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Abstract: Blazars whose synchrotron spectral energy distribution (SED) peaks at X-ray energies
need to accelerate electrons to energies in the >100 GeV range in relativistic plasma jets at distances
of parsecs from the central engine. Compton scattering by the same electrons can explain high
luminosities at very high photon energies (>100 GeV) from the same objects. Turbulence combined
with a standing conical shock can accomplish this. Such a scenario can also qualitatively explain the
level and variability of linear polarization observed at optical frequencies in these objects. Multi-
wavelength polarization measurements, including those at X-ray energies by the Imaging X-ray
Polarimetry Explorer (IXPE), find that the degree of polarization is several times higher at X-ray than
at optical wavelengths, in general agreement with the turbulence-plus-shock picture. Some detailed
properties of the observed polarization can be naturally explained by this scenario, while others pose
challenges that may require modifications to the model.
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1. Introduction

Blazars are active galactic nuclei whose emission across the electromagnetic spectrum
is almost completely dominated by nonthermal radiation from high-energy plasma flowing
in a jet that is propelled toward the line of sight at near-light speeds. The radiation results
from ultra-high-energy particles interacting with magnetic fields and photons, and is highly
beamed toward us owing to the bulk relativistic flow velocity of the plasma. This radiation
is linearly polarized at levels ranging from nearly zero to tens of percent at millimeter
to optical wavelengths. Both the degree P and electric-vector position angle x of linear
polarization (LP) are highly variable, although in some blazars the latter fluctuates about
the jet direction [1,2]. This behavior has led to the proposal [3] that the plasma contains
both turbulent and ordered components, with the latter corresponding, for example, to a
helical magnetic field [4,5] or compression by a shock [6].

The spectral energy distribution (SED; see Figure 1 for a sketch) of a blazar consists of
two major nonthermal components, one of which peaks at infrared to X-ray frequencies and
is usually ascribed to synchrotron radiation. The luminosity of the other component reaches
a maximum in the y-ray range, resulting from processes that may be object-dependent.
Here, we adopt the working hypothesis that Compton scattering by relativistic electrons in
the jet is the dominant mechanism for the high-energy component of the SED. In blazars
whose synchrotron component peaks at X-ray frequencies, termed “high synchrotron-peak”
(HSP) sources, the high-energy SED component peaks at very high y-ray energies (VHE,
>0.1 TeV). This requires efficient acceleration of electrons up to the VHE range.

In this work, we relate particle acceleration to the linear polarization properties in
HSP blazars. We then adopt a model for blazar jets that includes shocks and turbulence.
We present multi-wavelength polarization data that provide tests of theoretical scenarios
for how the radiating particles—electrons in the model—attain energies up to TeV levels.
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Figure 1. Sketch of the spectral energy distribution of a blazar. There are two peaks, one at low
(infrared for low-synchrotron-peak blazars to X-ray for HSP BL Lac objects, the latter of which is
shown here) and another at high (y-ray) photon energies.

2. Particle Acceleration Mechanisms in Blazars

Figure 2 sketches the model of a blazar jet that we adopt to interpret multi-wavelength
observations of blazars. The inner jet region is threaded by a helical magnetic field that
propagates down the jet along with the plasma [7]. The magnetic energy is converted to
kinetic energy of the plasma in this region until equipartition is reached between the two.
Beyond this point, the plasma becomes turbulent [3]. The jet over-expands such that its
pressure becomes less than that of the external medium, which causes a conical recollima-
tion shock to form [8]. (Others can form farther downstream as well [9].) We associate
this standing shock with the “core,” the compact, intense emission feature observed near
the upstream end of millimeter-wave very long baseline interferometry images of blazar
jets [10]. Surges in energy and/or higher velocities of the plasma injected into the base of
the jet create moving shocks that are observed as bright knots with superluminal apparent
velocities [11].

The process(es) by which electrons in the jet attain energies at VHE levels are highly
debated. Diffusive shock acceleration, in which particles can cross the shock front many
times, tends to be very efficient in non-relativistic shocks, such as those in supernova
remnants [12]. The process is less effective at producing VHE particles if the plasma is
magnetically dominated (as is likely the case in the most upstream regions of the jet),
since this condition only allows weak shocks to form [13]. In addition, if the shocks are
highly relativistic, electrons advect away from the shock before being able to cross the front
multiple times, and hence only gain a modest boost in energy [13]. The latter problem is less
severe if the shocks are oblique to the jet flow, as is the case for standing (“recollimation”)
shocks [14]. It can also be mitigated if the magnetic field is nearly parallel to the shock
normal in the rest frame of the plasma that is crossing the shock front [14]. Magnetic
reconnection, which occurs when two regions of plasma with oppositely directed magnetic
fields come into contact, is another mechanism capable of accelerating electrons to the VHE
range, e.g., [15]. It is most efficient in magnetically dominated plasmas. Turbulent magnetic
fields can also energize electrons through second-order Fermi acceleration [16]. Magnetic
fields that are sheared by cross-jet velocity gradients can also accelerate particles [17]. All
of the above mechanisms are likely to operate in the relativistic jets of blazars at some
level. A major question, however, is whether individual particle acceleration processes,
or a combination of processes, are responsible for the most extreme behavior observed.
Such behavior includes strong VHE emission, major flares, intra-day variability, and high,
variable linear polarization.
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Figure 2. Sketch of the blazar model considered here. The linear scale is logarithmic (in units of the
gravitational radius Rg) in order to fit all features into a single frame. The central engine on the left
consists of a super-massive black hole surrounded in the equatorial region by an accretion disk whose
temperature decreases outward, beyond which there is a hot (~1200-1500 K), dusty molecular torus.
Other features are marked. The thin blue regions next to the shock fronts represent the location of
X-ray synchrotron emission, while the adjacent red regions correspond to lower-frequency (optical-IR)
emission. The irregularities in the X-ray (blue) regions signify that only some turbulent cells have
electrons of sufficiently high energies to emit synchrotron radiation at X-ray frequencies.

Polarization observations have the potential to discern among the different particle
acceleration scenarios. Shocks partially align the magnetic field parallel to the shock front
(transverse to the shock normal), leading to polarization along the jet direction, unless
the shock is oblique to the jet. (A conical shock, however, still causes the polarization
electric vector to align with the jet for most viewing directions [18,19].) Particle acceleration
by sheared magnetic fields should be distinguished by polarization electric vectors that
are oriented perpendicular to the jet. Turbulence—which can accelerate particles through
both multiple, relatively minor magnetic-reconnection events and the second-order Fermi
mechanism—is characterized by low polarization (mean <10%), with highly variable
degree (standard deviation ~50% of the mean value) and position angle. Prominent
flares caused by either major magnetic reconnection events or turbulence tend to cause
rotations of the polarization electric vector, which should usually be smoother in the
reconnection case [3,20-22]. In addition, the mean optical and X-ray degree of polarization
from reconnection should be similar [20,21]. A smooth rotation can also occur as an
emission feature travels along a helical magnetic field (which propagates down the jet)
upstream of the turbulent zone [23,24]. Yet another phenomenon can occur in a blazar
jet: a kink instability that twists the jet flow, causing magnetic reconnections and quasi-
periodic oscillations in both the flux and polarization [25,26], as has been observed in BL
Lacertae [27].

3. Observations

The authors and their collaborators observe several HSP BL Lac objects as part of a
multi-waveband monitoring program of y-ray bright blazars. The observations include
optical flux and linear polarization measurements at Boston University’s Perkins Telescope
(operated by Lowell Observatory prior to 2018). The acquisition and analysis of the limited
optical data presented here is detailed in [2], which also displays multi-year y-ray, X-ray,
and optical light curves, as well as optical linear polarization vs. time—including some
inter- and intra-day variations—and 43 GHz images made with data from the Very Long
Baseline Array (VLBA). When calculating the flux density and degree of polarization, the
host galaxy starlight—which tends to be significant in HSP blazars—has been subtracted
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according to the prescription of [28]. Figure 3 presents flux and polarization vs. time plots
for the two prominent HSP blazars Mkn421 and Mkn501, updated from those displayed
in [2].
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Figure 3. Multi-wavelength light curves and optical linear polarization vs. time for the two HSP
blazars Mkn421 and Mkn501. R]D is the Julian date minus 2,450,000. The contribution of starlight
from the host galaxy has been subtracted. In the optical polarization panel (4th from the top), the
dashed line is the mean degree of polarization, while the dotted lines indicate +1 standard deviation
from the mean. Updated from [2].

Recently, X-ray linear polarization measurements have been made possible by the
Imaging X-ray Polarimetry Explorer (IXPE) mission [29]. IXPE detected polarization of
both Mkn421 [30] and Mkn501 [31] over the energy range of 2-8 keV in 2022. In the
case of Mkn501, Py = 10 & 2% and xx = 134° £ 5° during one 2-day measurement and
Py =11 £+ 2% and xx = 115° £ 4° during another 2-day pointing 18 days later. During the
same epochs, the optical polarization was P, =4 £ 1% and X, = 119° £9° and P, =5 £ 1%
and ¥, = 117° & 3°—similar in position angle but a factor of 2-3 times lower than the
X-ray degree of polarization. The IXPE measurements of Mkn421 give Py = 15 £ 2% and
Xx = 35° £ 4° over 2 days, when P, ranged from 1% to 3%, with x, between 21° and 57°.
For both blazars, the optical and X-ray position angles were therefore similar, while the
X-ray degree of polarization was many times higher than the optical value.

4. Turbulence Plus Shock Model

Visual inspection of the bottom two panels of Figure 3 reveals similarities in the degree
of optical polarization P, of Mkn421 and Mkn501: it is highly variable in both objects.
However, the temporal behavior of the electric-vector position angle x differs between
them. While x, in Mkn501 rarely deviates by more than 10° from the direction of the jet in
43 GHz VLBA images, 120° £ 12° (same as x = —60° [32]), it varies across the full range of
—90° to +90° in Mkn421, with only a modest “preference” for near-alignment with the jet
direction of —14° £ 14° [32]. The behavior of another prominent HSP blazar monitored by
the authors, 1ES 1959 + 650, is similar to that of Mkn501 (see website [33]).

The combination of the strong variability of the optical polarization and the modest
level of the degree of polarization—typically a few percent to ~20%, with only occasional
higher values—can be explained if the magnetic field in the blazar emission region is at
least partly disordered, as occurs in turbulent plasma. However, turbulence should result in
random polarization position angles, while in a large fraction of blazars (e.g., Mkn501; see
Figure 3, right) x,, varies about a “preferred” direction, which is usually roughly parallel to
the jet, as seen in millimeter-wave VLBA images [2]. The mean magnetic field direction is
therefore approximately perpendicular to the jet. As discussed in §2 above, this orientation
can occur in a few different ways: a moving or standing shock, which partially orders
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the field, or, equivalently, an ordered helical field component on which the turbulent field
is superposed. Magnetic reconnection would have a similar polarization direction if the
helical field injected at the base of the jet were to switch handedness (from clockwise to
counterclockwise or vice versa). Here, we consider the turbulence-plus-shock model, since
it is capable of explaining the combination of order and disorder displayed by the behavior
of the flux and polarization of blazars.

One of the primary radiative characteristics of shocks is frequency stratification [34].
The particles are accelerated in a thin layer at the shock front, then lose energy as they
advect away from the shock. Since the frequency at which a particle emits the most is
proportional to the energy squared, the highest frequencies can only be emitted very close
to the shock front. Lower-frequency radiation can extend to greater distances from the
shock front. This is illustrated for both the standing and moving shocks in Figure 2. The
entire shocked region can radiate at frequencies below some value v},, above which the
spectral slope steepens by an additive factor of 0.5.

The thickness x of the region beyond the shock front where substantial emission
occurs at frequency v depends on the radiative energy losses, which in turn depend on the
magnetic field B and energy density of ambient photons (which serve as seed photons for
Compton scattering) upp,, both measured in the rest frame of the emitting plasma:

NI—

x(v) ~ 4 x 1074(B2 + 8rupy)  [BS/mas(1+2)]2, (1)

where v;5 is the observed frequency in units of 10'> Hz, ¢ is the Doppler beaming factor,
and z is the redshift of the host galaxy [34].

Under the assumption, adopted here, that the high-energy portion of the SED cor-
responds to Compton scattered emission, one can relate upy, to B via the ratio of the
high-energy to low-energy vF, peaks:

(VE) ) pigh
(VFV>10W

Values of the magnetic field strength derived for the “core” and other very compact
regions in blazars are commonly in the range of 0.02 to 3 G (e.g., [34-36]). Ratios of the
SED peaks are typically 1-5 for HSP blazars and <1 to 1000 for low-synchrotron-peak (LSP)
blazars, with the higher values occurring during major flares [37]. For an HSP in an average
flux state, we adopt 6 = 20, B = 0.02 G, and an SED peak ratio = 1 to estimate x ~ 0.01 pc at
an X-ray energy of 4 keV and x, ~ 0.5 pc at the optical R band.

We propose a physical scenario similar to [3]. The jet, whose energy density is likely
to be magnetically dominated upstream of the “core” [7,38-43], becomes unstable (e.g., to
current-driven instabilities [44]) as the particle kinetic energy density reaches equipartition
with the magnetic energy density. This generates turbulence in the ambient jet, with many
magnetic reconnection events and second-order Fermi acceleration creating an ambient
plasma containing a substantial population of relativistic particles (see above). The particles
are further energized via diffusive shock acceleration when they encounter shock waves,
and the electrons thus accelerated generate the bulk of the synchrotron and Compton-
scattered emission observed from the blazar. The highest-energy, X-ray-emitting electrons
thus produced only maintain their energies over a narrow region whose thickness is
given by Equation (1). Optically emitting electrons can persist over a larger region, since
Xopt > Xx—ray because of their weaker radiative losses.

The typical degree of optical polarization in Mkn421 and Mkn501 is 5-10%. This value,
combined with the tendency—stronger for Mkn501—for x, to be similar to the position
angle of the jet, can be explained by compression of turbulent plasma by a shock [18,19].
For simplicity, let us assume that the ordered component remains constant, although com-
puter simulations indicate that it may decay with distance from the shock front [45]. The
magnetic field can then be approximated as N(x) turbulent cells—each with its own mag-

Uph = (BZ/Sn) @)
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netic field direction (see [3,46,47])—superposed on the ordered component B, 4. The mean
polarization is that of the ordered component, ~75% (the value for a typical optical spectral
slope [46]) with position angle x4, Vector averaged with the sum of the polarization of the
turbulent cells, ~ 0.75/+/N(x), where the latter has a random vector-averaged position
angle xyb- The mean net normalized Stokes parameters are then

<q> =075 [ford COs 2?(orcl + (1 - ford)N_% (V) C052<Xturb>] (3)

<u> = 0'75[ford sin 2Xord + (1 - ford)N_% (V) Sinz(Xturb>]' (4)

The mean degree of polarization is given by
(PY? = (@) + ()" ~ 0.56[fGq + (1 fora) N~ (v) +

_1 .
2ford(1 - ford)N 2 (COS 27(01‘d cos2 <Xturb> + sin 27(ord 2<Xturb>)} . (5)

Given the randomness of X1, the term on the second line of Equation (5) averages to
zero. The equation then reduces to

1/2

<P> ~ \/ <P>2 ~ 0'75[ grd + (1 _ford)zNil (V)] (6)

If the emission region is cylindrical, the number of turbulent cells N (v) o x(v) o< v=1/2,
For an X-ray frequency of 9.6 x 10 Hz (4 keV), compared with the optical R-band
frequency of 4.6 x 10 Hz, we find N, ~ 50 Ny. For example, if 20 cells participate in
the X-ray emission, so that Ny =20 and N, ~ 1000, and if f ;4 = 0.05, the model predicts
that (Py) ~ 16% and (P,) ~ 4%. This factor of ~4 higher X-ray than optical polarization is
similar to the results found for Mkn421 and Mkn501.

Based on numerical simulations [1], the measured value of (P) should fluctuate about
the mean with a standard deviation ~ 0.5(P). If the dimension of a cell in the direction of
the jet is much less than x(v), this should occur on a time scale for a layer of turbulent cells
to cross the emission region

B(1+z)
1/15(5

x(v) (1+4z)
o9

fcross A2

1
~ 0.5 (B> + 87Iuph)71 { ] ’ days (v > 1), 7)

measured in the observer’s frame, where 14, is the frequency at which x(v) equals the
full extent of the shocked region, xgock [34]. [Here, we assume that the size of the tur-
bulent cells—which physically corresponds to the size scale at which flow energy is dis-
sipated [48]—is less than x(v).] At frequencies above v;, there is therefore a time delay
of variations in flux and polarization that is proportional to v—%5. Adopting, as before,
0 =20, B=0.02 G, and an SED peak ratio = 1, we estimate fcross ~ 0.6 days for the 4 keV
X-ray-emitting region and ~28 days at the optical R band. The former implies that IXPE
should have detected variations in the X-ray polarization in both Mkn421 and Mkn501
during the first observations in 2022, contrary to the observations [30,31]. The expected
optical variability time scale of ~4 weeks can be compared with the changes in optical
polarization when the object was observed with adequate time coverage. Five such time
intervals of monitoring of Mkn501 are displayed in Figure 4. Although there are periods
when the degree of polarization x(v) varies over a much shorter time scale than ~4 weeks
observed in both Mkn421 and Mkn501 [2], the typical time scale for substantial (more than
a factor of ~2) variations is 2—4 weeks. The periods of more rapid variations may be related
to intermittent intra-day optical variations seen in blazars [48]. Perhaps the sizes of the
turbulent cells fluctuate over time, with variations in flux and polarization becoming more
pronounced when the cell sizes match the value of x(v) at the frequency of observation.
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Figure 4. Optical polarization variability of Mkn501 during time intervals when the object was
monitored with adequate time coverage. Data are from the data set displayed in Figure 3. The plotted
points include data from Steward Observatory [49].

The stronger tendency of x to be similar to the position angle of the jet in Mkn501
than for Mkn421 requires that f,,q4 (Mkn501) > f .4 (Mkn421). The mean degree of optical
polarization should be greater in Mkn501 as well. While this is consistent with Figure 3,
the observed effect is small: (P,) = 6.0% in Mkn501 and (P,) = 5.0% in Mkn421.

The derivation of Equation (6) does not take into consideration the possibility that only
some of the turbulent cells have magnetic field directions conducive to the acceleration
of the highest-energy, X-ray-emitting electrons [2,3]. This would decrease the number of
X-ray-emitting cells, Ny, and increase the ratio of (Px)/(P,), allowing a larger value of
ford to explain the observed ratio. A decay in the ordered magnetic field component with
distance from the shock [45] would decrease (P,), and therefore also increase (Px)/ (Po).

The predicted degree of X-ray polarization corresponds to 100% synchrotron radiation.
However, Compton scattering is expected to supply a fraction of the X-ray emission
that increases with photon energy (see Figure 1). Since the degree of polarization of
Compton scattering is expected to be no more than a few percent [50,51], the mean degree
of polarization should decrease with photon energy. Measurement of this effect would
serve as a test of Compton scattering as the main y-ray emission mechanism. Modeling of
the SED and energy-dependent polarization would also place a constraint on the minimum
electron energy, since this parameter determines the ratio of Compton to synchrotron X-ray
flux at a given photon energy.

5. Conclusions

The polarization properties of the HSP blazars Mkn421 and Mkn501 resemble those
of the turbulence-plus-shock model. There are discrepancies: the observed time scales of
optical polarization variability are sometimes shorter than predicted, while the X-ray polar-
ization observed thus far remains nearly constant over longer time scales than expected. If
the turbulence-plus-shock scenario is correct, future X-ray measurements will show much
stronger variability on inter-day time scales.

The version of the model described in this work is simplified in order to allow analytic
approximations to be derived that provide a sense of the properties of the polarization of
HSP blazars. Computer simulations that include a more realistic rendering of turbulence,
shocks, and particle acceleration, as well as more accurate calculations of time-dependent
SEDs and multi-wavelength polarization, are needed to refine the estimates provided here
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and determine whether new behavior emerges as the model is developed in more detail.
Such simulations are in progress.
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