of the interstellar and intergalactic medium by transferring momentum and
energy (e.g., [4–6]). As one of the most energetic phenomena in the universe, AGN jets also
emit high-energy photons at X-ray and γ-ray wavelengths (e.g., [7–9]) and even at very
high energies (e.g., [10–12]).

It is believed that magnetic fields are important in the formation of relativistic jets
in AGN. They are twisted as a result of the frame-dragging effect of spinning black holes
or differential rotation of the accretion disk, which may produce jets (e.g., [13–22]). The
magnetic field is also crucial for the acceleration of AGN jets to relativistic speeds. Mag-
netohydrodynamic (MHD) models predict that jet acceleration can efficiently occur as a
result of the Poynting flux to kinetic energy flux conversion through the magnetic nozzle
effect (e.g., [16,19,21,23–26]). Furthermore, magnetic fields, through, for example, magnetic
reconnection, may contribute to strong flares that are often observed in AGN across a wide
range of the electromagnetic spectrum (e.g., [27–29]).

Because these phenomena generally occur at very small spatial scales, polarization
observations using very long baseline interferometry (VLBI) are well suited to study the
magnetic fields. A good example is the linear polarization image taken with the event
horizon telescope (EHT) of the ring-like structure surrounding the dark shadow of the
supermassive black hole in M87 [30]. Due to the very high angular resolution of the new
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millimeter VLBI arrays, it is now possible to directly observe the magnetic field in the
vicinity of supermassive black holes. A number of polarization observations of blazars
and nearby radio galaxies using centimeter VLBI arrays have also provided valuable
insights into magnetic field structures and their role in jet collimation, bulk acceleration,
and particle acceleration.

In this review, we briefly describe some of the results of recent polarization observa-
tions of AGN jets, particularly the VLBI observations of nearby AGN jets. Readers are
referred to recent reviews by Blandford et al. [1], Boccardi et al. [31], and Hada et al. [32]
for the latest progress of observational studies of AGN jets, including results from total
intensity imaging, multiwavelength studies, theoretical modeling efforts, etc. In Section 2,
we summarize early attempts to correlate observed polarization properties across the elec-
tromagnetic spectrum, in particular between optical and radio bands, and explain these
observations in terms of emission and propagation effects. Our Section 3 briefly summa-
rizes recent polarimetric studies using VLBI for nearby AGN jets, M87, 3C 84, and 3C 273.
In Section 4, we review recent progress in developing new algorithms for instrumental
polarization calibration and polarimetric imaging of VLBI data, which could be crucial for
future observations of VLBI polarization. Section 6 summarizes and concludes the paper.

2. Polarization Studies in Blazar Jets

The electromagnetic spectrum, in particular from radio to optical and ultraviolet bands,
of most radio-loud AGN is dominated by synchrotron radiation, arising from presumably
the same electron population or, at least, populations with similar physical properties. It
would thus be naïve to expect that observations would indicate similarities and a close
connection in the properties at the different bands.

In this section, we review efforts to correlate optical and radio polarization observables
in blazars, such as total (m) and fractional (p) polarization, or the electric vector position
angle (EVPA, χ), as well as their variability, and how understanding where the differences
arise has helped to understand both the dynamics as well as the radiative processes of
blazar jets.

2.1. Early Optical–Radio Polarization Correlations

Kinman et al. [33] studied the OJ 287 optical and radio polarization and found that the
source was strongly polarized at optical wavelengths, falling to only one or two percent at
short centimeter wavelengths and then rising to nearly 5% at 11 cm. Furthermore, the strong
variability found did not appear to show any correlations among the bands. They pointed
out that even when considering Faraday and depolarization effects, the observations could
only be explained if the source was inhomogeneous, and the emission at 11 cm was arising
at a different region with a more ordered different magnetic field configurations, or with a
much lower thermal electron density. Such an inhomogeneous model was supported by
their analysis of centimeter wavelength spectral indices.

The study of Rudnick et al. [34] included quasi-simultaneous observations at cm,
mm, infrared, and optical for OJ 287, BL Lac, and 0735+17. They observed a very small
or negligible Faraday rotation on radio bands, and a general increase of the degree of
polarization toward shorter wavelengths. For OJ 287, the EVPA appear to be very similar
on all observing bands, including optical with the exception of 11 cm, which was ascribed
to an optical depth transition at that wavelength. These suggest that, contrary to previous
observations, there is a strong relationship among the emitting region from radio to optical
in this source. The case of BL Lac seemed quite similar, with EVPA ∼0◦ from optical to
cm wavelengths, whereas at longer wavelengths, the EVPA change could not be simply
explained by opacity. On 0735+17, on the other hand, a difference of ∼60◦ was found
between optical and radio EVPA.
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2.2. Resolving the Polarization Structure

Based on the observations described above, it seemed that correlation between optical
and radio polarization properties occurred only in certain cases. These correlations would
not only be subject to the source considered, but would also be time dependent. The initial
consideration would be that such correlations would be observed only while the source
would be homogeneous, the emission co-spatial, and opacity effects properly accounted
for. In the most general case, however, different physical properties of the regions, such
as magnetic field strength, morphology or entanglement, size of the emitting region, or
opacity, or other frequency-dependent radiative transfer effects, would generally lead to
different optical and radio emission properties. Therefore, no correlations with optical
and radio variability and polarization properties may be found a priori in all sources. The
obvious question is, of course, what is the mechanism behind these special cases where
a clear correlation can be found? Is the correlation particular to some sources with very
particular or special characteristics, or is it rather a common feature to most AGNs, only
hidden by external optical, geometric, and/or observational effects?

In some theoretical models, it is indeed possible that, even considering general in-
homogeneous synchrotron source models, the observed radio and UV optical infrared
(UVOIR) emission can be co-spatial. Ghisellini et al. [35] considered the emission from
an inhomogeneous axially symmetric region with general assumptions on geometry and
radial dependences of physical quantities. In this model, the total intensity at a given
frequency is dominated by the contribution from all the regions that are optically thin.
It is seen that the factor governing whether the inner or the outer regions dominate the
emission is purely geometrical (see their Figure 2). For example, for a jet with conical
geometry, the emission above the self-absorption spectral frequency νbr will be dominated
by the inner regions, whereas emission below νbr will have contributions of larger radii
with lower frequency. On the contrary, for a jet with parabolic geometry, the whole UVOIR
spectrum may be dominated by the outer regions. This is remarkably interesting because
recent findings [36–42] suggest that many sources may have a jet geometry break, with the
upstream regions of the jet with a parabolic and the downstream with a conical shape.

This suggests that a powerful tool to investigate if UVOIR emission is co-spatial would
be to investigate the polarization on resolved structures, so that we can have better chances
of separating the emission from different regions. Because many of the sources appear
resolved only on milli-arcsecond scales, it was only possible to study the co-spatiality of
the emission with the emergence of the VLBI technique. In general, the milli-arcsecond
structure of most radio-loud AGN jets will be that of a compact and typically optically
thick “core” and an optically thin jet appearing as a series of components or knots. Because
the polarization of the core and/or these components may differ both in m and χ, they may
contribute differently to the integrated polarization properties, and when comparing with
the optical properties we may be able to identify one (or more) of these components to
which the optical polarization is associated.

Works in this direction were first performed by Gabuzda et al. [43,44] who compared
the 6 cm VLBI and optical EVPA of a sample of sources. They found that χopt and χVLBI of
the core or (in some cases) a prominently polarized jet component near the core were either
aligned or perpendicular for the BL Lac objects 0735+178, 1147+245, 1219+285, 1418+546,
and 1749+096, OJ 287, and BL Lac, and the QSO 3C 279. They found the probability of
this happening by chance to be very small small. They therefore argued for a connection
between the optical and the VLBI EVPAs.

To explain this connection, they indicated that polarization of BL Lacs at centimeter
wavelengths appear to be dominated by newly emerging VLBI components. In this case, the
observed bimodal distribution could arise due to the presence of an unresolved emerging
VLBI component. The VLBI core radio EVPA χVLBI would then be initially perpendicular
to optical χopt due to opacity effects, as long as it appears blended within an optically thick
region. As the component evolves in time and reaches an optically think regime, the χVLBI
and χopt would become aligned with χopt. It is worth noting, however, that the flip in the
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EVPA would only happen in regions with very large opacity (τ & 5 [45]), and in general,
contributions from the most optically thin regions would dominate the radio emission, and
therefore an opacity-based 90◦ EVPA flip would occur only in rare cases.

This work was later expanded upon by Algaba et al. [46,47]. They included corrections
for Faraday rotation effects and a larger sample of sources, including not only BL Lac
objects, but also low and high polarized radio quasars. These studies put a much tighter
constraint on the probability of the optical and the radio VLBI EVPAs to be either parallel
or perpendicular to each other in BL Lacs. They also found that this relationship did not
appear to be that simple in the case of quasars. For the latter, no obvious correlation with
the degree of polarization, depolarization between optical and radio bands or magnetic
field strength was found (see Figure 1). This suggested that either BL Lacs were a particular
class of objects with a peculiar emission geometry, or there were other additional factors
that had not been taken into account.

Figure 1. Histogram of the difference between the radio-core and optical polarization angles ∆χ,
including BL Lac objects (white), HPQs (dark grey), and LPQs (light grey). Reprinted with permission
from Algaba et al. (2010). Copyright Journal compilation 2010 RAS.

The core RM may nonetheless depend on the observing frequency as RMcore,ν ∝ νa.
This is due to the frequency-dependent shift of the core location owing to opacity effects
together with a gradient of electron density and magnetic field from the central engine [48].
Park et al. [49] studied the rotation measure (RM) trend in more detail with the Korean
VLBI Network (KVN) by using simultaneous observations at 22, 43, and 86 GHz, hereby
obtaining resolved VLBI RM analyses at one of the highest frequencies to date. Their
results showed that the suggested systematic RM increase and its frequency dependence
continued at larger radio frequencies. Interestingly, when comparing with optical bands,
they found indications of a saturation frequency of a few hundreds GHz for the majority
of sources, where the RM value is expected to reach a plateau and remain constant over
higher frequencies. This suggests that we could pinpoint to an actual structure, such as a
recollimation shock, causing the emission. Therefore, once we observe at large frequencies,
or correct for such frequency-dependent RM up to the saturation frequency, we should be
able to connect the radio, optical and high-energy polarization properties.

2.3. A Blazar Jet Polarization Model

Another hint in the phenomenology of the connection in the UVOIR polarization arises
from D’Arcangelo et al. [50], who studied the variation in the polarization characteristics
of the quasar 0420–014 during an 11-day monitoring campaign in late 2005. They found
a rotation of the 43 GHz VLBI EVPA in the VLBI core by an amount of more than 80◦, a
trend that was also followed by the optical EVPA. Furthermore, once the Faraday correc-
tion was considered, the 43 GHz and the optical EVPAs agreed well. Their observations
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matched well with a model where the bulk of the polarized emission could be associated
with a conical shock, whereas the rest of the emission would be associated with mostly
unpolarized regions.

Observations that captured a large EVPA rotation together with superluminal knots
passing through the core strengthen the idea that polarization is dominated by shock com-
ponents in the jets. In Marscher et al. [51], a rotation of the EVPA by about 240◦ in a five-day
interval was observed for BL Lac in the optical R band, whereas the degree of polarization
dropped to a minimum in the middle of the rotation. Interestingly, simultaneous 7-mm
VLBI observations show the appearance of a new superluminal component emerging from
the core moving downward from the jet with a position angle of about 190◦, parallel to
the jet and in good agreement with the final value that the optical EVPA reached after the
rotation (see Figure 2).

Figure 2. Time evolution of BL Lac. (a) Optical flux, electric vector position angle and polarization.
(b) A 43 GHz VLBI component. A clear flare together with a polarization decrease and a rotation
of about 240◦ of the optical EVPA is seen together with the emergence from the core of a new
VLBI component. (Reprinted by permission from Springer Nature, 2008 [52] with permission of
the authors.)

In a similar study of the quasar PKS 1510–089, Marscher et al. [52] found a rotation
of the optical polarization vector by 720◦ during a five-day period in the first half of 2009
encompassing six gamma-ray flares. VLBA analysis indicated that this happened as a
bright knot of emission was propagating downstream from the jet and passed through a
stationary feature of the jet identified as the 43 GHz core.
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Although a stochastic model, with a turbulent magnetic field (e.g., the turbulent ex-
treme multi-zone model (TEMZ; [53])) can produce such rotation as a result of a random
walk of the EVPA along the turbulent cells, Monte Carlo simulations show that the proba-
bility of this happening by chance together with the flares is minimal, of the order of 10−5;
see e.g., [54]. Instead, a more plausible model considers the moving emission feature to be
following the spiral path of a helical magnetic field along the acceleration and collimation
zone (ACZ). In this model, the feature covers most of the jet, to produce the flaring, and
cancels most of the polarization as most of the magnetic field orientations are averaged
across the feature. Only a fraction of the polarization does not cancel out, leading to the
residual EVPA that systematically rotates with the propagation and is observed. A sketch
of the model for PKS 1510–089 is shown in Figure 3.

Figure 3. Blazar model proposed by Marscher. High-energy emission may arise from the acceleration
and collimation zone, from a standing shock, moving shock, turbulent region or all of these. The
horizontal scale is logaritmic. Copyright 2018 by A. Marscher.

A similar phenomenon has been found in other sources. For example, Sasada et al. [55]
observed a rotation in the Stokes Q-U in 3C 454.3 during a flare in 2007. Liodakis et al. [56]
also found strong variations in optical polarization together with a 230◦ EVPA rotation in
2013–2014. Morozova et al. [57] observed that, in S4 0954+658, the position angle of the
optical polarization rotated smoothly over more than 300◦ during an optical flare whereas
a new superluminal knot appeared with an apparent speed of 19.0 ± 0.3c in 2011.

Observations of 0420–014 during 2008–2012 showed the quasar undergoing a series
of optical flares accompanied by rapid rotation of the polarization angle, an increase of
activity in γ–rays, an appearance of new superluminal knots in the parsec-scale jet [58].
Between December 2015 and January 2017, OJ 287 showed flaring activity with its radio
EVPA showing a large rotation by 340◦ with a mean rate of −1.04◦/day and optical EVPA
showing a similar rotation of about −1.1◦/day [59]. These suggest that this phenomenology
may be common in AGN jets.

3. VLBI Polarization Observations of Nearby AGN Jets

Due to their close proximity, nearby sources provide a detailed view of the magnetic
field structure of AGN jets when resolved by using VLBI. Specifically, the magnetic field
in the jet launching region (at scales of . 10RS from the black hole; e.g., [30]) and the
jet collimation and acceleration zone (at scales . 104 − 106RS; [51]) can be constrained.
The magnetic field near a black hole is believed to play a crucial role in the launching
of AGN jets, e.g., [13,14,17]. The relationship between jet launching and magnetically
arrested disks (MADs) is of particular importance (e.g., [60,61]). MAD occurs when the
magnetic pressure of the poloidal magnetic fields is counterbalanced by the ram pressure
of the accreting gas. The fields can influence the dynamics of the accreting gas. In recent
theoretical studies, it has been demonstrated that spinning black holes can efficiently launch
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powerful AGN jets when their accretion disks are in a MAD state via the Blandford–Znajek
process (e.g., [13,61–64]). It is possible for the jet power to exceed the accretion power
( ˙MBHc2, where ˙MBH is the black hole mass accretion rate and c is the light speed), in this
case as the jet is powered by the black hole’s rotational energy extracted by the strong
magnetic fields. In fact, the core-shift analysis (e.g., [65]) and the SED modeling (e.g., [66])
indicate that the majority of radio-loud AGNs may be in a MAD state.

Magnetic fields are also believed to play an important role in accelerating AGN
jets. Theoretically, it is predicted that the transition from poloidal to toroidal-dominated
magnetic fields occurs at the light cylinder radius [16,19,67,68], where RΩ equals the speed
of light with R being the cylindrical radius and Ω the angular frequency of field lines. For
large-scale magnetic field lines threading the event horizon of the black hole, Ω is related
to the black hole spin [13,21,22,26].

In spite of its importance, it has been difficult to observe the magnetic field in regions of
jet launching and acceleration. One of the principal challenges is the very weak polarization
of AGN jets in these regions (e.g., [3]). However, recent observations have begun to detect
linear polarization in the jet launching and acceleration regions of a few nearby radio-loud
AGNs. The results of these observations are briefly discussed in this section.

3.1. M87

M87 is a giant elliptical galaxy located in the Virgo galaxy cluster. It has a powerful jet
that extends out to a scale of kiloparsecs (e.g., [69–73]). The kpc-scale jet of M87 is generally
highly polarized. The first linear polarization images of the kpc-scale jet were presented
by Schmidt et al. [74], who discovered EVPA rotations of ∼75◦ between optical and 6 cm
wavelengths. This result was confirmed by Dennison et al. [75]. At 15 GHz, fractional
polarization tends to be higher at the edge of kpc-scale jets [69]. At both radio and optical
wavelengths, the projected magnetic field is largely parallel to the jet, although the field
becomes perpendicular to the jet at the upstream ends of bright knots in the jet only at
optical wavelengths [76]. This difference was interpreted as a result of shocks occurring in
the jet interior that are the dominant sources for the optical jet emission, while the radio jet
emission is primarily due to shear layers forming near the jet surface.

A detailed study of the Faraday rotation measure distribution in the kpc-scale jet has
been conducted. Previous observations with the very large array (VLA) at cm wavelengths
observed a complex distribution of RM. RM magnitudes were generally low in the inner jet
region at ∼200 rad m−2, but very high positive values were found in the lobe region up to
RM ∼ 8000 rad m−2. A further study by Algaba et al. [77] suggested that the observed RM
distribution in the jet may be due to an ordered magnetic field in the Faraday screen. In a
very recent study, Jansky VLA observations were used to obtain detailed linear polarization
images of the kpc-scale jet over a wide frequency range between 4 and 18 GHz [78]. An
analysis of high-fidelity polarization images revealed a transverse gradient in the Faraday
depth with opposite signs near the jet edges between knots E and F, indicating that the
jet has a helical magnetic field. EVPA and fractional polarization rapidly change with
frequency in this region, indicating the presence of an internal Faraday depolarization.

Despite the rich information regarding the linear polarization of the M87 jet at kpc
scales, the jet on sub-pc to pc scales appears to be very weakly polarized (e.g., [3]). How-
ever, VLBA observations at 5 and 8 GHz at pc-scales revealed patchy linear polarization
distributions at ∼20 mas from the core at a level of 11% [79]. This region exhibits a wide
range of Faraday rotation measures between −2000 and −12,000 rad m−2. In a follow-up
multifrequency VLBA observation at 8, 12, and 15 GHz, a similar patchy distribution of
rotation measures was observed in the same region [80]. In contrast, a small area of the jet
was found to have a positive rotation measure of ∼9600 rad m−2 in this region. EVPAs in
this region show good λ2 fits, which indicates that the Faraday screen is external to the jet.

Recently, Park et al. [81] presented Faraday rotation measure maps of the pc-scale jet
over a wide range of jet distances (between ∼10 and ∼400 mas, which corresponds to the
de-projected jet distance range of ∼5000 and ∼200, 000 RS, where RS is the Schwarzschild ra-
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dius). The jet is systematically collimated (e.g., [36,63,82,83]) and accelerated (e.g., [84–87])
in this region, which is referred to as the jet acceleration and collimation zone (ACZ; [51];
see also Figure 3). In Figure 4, RM magnitudes are plotted as a function of jet distance.
Interestingly, the RM magnitude decreases systematically with increasing distance from
the black hole in the ACZ (inside the Bondi radius; the radius defining the region inside of
which material will be prone to be accreted toward the black hole; refs. [36,63]).

Figure 4. RM magnitudes of the M87 jet as functions of de-projected jet distance from the black hole
in units of RS [81]. The data points obtained at different frequencies are shown in different colors.
The diamonds and asterisks are negative and positive RMs, respectively. The vertical dotted line
denotes the Bondi radius. The solid and dashed curves represent the best-fit hot accretion flows and
jet sheath models, respectively. ©AAS. Reproduced with permission.

At various locations in the jet, the EVPAs rotate more than 45◦, which is difficult to
realize for realistic internal Faraday rotations (e.g., [88–90]). This result indicates that the
Faraday screen is external to the jet within the Bondi radius. This is in contrast to the
kpc-scale jet outside the Bondi radius, for which the JVLA data indicates that there is an
internal Faraday rotation in the jet [78]. It is expected that the pc-scale jet located within
the Bondi radius is surrounded by the inflows and outflows of the black hole (e.g., [63,91]),
whereas the kpc-scale jet outside the Bondi radius may be surrounded by the interstellar
medium, which has a much lower electron density and weaker magnetic field.

The observed RM data inside the Bondi radius were fitted with two simple analytic
models. One is based on the assumption that the jet of M87 is surrounded by hot accretion
flows, which are thought to exist in low-luminosity AGN such as M87 (e.g., [91]). Based on
numerical simulation results that present toroidal magnetic fields are dominant in accretion
flows, the strength of the magnetic field was assumed to be inversely proportional to the
distance from the black hole (e.g., [92]). The best-fit (solid line in Figure 4) indicates that
the electron density of accretion flows was inversely proportional to the distance from the
black hole.

The other model is based on the assumption that the Faraday screen is a jet sheath with
a similar geometry to the jet. In this model, the jet edges are assumed to become slower
than the jet spine as a result of the interaction between the jet and the surrounding medium,
which is referred to as the faster-spine and slower-sheath model. This structure was also
indirectly inferred by the statistical analysis of blazars [93]. An assumption was made
that the sheath in M87 was dominated by a poloidal magnetic field, because otherwise
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transverse magnetic gradients across the jet would be detected (e.g., [94,95]), which were
not observed in the pc-scale jet.

Although the jet sheath model could not fully explain the observed data, the hot
accretion flow model was able to fit the data very well. The derived density profile, ρ ∝ r−1,
is consistent with the profile derived slightly inside the Bondi radius by Chandra X-ray
observations [96]. This profile was predicted by the black hole accretion flow model that
produces substantial outflows (e.g., [97–99]). A combination of gas and magnetic pressure
gradients and centrifugal force results in these outflows from the accretion flows [100]. The
pressure profile inferred from the density profile by assuming an adiabatic equation of
state for nonrelativistic monatomic gas is pgas ∝ ρ ∝ r−5/3, where γ = 5/3 is the specific
heat ratio. The shape of the parabolic jet is determined by the pressure profile of the
external medium confining the jet; if the pressure profile is described as pext ∝ r−α, α ≤ 2
is required for producing a parabolic jet shape (e.g., [20,24,25,101]). This result, when
combined with the fact that the M87 jet exhibits a parabolic shape inside the Bondi radius
(e.g., [36,63,82,83]), is consistent with the explanation that the M87 jet is collimated by the
pressure of wind, as was reproduced in recent GRMHD simulations (e.g., [63,102]).

According to the MHD model, AGN jets are expected to accelerate to relativistic
speeds when the so-called differential collimation of poloidal magnetic fields occurs, where
the inner field lines closer to the jet axis are more strongly collimated than the outer field
lines (e.g., [19,22,23,63,103]). As recently observed by various VLBI arrays, the M87 jet is
indeed gradually accelerated from non-relativistic to relativistic speeds within the Bondi
radius, where it is being collimated systematically (e.g., [84–87]). Beyond the Bondi radius,
the jet begins to decelerate (e.g., [70,73,104–106]). Based on these results, it appears that the
M87 jet may be accelerated by converting Poynting flux into kinetic energy flux.

The EHT collaboration has recently published linear polarization images of the ring
surrounding the shadow of the supermassive black hole in M87 observed at 1.3 mm
(Figure 5; [30]). There is a significant amount of polarization in the southwestern part
of the ring, reaching up to the level of 15% there. The most surprising finding was the
arrangement of EVPAs in a nearly azimuthal pattern. Due to the effects of, e.g., light
bending and relativistic aberration, the observed polarization vectors for relativistically
moving plasma around the black hole may not be perpendicular to the projected magnetic
field vectors (see, e.g., [107,108] for more details).

A comparison of the observed linear polarization images has been conducted by
the EHT collaboration with a large library of simulated polarimetric images generated
by GRMHD simulations, which include various physical effects such as light bending,
relativistic aberration, Faraday rotation, etc. [107]. According to GRMHD models, there are
two types of accretion flows: standard and normal evolution (SANE) models and MAD
models. SANE disks have a lower magnetic flux and weak magnetic fields are sheared
out by the motion of the plasma, resulting in toroidal configurations (e.g., [92,109,110]).
MAD models have strong fluxes, and the magnetic fields are mainly poloidal-dominated
(e.g., [60,61,111,112]). The magnetic pressure of these fields is balanced by the ram pressure
of the accreting gas, which influences the dynamics of the disk.

Based on the observed linear polarization properties, MAD models appear to be more
favorable [107]. It was difficult for SANE models to reproduce the observed moderate level
of polarization as well as the twisted EVPA pattern. As a result, it appears that strong,
ordered, and poloidal-dominated magnetic fields exist in the vicinity of the M87 black
hole. When combined with a spinning black hole, this strong magnetic field is capable
of launching relativistic jets (e.g., [13,113]). There are in fact powerful jets in M87, with
jet power estimates ranging from ∼ 1042 to ∼ 1045 erg s−1 (e.g., [114–120]). Based on this
result, the idea that AGN jets may come from MADs has been directly confirmed, which
was previously suggested indirectly by both SED modeling studies (e.g., [66]) and core-shift
studies (e.g., [65]) for radio-loud AGNs.
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Figure 5. Fiducial linear polarimetric images of the M87 black hole observed with the EHT in 2017 [30].
Each image is an average of the five calibration/imaging methods for each day. The upper panel
shows the total intensity distributions in grey color and the EVPAs with colored ticks with the colors
scaling with the linearly polarized intensity distribution. The bottom panel shows the total intensity
distribution in color, on top of which the black streamlines represent the observed EVPA patterns.

3.2. 3C 84

The 3C 84 is a radio source associated with the AGN NGC 1275 (also known as
Perseus A), which hosts powerful jets. The proximity of 3C 84 (z = 0.017559; [121]) and
its large mass of MBH = (0.8 − 2)× 109M� [122,123] offer a unique opportunity to study
the detailed physics of AGN jets. As an example, the receding jet in the north of the radio
core exhibits a free–free absorption feature, which enables us to study the accretion flows
(e.g., [124]). An extremely wide jet opening angle at a short distance from the core with
clear limb-brightening allows us to study the transverse jet velocity structure and the origin
of the jets. It has also been suggested by recent VLBI observations that the jet is actively
interacting with the interstellar medium due to a strong collision with a compact dense
cloud [125], as well as a cocoon-like structure surrounding the jet [126].

The 3C 84 is a well-known “unpolarized” calibrator at centimeter wavelengths. Con-
sidering that the jet produces synchrotron emission, which is generally highly polarized,
this is an intriguing phenomenon. However, VLBA observations in 2004 detected sig-
nificant linearly polarized emission across the tip of the bright southern jet component,
which is located ∼14 from the core [127]. A Faraday rotation measure ranging from 6500 to
7500 rad m−2 was determined for this polarization patch. High-frequency observations
also revealed significant linear polarization in 3C 84. Observations with the combined
array for research in millimeter wavelength astronomy (CARMA) and the submillimeter
array (SMA) at 1.3 and 0.9 mm have detected very large Faraday rotation measures of
(8.7 ± 2.3)× 105 rad m−2 [128]. Because these arrays are connected interferometers, it was
unclear where the linearly polarized emission and Faraday rotation originated. It was
suggested that they originated from the nucleus of the system in the light of the compari-
son with the VLBA polarization observation [127] and the application of quasi-spherical
radiatively inefficient accretion flow models [129,130].

In recent VLBA observations at 43 GHz, it has been discovered that the hotspot at
the southern tip of the innermost restarted jet has been significantly polarized since late
2015 [131]. The brightening in polarization may be the result of the hotspot moving from
the southern end of the western limb to the southern end of the eastern limb. The RM
of (6.3 ± 1.9)× 105 rad m−2 was derived from the hotspot. Based on a comparison with
previous CARMA and SMA observations, it was concluded that the RM observed was
caused by a clumpy or inhomogeneous ambient medium.

GMVA observations at 86 GHz in May 2015 detected linearly polarized emission
in the jet near the core region ([132]; see Figure 6). The linearly polarized regions are
associated with the two limbs that emerge from the core. In combination with a contem-
poraneous VLBA 43 GHz image and ALMA multifrequency observations, a large RM of
∼2 × 105 rad m−2 was derived (Figure 7). On the basis of the large RM value, the observed
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depolarization at longer wavelengths, and the RM variability observed in a series of 43
GHz VLBA images, the Faraday rotation was proposed to occur in a boundary layer in a
transversely stratified jet [132].

Figure 6. Linear polarization images of the 3C 84 jet observed with the VLBA at 43 GHz (left) and
with the GMVA at 86 GHz (right), taken from Kim et al. [132]. The images were obtained quasi-
simultaneously in May 2015 and convolved with the same beam. The contours represent the total
intensity distributions. The colors show the linearly polarized intensity distributions, and the white
ticks are the EVPAs.

Figure 7. EVPAs of 3C 84 as functions of λ2 from contemporaneous VLBA 43 GHz (blue), GMVA
86 GHz (green), and ALMA 97.5, 233.0, and 343.5 GHz data (red). The black solid line is a linear fit to
the data points, from which the best-fit RM = (2.02 ± 0.03)× 105 rad m−2 and χint = −(38 ± 7)◦ are
derived [132].

The results of these studies indicate that AGN jets can be significantly depolarized at
long wavelengths near black holes. Although the reason for the depolarization remains
unclear, it may be related to turbulent black hole accretion flows. As an example, the M87 jet
is substantially depolarized within the Bondi radius (e.g., [80,81]), whereas it is moderately
to highly polarized outside the Bondi radius (e.g., [76,78,133]). At short wavelengths,
depolarization is expected to have a small effect regardless of its source (e.g., [88,90,134]).
As a result, future high-resolution VLBI observations at mm wavelengths should allow
us to investigate the magnetic field structures and the distributions of Faraday rotation
measures in the launching and acceleration regions of AGN jets.
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3.3. 3C 273

The 3C 273 is a nearby flat spectrum radio quasar e.g., [135] at z = 0.158 [121].
It hosts a powerful jet that extends to kiloparsec-scales (e.g., [136]). On parsec-scales,
the jet exhibits a double helix morphology [137], where it is actively collimated [38,138].
The jet has a rich linear polarization structure on pc scales, but the core is unpolarized
(e.g., [139,140]). ALMA observations have detected a very high RM of (5.0 ± 0.3) ×
105rad m−2 at 1.3 mm [141], which is an order of magnitude greater than the RMs detected
in the downstream jet [139,140]. Based on this result, it appears that the core is depolarized
at low frequencies but becomes polarized at mm wavelengths.

Having a rich linear polarization structure on pc-scales, the wide jet of this source
makes it possible to study the origin of Faraday rotation in AGN jets. Previous VLBA
multifrequency observations between 5 and 8 GHz in 1995 revealed a transverse gradient
in the RM across the jet ([142]; Figure 8). According to this result, the jet is surrounded
by a helical or toroidal magnetic field. Subsequent VLBA observations confirmed this
behavior, along with a temporal variation (e.g., [143–145]). Several studies have investi-
gated transverse gradients in RM across jets in other sources since this study (see [95] and
references therein).

VLBA observations in 2009 also detected transverse RM gradients in the 3C 273
jet [146]. Compared to Asada et al.’s earlier epochs of 1997 and 2002 [143], the jet position
angle substantially changed during this epoch. The left panel of Figure 9 compares the RMs
at the projected jet distance of 9 mas from the core as a function of the position angle of the
jet. The RMs in different epochs are smoothly interconnected. In addition, a continuous
gradient from negative to position RMs was observed with increasing position angle for
the first time. In light of this result, the Faraday screen appears to be wider than the narrow
relativistic jet of a single epoch, and different portions of the screen are illuminated by the
jet as the jet’s position angle changes over time. Over the course of more than ten years,
the Faraday screen does not seem to have changed very much in its properties. By using
this information, Lisakov et al. [146] proposed a model for the jet-sheath system in 3C 273
in which the sheath is threaded by a helical magnetic field serving as a Faraday screen, as
shown in the right panel of Figure 9. According to these results, investigating the evolution
of AGN jets and Faraday screens can provide valuable information regarding the nature of
the Faraday rotation.

Figure 8. Colors denote the RM distribution in the 3C 273 jet observed by Asada et al. [142], while the
contours represent the total intensity distribution. The inlet plots represent the EVPAs as functions of
λ2 in the two sides of the jet where the transverse RM gradient is observed.
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Figure 9. (Left) The RMs of the 3C 273 jet as functions of the jet position angle at the projected distance
of 9 mas from the core observed in 1997 (blue) and 2002 (orange), reported by Asada et al. [143],
and in 2009 reported by Lisakov et al. [146]. The two vertical dashed lines represent the average jet
position angle before (at −122◦) and after (at −142◦) the major jet swing occurred in 2003. The black
solid line denotes a linear fit to all data points. (Right) Illustration of the jet-sheath model developed
by Lisakov et al. [146] to explain the observed RM data. The jet illuminates different parts of the
sheath that is threaded by a helical magnetic field in different epochs, resulting in the change in the
transverse RM gradients. ©AAS. Reproduced with permission.

4. New Developments & Future Prospects

Recent developments have been made in the algorithms for instrumental polarization
calibration as well as linear polarization imaging for VLBI data. Specifically, these develop-
ments were made for the purpose of directly imaging supermassive black holes in M87 and
Sagittarius A* with EHT observations. Nevertheless, they will also be useful for studies of
linear polarization of AGN jets by using cm-VLBI observations. We briefly describe them
here and discuss their implications for future research.

Instrumental polarization signals are present in all realistic VLBI data because the
antenna polarization is not perfectly circular or linear (e.g., [147]). These signals can
cause an unpolarized source to appear polarized and are usually of the same order as
the intrinsic polarization signals of the source. The LPCAL task [148] implemented in
the astronomical image processing system (AIPS; [149]) has long been widely used to
calibrate the instrumental polarization of VLBI data. LPCAL has been successful in a great
deal of studies, but it has three main limitations. The first is that it assumes that linear
polarization and total intensity structures of calibrators are similar, the so-called “similarity
approximation,” which does not stand up in all cases, especially at high frequencies. It
also does not permit us to obtain instrumental polarization solutions based on data from
multiple calibrators, despite the fact that instrumental polarization is generally expected to
be the same for all sources. In addition, it is based on linearized instrumental polarization
models, which are violated when the level of instrumental polarization becomes moderate
or high.

In order to overcome these limitations, GPCAL [150] and PolSolve [151], which is
an extension of LPCAL, have been developed. These pipelines utilize the instrumental
polarization model with second-order terms included. By iterating CLEAN for Stokes Q
and U data and solving for instrumental polarization models using the CLEAN models,
they take into account the complexity of polarization structures of calibrators. Furthermore,
data from multiple calibrators can be used simultaneously to improve the accuracy of
calibration. GPCAL is based on AIPS and Difmap and utilizes ParselTongue, a Python
interface to AIPS, whereas PolSolve is based on NRAO’s common astronomy software
applications (CASA).

The eht-imaging software library [152,153] implements an imaging algorithm for
VLBI data based on the regularized maximum likelihood (RML) method. In addition, it is
capable of performing polarimetric image reconstruction by using RML and instrumental
polarization calibration on an iterative basis. In addition, there are two methods based on
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Markov chain Monte Carlo (MCMC) schemes: D-term modeling code (DMC; [154]) and
THEMIS [155]. The methods explore simultaneously the posterior space of the full Stokes
image, the complex gains, and instrumental polarization for all stations. All of these five
methods have been applied to the first linear polarization imaging of the M87 black hole
and have yielded consistent results [30].

In Figure 10, we present the linear polarization image of the M87 jet obtained with
the VLBA at 43 GHz in order to demonstrate the importance of improved instrumental
polarization calibration by using the newly developed algorithms. This image is an average
of four images obtained with instrumental polarization calibration by using GPCAL between
2007 and 2018 [156]. In the image, a compact linear polarization structure is visible near
the total intensity core. The same dataset has, however, been analyzed in previous studies,
from which more complex linear polarization structures have been derived in the core
region [86,157]. These studies used the calibrator 3C 279 for instrumental polarization
calibration by applying LPCAL. Park et al. performed the tests by using synthetic data and
closure traces (closure traces are quantities that are insensitive to both antenna gain and
polarization leakage corruptions [158]) and demonstrated that the similarity approximation
used in LPCAL did not hold up well for 3C 279 because its polarization structure is complex,
resulting in artifacts in linear polarization images previously presented.

Figure 10. An average image of the linear polarization images of the M87 jet observed with the
VLBA at 43 GHz in four epochs in 2007 and 2018 [156]. The colors show the total intensity emission
distribution and the ticks represent the EVPAs with the colors scaling with linear polarization intensity.
©AAS. Reproduced with permission.

5. Circular Polarization

Thus far, we have discussed the results of linear polarization studies of AGN jets.
The circular polarization (CP) of AGN jets has received relatively little attention because
they usually exhibit very low levels of CP. In this section, we briefly introduce some of the
CP studies.

Circular polarization in AGN jets are believed to be produced by two main mech-
anisms. A small amount of CP can be produced by synchrotron emission. In this case,
the observed CP may be used to probe the magnetic field structure of the source. It is
also possible for CP to occur as a result of propagation effects through Faraday conver-
sion. In the case of electromagnetic waves propagating a medium with a magnetic field
component perpendicular to the propagation direction, plasma electrons accelerated by
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the electric field component parallel to the field oscillate freely, whereas those accelerated
by the orthogonal component experience Lorentz force. There is a delay in the parallel
component with respect to the orthogonal component, which is manifested as a CP. In this
case, CP observations can be used to investigate low-energy relativistic particles in plasma.
Jones [159] suggested that the latter mechanism should be more efficient at producing CP
than the former.

The first reliable observations of circular polarization were made by Gilbert & Con-
way [160], who found a fractional circular polarization level of mC ∼ 0.2% for CTA 102 and
2203–18 at 49 cm. Weiler & de Pater [161] as well as Komesaroff et al. [162] obtained a large
number of integrated CP observations of AGNs, finding typical levels of mC . 0.1%.

It was not possible to detect reliable resolved CP in AGN jets until Homan and Wardle
introduced calibration and imaging techniques that could disentangle source-intrinsic CP
signals from instrumental signals. These techniques estimate the ratio of antenna gains
between right- and left-hand circular polarizations (R/L) using many sources observed
in the same run. They could derive the R/L gain ratio as a function of time by assuming
that the sources have low CP levels and no preferred CP signs. Observing a sufficient
number of sources over a long period of time is essential for the success of this method.
A series of studies conducted by this group detected CP at a level of mC ∼ 0.5% between
5 and 22 GHz and up to ∼ 3% in 3C 84. According to these studies, there is no apparent
correlation between linear and circular polarizations, and in the majority of the sources,
the CP sign tends to remain stable over time. Although they were unable to distinguish
between the dominant mechanism generating the CP, the remarkable consistency of the CP
sign suggested a stable unidirectional magnetic field over very long periods of time.

It was discovered by O’Sullivan that there was an anti-correlation between the linear
and circular polarizations in PKS 2126–158 for the first time. This behavior is expected if
Faraday conversion of linear to circular polarization occurs, and this result demonstrates
that Faraday conversion may be in action in AGN jets.

6. Conclusions

This review summarizes recent progress in polarimetric observations of AGN jets
using VLBI. Our discussion focused on blazars, nearby AGN jets, and recent developments
in VLBI polarization calibration and imaging techniques. Below is a brief summary of
each topic.

• Blazars. It seems clear we have advanced a lot in the understanding of the polarization
emission in blazars, and the connection between the properties between optical and
radio polarization. Although it was clear that various radiative transfer mechanisms,
such as Faraday effects, would affect the multi-band polarization observation, the
understanding of their extent and characteristics has significantly improved in the
recent years.
The works by Gabuzda et al. [43,44] and Algaba et al. [46,47] aiming to resolve the
location and characteristics of the specific radio polarized regions have been enhanced
and complemented by more detailed analysis such as the analysis by Park et al. [49],
who considered (i) higher frequencies, (ii) explicit RM dependence with frequency,
and (iii) a saturation point where the optical depth transitions into optically thin, and
RM does not increase any more. Once these aspects are considered, the connection
between optical and radio emission are better understood.
On the other hand, the origins of the emission are now also better understood to
be ascribed to a shock or magnetic reconnection phenomenology. The multi-band
study of the time evolution of polarization together with follow-up of the VLBI
structural changes has provided not only understanding of the intrinsic jet polarization
properties, but also of the jet dynamics and evolution.

• Nearby AGN jets. Due to its proximity and very massive black hole, M87 enables
detailed polarimetric studies of the supermassive black hole and its jet. In multifre-
quency VLBA observations, RM magnitudes were found to decrease with increasing
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distance from the black hole within the Bondi radius [81]. An analytic black hole
accretion flow model was applied to the RM data, from which the pressure profile
of the medium surrounding the jet was determined. The result is in good agreement
with the current understanding that the M87 jet is systematically collimated by the
pressure of winds, which have actually been reproduced in recent GRMHD simula-
tions [63,102]. Recent observations with the EHT have revealed a linear polarization
image of the M87 black hole [30]. The observed EVPA of the ring follows an azimuthal
pattern. After comparing the results with GRMHD models, it was concluded that M87
is in a MAD state, in which there is a strong poloidal magnetic field in the vicinity of
the black hole [107]. Combined with a spinning black hole, this magnetic field can
produce powerful jets, as seen in M87.
The nearby radio galaxy 3C 84 demonstrates many interesting features, including
restarted jet activity, a strong collision between the jet and a compact dense cloud,
and so on. The pc-scale jet of this source has been known for its very weak linear
polarization. However, recent VLBI observations made at 43 and 86 GHz have detected
significant patches of linear polarization in the jet right downstream the core [132].
By using these results, combined with ALMA-only linear polarization measurements
at 98, 233, and 344 GHz, a large RM of ∼2 × 105 rad m−2 was derived. The RM,
depolarization, and RM variability may be explained by Faraday rotation occurring in
a boundary layer of a transversely stratified jet [132]. The results of this study suggest
that future observations of polarization at mm wavelengths can provide valuable
information on the magnetic field structure and the RM distribution in nearby AGNs,
because shorter wavelengths are expected to produce less depolarization.
The nearby flat spectrum radio quasar 3C 273 hosts a powerful jet extending to kpc-
scales. Due to the rich linear polarization structure of the jet and its large width on pc
scales, VLBA observations in 1997 and 2002 revealed that the jet exhibits a significant
transverse gradient in RMs [142,143]. This result indicates that a helical or toroidal
magnetic field is wrapping around the jet. Further observations of linear polarization
with the VLBA provided even more interesting results. Lisakov et al. [146] found that
transverse RM gradients were also observed in the jet based on VLBA observations in
2009. As a result of the swing in jet direction in 2003, the jet position angles between
1997/2002 and 2009 were significantly different. In contrast, the RMs at the same
jet distance in the different epochs are smoothly interconnected. It appears that the
Faraday screen is wider than the narrow relativistic jet observed at one epoch, and
that the jet illuminates different parts of the screen in different epochs. Based on this
result, the jet-sheath model with a sheath threaded by a helical magnetic field serving
as the Faraday screen was derived.

• Recent Developments in VLBI polarimetry. A number of novel algorithms for in-
strumental polarization calibration and polarimetric imaging have been developed
recently, including GPCAL [150], PolSolve [151], eht-imaging [152,153], DMC [154],
and THEMIS [155]. These softwares and pipelines overcome some of the limitations of
the existing software, LPCAL, which has been widely used for instrument polarization
calibration for VLBI data for decades. They have been applied to the first polarimetric
imaging of the M87 black hole conducted with the EHT and have been demonstrated
to be effective [30]. In the region of jet launching and acceleration/collimation, AGN
jets are typically weakly polarized, presumably as a result of turbulent accretion
flows surrounding them. Therefore, these advanced software tools will be useful
for studying the magnetic field structure of AGN jets with future polarimetric VLBI
observations. In a recent study, it was demonstrated that the high calibration accu-
racy provided by GPCAL can significantly improve a linear polarization view of the
sub-parsec core of the M87 [156].

• Circular Polarization Circular polarization in AGN jets is believed to be produced
by either synchrotron emission or Faraday conversion. The resulting CP is typically
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of the order of mC . 0.5% and is challenging to detect reliably. Nevertheless, a few
studies, using dedicated calibration techniques, found that the CP sign is generally
stable over time for several sources. This suggests that the magnetic fields responsible
for the observed CP may also be stable. Some studies have attempted to model the
observed CP signs in several AGN jets by assuming a helical magnetic field in the
jets as well as linear polarization vectors and transverse RM gradients. Moreover, an
anti-correlation between the fractional linear and circular polarization was discovered
in PKS 2126–158, indicating that Faraday conversion may be in action in this source.
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