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Abstract: X-ray polarization, which now can be measured by the Imaging X-ray Polarimetry Explorer
(IXPE), is a new probe of jets in the supermassive black hole systems of active galactic nuclei (AGNSs).
Here, we summarize IXPE observations of radio-loud AGNs that have been published thus far.
Blazars with synchrotron spectral energy distributions (SEDs) that peak at X-ray energies are routinely
detected. The degree of X-ray polarization is considerably higher than at longer wavelengths. This
is readily explained by energy stratification of the emission regions when electrons lose energy via
radiation as they propagate away from the sites of particle acceleration as predicted in shock models.
However, the 2-8 keV polarization electric vector is not always aligned with the jet direction as
one would expect unless the shock is oblique. Magnetic reconnection may provide an alternative
explanation. The rotation of the polarization vector in Mrk421 suggests the presence of a helical
magnetic field in the jet. In blazars with lower-frequency peaks and the radio galaxy Centaurus A,
the non-detection of X-ray polarization by IXPE constrains the X-ray emission mechanism.

Keywords: X-ray polarization; high-energy processes; astrophysical jets; black holes

1. Introduction

While all radio-loud active galactic nuclei (RLAGNSs) exhibit luminous X-ray emission,
there are multiple processes by which the X-rays might be produced. These include
Compton scattering by hot electrons in the “corona” of the accretion disk near the central
black hole [1], synchrotron radiation by high-energy electrons in a relativistic jet, Compton
scattering of the synchrotron photons by the same electrons (synchrotron self-Compton,
S5C; [2]), Compton scattering of photons from outside the jet by electrons in the jet (external
Compton, EC [3]), proton synchrotron radiation, and synchrotron or Compton emission
by particles produced by collisions of hadrons in the jet with photons [4]. The spectral
energy distribution (SED; see Figure 1) provides one way of determining the dominant
process in a given RLAGN: if the optical-uv portion of the SED can be smoothly connected
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with the X-ray portion across the far-uv gap in observational data, synchrotron radiation
by the highest-energy electrons is a prime candidate for the X-ray emission process. If the
extension of the optical-uv SED falls below the X-ray flux, and the X-ray spectrum is flatter
than at optical frequencies, Compton scattering or emission from relativistic protons could
be dominant.

A second test of X-ray emission models became available starting in early 2022 when
the orbiting Imaging X-ray Polarimetry Explorer (IXPE; [5]) began science operations. This
takes advantage of different processes producing distinct polarization properties. IXPE is
sensitive enough to measure the linear polarization of some X-ray bright RLAGNs. Thus
far, it has detected polarization above the 99% significance level (MDP99; [6]) in half a
dozen BL Lacertae objects (see Table 1), all of whose SEDs exhibit a peak at X-ray energies
(with a second peak at GeV ~y-ray energies), termed “high-synchrotron-peaked” (HSP; [7])
blazars (see Figure 1). In these blazars, the emission of the lower-frequency portion of the
SED has the properties of incoherent synchrotron radiation, with the X-rays being emitted
by the highest-energy electrons produced in the relativistic jet. The polarization electric
vector position angle (EVPA) in optically thin synchrotron radiation is perpendicular to the
direction of the magnetic field of the emitting plasma as projected on the sky (after correction
for relativistic aberration; [8]). The degree of polarization relative to the maximum value
of 70-75% is a probe of the level of order of the magnetic field, with lower polarization
corresponding to greater disorder [9].

Since the X-ray emission of HSP blazars is produced by the highest-energy electrons,
which do not maintain their energy—and therefore ability to produce X-rays—after they
leave the site where they were accelerated, the X-ray polarization probes the magnetic field
geometry associated with the most efficient particle acceleration in the jet. One can therefore
use measurements of the X-ray polarization, supplemented with contemporaneous multi-
wavelength data, to infer the electron acceleration mechanism in blazar jets. Particle
acceleration via shocks or magnetic reconnection is expected to be sufficiently efficient to
cause the high-luminosity outbursts observed in blazars. In the former case, the magnetic
field is partially ordered by the shock, leading to a high degree of polarization with the
electric vector aligned with the jet axis (except for oblique shocks). Magnetic reconnection,
on the other hand, can result in a polarization angle that depends on the orientation of the
reconnection layer, which is unrelated to the jet direction except in special cases [10,11].

Another interesting question is the location of the emission region relative to the
site where particle acceleration takes place. In the commonly invoked single-zone model,
all of the emission originates in a single region with a uniform magnetic field. In this
case, one expects a similar polarization degree and angle across frequencies. In a scenario
characterized by multiple turbulent cells crossing a shock front [12], the mean degree of
polarization, and its level of variability, should increase toward higher energies. This is
caused by the number of emission zones with high enough electron energies to radiate
above the synchrotron SED peak decreasing with frequency, thereby reducing the amount
of incoherent averaging of the polarization vectors, e.g., [12,13]. The emission can also
become energy-stratified as the electrons lose energy, owing to radiative cooling as they
propagate downstream from the acceleration site [14]. In the energy-stratified model, we
expect a much higher mean polarization toward higher frequencies [15,16].

The dominant X-ray emission process of “low-synchrotron-peaked” (LSP) blazars,
whose SEDs peak below 10'* Hz, is less well established. A leading candidate is SSC or
EC scattering, with low or essentially zero polarization expected [13,17,18]. If relativistic
protons dominate the emission, the polarization degree is expected to be comparable to
either the millimeter-radio or optical value, depending on whether the proton distribution
is extended [19] or localized [20], respectively.

In what follows, we review the results of IXPE plus multi-wavelength observations
that were published before 2024 July. This includes 16 IXPE observations of six HSP blazars,
as well as more limited observations of LSP and ISP blazars and the radio galaxy Centaurus
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A. The latter are mostly upper limits, which in some cases place meaningful constraints on
the X-ray emission process.
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Figure 1. Sketch of the spectral energy distribution of a blazar for three different values of the peak
frequency of the synchrotron emission.

Table 1. Contemporaneous X-ray and optical polarization of HSP blazars.

Obiect (Date) X-ray Optical R-Band 2 Jet PA(°)
ject (Date Ix(%)  ¥x(°) Io(%)  o(°) at43 GHz "

1ES0229 + 200 © (23 January 2023) 18+3 25+5° 24+07% 2+£8° 163+ 8

Mrk421 (5 May 2022) 15+2% 35+4 29+£05 32+£5 —29+18
Mrk421 (5 June 2022) 10+1 Rotation 44+04 —40=L6 —29+18
Mrk421 (8 June 2022) 10+1 Rotation 54+04 -35=£1 —29+18
Mrk421 (17 December 2022) 14+1 -73+£3 46+13 26+9 —29+18
PG1553 + 113 (2 February 2023) 10+2 86=£8 42+0.5 Rotation 50£10

Mrk501 (7 March 2022) 98+£17 136+5 6.6+04 110L£5 120 £12
Mrk501 (27 March 2022) 103+14 115+4 47+03 120+3 120 £12
Mrk501 (9 July 2022) 69+18 134+8 27+£05 109+5 120 +12
Mrk501 (12 February 2023) 90£24 110+8 6.6+£09 150+4 120 £12
Mrk501 (19 March 2023) 6.0+21 10711 6.1+07 125+3 120 £12
Mrk501 (16 April 2023) 185£22 103+3 59+15 108+6 120 +12
1ES1959 + 650 (3 May 2022) 80+23 123+8 45+02 159+1 120-150
1ES1959 + 650 (10 June 2022) <514 — 47+06 151+£19 120-150
1ES2155—304 (30 October 2023) 31£2 12942 43+0.7 116+£8 135+ 45
1ES2155—304 (4 November 2023) 15+2 125+4 38+09 116+£8 135+ 45

Dates correspond to the middle of IXPE exposures. The values listed are compiled from 1ES0229 + 200 [21];
Mrk421 [22-24]; PG1553+113 [25]; Mrk501 [26-28]; 1ES1959 + 650 [29]; 1ES2155—304 [30]. * Median polarization
properties during the IXPE observation. Optical degree of polarization is corrected for dilution by unpolarized
starlight from the host galaxy. ® Determined from VLBA images [31-33]; www.bu.edu/blazars/BEAM-ME.html
(accessed on 1 June 2024). < While 1ES0229 + 200 is often considered to be an “extreme” HSP, its multi-wavelength
polarization properties are similar to other HSPs. ¢ When the 200 ks IXPE exposure is divided into four equal
time bins, the third time bin yields a significant detection of ITx = 7.5 42.3%, px = 127 +9° [29].
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2. Observational Results and Theoretical Interpretations
2.1. HSP Blazars

As listed in Table 1, IXPE has detected polarization in all six of the HSPs that it
has observed. The degree of polarization I1x ranges from below 5.1% to 31 £ 2% (in
1ES2155—304).

In two of the blazars, the X-ray EVPA ¢y is closely aligned with the jet direction
(PA): 120° (median value of ¢x) vs. 120 + 12° PA in Mrk501, and 127° (median value)
vs. 135 £ 30° PA in 1ES2155—304 [30]. The relation between 1x and PA in the other four
blazars is less clear. In 1ES1959 + 650 in 2022 May, x = 123 & 8° (with a similar value
obtained in a single 50 ks time bin in 2022 June; see Table 1), which is essentially the same
as the jet direction of 128 £ 13° measured several years earlier [33] and 2 years later (See
www.bu.edu/blazars/VLBA_GLAST/1959.html, accessed on 1 June 2024). The jets of
many HSP blazars are broad (tens of degrees [33,34]), and PA is variable in some, such
as PG1553 + 113 [32] and 1ES1959 + 650. Further contemporaneous IXPE and VLBA
observations of a number of HSP blazars are needed to determine how closely related ¢x
is to the jet direction.

The multiple IXPE measurements of Mrk421, Mrk501, 1ES1959 + 650, and 1ES2155—304
reveal significant variability in their X-ray polarization, superseding reports of nearly con-
stant IIx based on early IXPE observations [26]. The degree of polarization of Mrk501
ranges from 6% to 18%, while ¢x fluctuates by £17° in the jet direction. This is similar to
the long-term behavior of the optical polarization [35]. In 1ES1959 + 650, I1x varies from
<5.1% to 12.4%, similar to, although somewhat stronger than, typical fluctuations in the op-
tical polarization (See www.bu.edu/blazars/VLBA_GLAST/1959.html, accessed on 1 June
2024) . Between the first and second halves of a ~10-day exposure of 1ES2155—304, IXPE
measures [Ty to decline from 31% to 15%, while x remains steady within the uncertainties.

The degree of X-ray polarization in Mrk421, the brightest blazar at X-ray energies
most of the time, varies more modestly, between 10% and 15%, but with quite dramatic
variations of 1Px, with no apparent relation to the jet direction. In June 2022 1 rotated at a
constant (to within the uncertainties) rate by ~380°, while IIx remained at 10 &= 1% [23].
Such rotations, which have been observed previously in blazars at optical wavelengths (e.g.,
Yo rotated by 125°, while x remained stable in PG1553 + 113; [25]), can be interpreted
as the result of the motion of the emitting plasma (e.g., a shock or plasmoid) through a
helical magnetic field, with the line of sight lying within the cone of the helix [23,36-38].
The helical field could reside in a “spine” of the jet, while longer-wavelength emission is
mainly produced in a surrounding “sheath” [23]. EVPA rotations also could correspond to
stochastic variations caused by turbulence [12,39]. However, statistics indicate that at least
some of the observed rotations are non-stochastic [38]. If, as expected, the X-ray emission in
HSP blazars arises from the most upstream sections of the jet, observations of 1x rotations
can potentially probe the processes by which the jet is accelerated and collimated, as well
as the particle acceleration mechanism.

The ratio (ITx/I1p) of the six HSP blazars (averaged over time for each object) ranges
from 1.7 to 7.5. This implies that the emission regions are, at most, partially co-spatial,
with the magnetic field of the optically emitting region being more disordered than that
of the X-ray zone. A simple model divides the source into N turbulent cells, each with
a uniform magnetic field of random orientation [9,12,39]. The degree of polarization
[1~75N~1/2%; hence, the expected ratio is (ITx/ITp)~(Np/Nx)'/2. Under this model,
the observed values of the ratio correspond to ~3 to 60 times as many cells emitting at
optical wavelengths as the number that emit at X-ray energies.

Frequency stratification of the emission region naturally results from the higher en-
ergies of electrons needed for X-ray versus optical synchrotron radiation. X-ray emission
must occur very close to the site of particle acceleration, beyond which the electrons lose
energy, while the optical emission continues over a larger volume. One way by which such
energy stratification can occur is in a shock, where electrons are accelerated at the front,
then advect away from the front [14] as sketched in Figure 2. The magnetic field should
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be predominantly parallel to the shock front [16], and therefore perpendicular to the jet
axis (unless the shock is oblique [40,41]). This ordering of the field should diminish as the
plasma propagates downstream from the shock front, causing the polarization to decrease
in the larger optically emitting region [16]. If the plasma is turbulent prior to crossing the
shock, the EVPA could fluctuate erratically about the direction of the jet [12]. It is also
possible for the X-rays to be emitted in a “spine” of the jet, close to the axis, while the optical
to radio emission is mainly from a slower surrounding “sheath” [42]. For the majority
of the HSPs in Table 1, however, the optical polarization is roughly aligned with the jet
direction, whereas high-frequency radio images show that it tends to be perpendicular to
that direction (e.g., [43—45]).

— Optical

_______ Shock Front

™~~~ / -
\ /\\ // / B field vectors

\ before compression

\ . byshock
~— > Shock front
/ — motion relative

/\ / L\ Z /lt to ambient jet
NS

Increased level of Same B field
turbulence farther vectors after
from shock being shocked

Figure 2. Sketch (not drawn to scale) of the structure of the magnetic field lines and frequency
structure of turbulent plasma flowing across a shock front. The shock could be either stationary or
moving down the jet.

Magnetic reconnection, e.g., [46] could also provide frequency stratification if particles
are accelerated in localized sites and then lose energy as they stream away from those
sites. If the reconnection occurs in a turbulent region, the EVPA would then be essentially
random. Alternatively, if the opposing magnetic fields involved in reconnection correspond
to reversals in the direction of a helical field permeating the jet, the EVPA could be parallel
to the jet axis [16]. Further simulations of magnetic reconnection in relativistic jets are
needed to determine whether the process naturally produces the frequency stratification
that observations mandate.

The polarization properties of Mrk501 and 1ES2155-304 match the expectations of
the shock model, with turbulence needed in Mrk501 to account for the fluctuations in
EVPA in the jet direction. However, the wide difference in the two measurements 1px of
Mrk421 when no EVPA rotation is observed corresponds better to magnetic reconnection
in a turbulent plasma.

2.2. LSP and ISP Blazars

Among the non-HSP blazars observed by IXPE, which include the LSP-ISP BL Lac-
ertae and ISP S5 0716+714, as well as the LSPs 3C 273, 3C 279, and 3C 454.3, only up-



Galaxies 2024, 12, 50

6 of 10

per limits to the 2-8 keV polarization were obtained [47-49]. However, at one epoch,
significant polarization (Ilx = 21.7f;:8%) was detected from BL Lac when constricting
the energy range to 2—4 keV [48]. The optical polarization at that time was significantly
lower, Ilp = 13.1 &= 2.4%, while both the X-ray and optical EVPAs were ~40° from the jet
axis. This conforms with the energy dependence of the polarization expected for an ISP,
whose softer X-ray emission arises from synchrotron radiation, while the harder emission
is from Compton scattering.

The X-ray upper limits, which range from 9% to 30%, eliminate models in which very
high X-ray polarization is expected. These include proton synchrotron radiation and pair
cascades following hadron—photon collisions [13]. Compton scattering remains a viable
candidate for the X-ray emission mechanism.

2.3. Radio Galaxy Centaurus A

Centaurus A is the only radio galaxy observed by IXPE thus far, with the result being
an upper limit of ITx < 6.5% [50]. This is consistent with Compton scattering as the origin
of the X-ray emission in the compact (sub-kiloparsec) regions of the jet. An analysis of the
radio to X-ray polarized SED found that the data are consistent with frequency-stratified
SSC, with the magnetic field transverse to the jet in the upstream regions (which can be
associated with sites of particle acceleration) and parallel to the jet downstream as predicted
in the shock model of [16].

3. Discussion

The strong X-ray polarization measured in the HSP blazars confirms the impression
one obtains from the SED: the X-rays are produced by synchrotron radiation from the
relativistic jet. Electrons radiating at such high frequencies must have very high energies,
210 GeV, which requires efficient particle acceleration. The higher degree of X-ray versus
optical polarization implies that the lower-frequency emission arises mostly from regions
that are farther from the site of acceleration. This occurs naturally in shock models [14]
but might also result from magnetic reconnection [46]. In either case, the plasma appears
to be turbulent to account for time variations of the EVPA and its deviations from the jet
direction [12,16]. Further polarization measurements of the same objects are needed to
define the variability properties, and the continued development of models is required
to generate firmer predictions of the polarization behavior. Contemporaneous very long
baseline interferometry at millimeter wavelengths should be performed to determine
the jet direction, which can change quite dramatically on time scales of months to years
(e.g., [32,33,51,52]).

The X-ray EVPA rotation observed in Mrk421 [23] implies that some of the X-ray
emission is produced by plasma propagating down regions of the jet where the magnetic
field is helical. This is expected in the zone where the jet is accelerated to higher bulk Lorentz
factors and collimated into a very narrow cone [53]. Observing such events for a longer
time, as well as in different blazars, should allow a probe of this poorly explored region.

For the LSP blazars and radio galaxies, the current observations are consistent with
Compton scattering as the origin of the X-ray emission. Actual detections, rather than
upper limits, could confirm whether this is the case. For synchrotron self-Compton (SSC)
radiation [2], the X-ray polarization should be ~30-40% of the millimeter-wave and sub-
millimeter-wave values [17], with similar EVPAs. The mean short-millimeter-wave linear
polarization of all blazars in the POLAMI program is below 10% [54,55]; hence, the SSC
model predicts ITx < 4%. If the seed photons are nearly unpolarized as expected for
thermal sources, ITx~0 is expected [17]. Thus far, we have been limited by the relatively
low X-ray flux of LSPs during the IXPE observations. The majority of LSP observations by
IXPE have yielded upper limits of <14% or more [49]. Future observations of flaring LSPs
can potentially decrease the upper limits. The detection of weak X-ray polarization during
a very bright X-ray flare could differentiate between different Compton scattering models.
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4. Conclusions

Measurements of X-ray polarization made possible by IXPE provide new information
on the X-ray emission process and particle acceleration in the relativistic jets of RLAGNS.
The results thus far confirm that the emission regions are energy-stratified. The observed
properties of some HSP blazars match the predictions of models incorporating both shocks
and turbulence. In others, the EVPAs appear not to agree with the basic shock scenario,
leaving room for magnetic reconnection to be the driving force behind particle acceleration
in those blazars. For LSP blazars and the radio galaxy Cen A, the upper limits to the degree
of polarization are in accord with the X-ray emission from Compton scattering, but the
detection of weak polarization in some of these objects, possibly during states of high X-ray
flux (otherwise, long integration times risk the vector cancellation of the polarization if the
EVPA varies [56]), would provide more definitive tests.

IXPE and multi-wavelength observations have therefore improved our knowledge
of the physical processes operating in relativistic jets. Additional observations to explore
further the temporal behavior of the X-ray and multi-wavelength emission of RLAGNs
should continue to prove enlightening.
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