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Polarimetric observations across multiple wavelengths reveal that blazars exhibit complex, energy-
dependent polarization behavior, marked by a systematic decline in polarization fraction from X-
rays to millimeter bands and pronounced variability in the electric vector position angle (EVPA).
Such behavior defies the predictions of simple, single-zone synchrotron models and points instead
to a highly turbulent jet environment composed of multiple, spatially distinct emission zones.
We present a statistical framework designed to interpret these energy-dependent polarization pat-
terns, with particular emphasis on X-ray measurements from IXPE and optical observations from
RoboPol. Employing a Monte Carlo approach implemented with the JetSeT code, we simu-
late synchrotron emission from a spherical region populated by turbulent cells with randomly
distributed physical properties. The model explores a broad parameter space, including configu-
rations with identical cells as well as systems following power-law distributions in both cell size
and the parameters of the electron energy distribution (EED).

Our results demonstrate that the observed polarization trends can be fully accounted for by a
purely turbulent, multi-zone model, without requiring correlations between the cell size and the
EED parameters. The polarization degree is primarily governed by the effective number of flux-
weighted emitting cells, which depends sensitively on the dispersion of cell properties—especially
the EED cutoff energy at high frequencies and the low-energy spectral index at low frequencies.
Adopting a fractional dispersion of the order of 90% in the EED cutoff energy and a low-energy
spectral index dispersion of ~ 0.5 — 1.5, the model successfully reproduces both the millimeter-
to-X-ray polarization evolution observed in IXPE multiwavelength campaigns and the optical
polarization limiting envelope revealed by RoboPol observations.
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1. Introduction

Blazars are active galactic nuclei (AGN) with relativistic jets aligned close to our line of sight,
producing highly beamed, variable, and polarized emission across the electromagnetic spectrum
[4]. Their spectral energy distributions (SEDs) exhibit two principal components: a low-energy
component, interpreted as synchrotron (S) radiation emitted by ultrarelativistic electrons, peaking
from the infrared (IR) to the X-ray band, and a high-energy component, which peaks in the y-rays,
attributed either to inverse Compton (IC) emission in purely leptonic models [3] or to high-energy
emission from ultrarelativistic protons in hadronic models[5]. These sources are traditionally
classified based on their S peak frequency (Vf,), ranging from low S peaked (LSP, vf, < 10" Hz)
through intermediate S peaked (ISP, 10'* < v5 < 10" Hz) to high S peaked (HSP, v§ > 10'° Hz)
blazars. [1]. The S component is linearly polarized, with polarization fraction rising from near zero
at millimeter frequencies to tens of percent above the SED peak [10]. RoboPol observations [2]
revealed that the fractional optical polarization depends on vf,, showing a limiting envelope, with
both the polarization and its dispersion, higher in LSP sources than in HSPs. They also demonstrated
that the randomness of the optical electric vector position angle (EVPA) is higher in LSP objects
compared to HSP sources. Recent advances, especially with Imaging X-ray Polarimetry Explorer
(IXPE) [18], have enabled X-ray polarization measurements in blazars [6, 7, 9, 18], showing X-
ray polarization degrees of 10-20% that decrease at lower frequencies, with optical polarization
exceeding that at mm frequencies. Here, we summarize the key results presented in [15], based on
a Monte Carlo multi-zone synchrotron framework modeling turbulent jet regions with power-law
cell size distributions and variable electron cutoff energies. The approach statistically constrains
cell properties needed to reproduce the multiwavelength polarization behavior of blazars observed
by IXPE (HSPs) and RoboPol (optical).

2. Synchrotron Polarization

Let us consider a single, homogeneous spherical emitting region permeated by an ordered
magnetic field B, and populated by relativistic electrons described by an energy distribution (EED)
n(y). According to the standard synchrotron theory [11, 19], the degree of linear polarization is

given by the flux emitted in the directions parallel (F, ;) and perpendicular (F), ) to the projection

. . ord _ FEOI _ FV,L_ v, _ fG(V/V(?)n('Y)dV
of the magnetic field on the plane of the sky: II)" = P = Foatby = JFOvon(dy
the S critical frequency and the functions F(x) = x f Ks/3(¢)d¢é and G(x) = xK5/3(x), are defined

in terms of modified Bessel functions of the second kind and fractional order. The computation of

where v, is

the S emission, both for the SED emitted flux and polarization, is performed using the JetSeT!
framework v1.3.1[14, 16, 17]. If we define a reference direction on the plane of the sky, and y is
the angle between this direction and the projection of the magnetic field on the plane of the sky, then

. V0D FPSin(2) ecos(20)2
T19 can be expressed in terms of Stokes’ parameters: TS = (U}:QV) =5 gm(zﬁ +e0sZ)” For
apower-law EED :T1(p) = pﬁ—;}?’. The relation above holds only for a pure power-law EED, or when

the S emission is dominated by the power-law branch of the underlying EED. Now, let’s consider
a system of N, cells, with N,, < N, indicating the number of cells emitting at the frequency v. In

Uhttps://github.com/andreatramacere/jetset https://jetset.readthedocs.io/en/latest/index.html
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each cell, the magnetic field is ordered, but the single cell position angle, 7} is randomly oriented,
and F, ; is the single cell flux. For the specific case of almost identical cells, i.e. F) ; = F,, and
F 501.1 ~ FEOI, the average degree of the linear S polarization ({Il,)), at a given frequency, can be

. .  rrord £ \/(ZiNV sin(2x7))2+(5]"” cos(2x))?  pond
evaluated as in [10]: (IT,) = TIYF,, < SN, > o

a depolarization factor, as in [10]: «, = ,/ ot + U= f ond)? where foq is the fraction of the coherent
magnetic field in the system, which reduces to «, = F for forqa = 0. In the following we will

‘We can also define

~

investigate on the case of foq = 0, so all the results presented in the following can be easily rescaled
to the case of 0 < firg < 1. In a more general and realistic scenario, the flux of each cell,F, ;, will
depend on the the physical properties of each cell, i.e. F, ; # F,, preventing from factoring out the
F, term:

JENF, T isin2x)? + (5 Fy Tl cos2xi)?
Zivv Fv,i ‘

ey

This implies that the effective number of emitting cells, at a given frequency, will depend upon
the statistical distribution of the physical parameters of the cells in the system. From a statistical

standpoint the effective number of emitting cells can be interpreted as the effective sample size (ESS)
(2 Wv z)
Z WV i

are defined as: w,,; = Z F , hence, the effective number of cells contributing to a given frequency,

in a sample with weights (w;), using the approach of [12]: ESS =

, where the cell weights

ff 3 . fF_ (X Wv l) ff _ 1 :
N, will read: NS = ZTﬁl <N -« = \/N_Sﬁ,and the average frequency-dependent fraction
ord
polarization will be: (I1,) =~ <H+ﬁ> = kT < M99 > | The relevant result here is that since by
Ny
definition N > N, then the fractional polarization, for a system with a significant dispersion on
the cell fluxes, will have a lower fraction polarization compared to the case of almost identical cell

fluxes:
Hord Hord >
(I,) ~ = (2)

W N

3. Simulation setup and MC workflow

In a turbulent medium, even in the case of cells with comparable sizes, cells differ in their
physical state. Most notably in the parameters of the electron energy distribution (EED), the Doppler
(beaming) factor, the magnetic-field strength and orientation, and particle density. We therefore
compute the synchrotron spectrum and polarization for each cell self-consistently, by generating the
individual cell properties via a Monte Carlo approach. We assume that our system has a spherical
geometry, with a characteristic radius, Rg, and that the single cell radius, R. ~ rRg, is distributed
as a power-law via the scaling factor r, according to: r ~ r?, g <0, 0 < rgpn <7 < Fmax.
The EED is assumed to be a power-law with an exponential cut-off: n(y) = Ky~P exp(y/vecut)-
The cell values of the magnetic field, B, of the beaming factor, 6., and of the EED index p., are
distributed as a uniform PDF. We take into account four different scenarios for the PDF, f, ., of ycut,
fixed: fy,, = yﬁﬁ, uniform : fy,, = U[yLB, yg‘fft] log-uniform : fy,, = U[log(yLB), log(ycut)] and

a scenario establishing a linear relationship between R, and .y, by setting yg‘l‘t“ ratio — . and
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Figure 1: Different v” bins are marked by different colors, with the same color code for all the panels.
Top panels: Left column: identical cells case (configuration SS1). Middle column: SS2 configuration, i.e.
using f,. =log-uniform. Right column: panel, SS3 configuration, same as SS2 but adding a flat PDF, for
p: fp ~ U[1.8,2.8]. All the trends are reported versus v/v,. Solid lines mark the 0.5 quantiles, and the
shaded areas mark the 1 — o quantiles dispersion for the MC trials. Row a: the trend of the ratio of (IT,).
Row b: same as for Row 1, but for trials-averaged trends for (IT, ) /(TT'). Row c: trials-averaged trends for
N, (dashed lines) and N?,ff (solid lines). Row d: trials-averaged trends for «, (dashed line) and Kfff (solid
lines). Row e: SEDs for the v, bin =[10'® — 10'7] Hz, the dashed vertical line the v/v,, marks value above
which not all the cells contribute to the SED flux. The dot-dashed vertical lines mark v = vl“,‘i“, where vg‘i“

is the SED peak value for the lowest flux cell

q
yéﬁft = rmax, and applying the transformation . o ygfir, leading to: f,,, o (ygg{?‘)‘;“ . We define the

lower-bound for the randomization of .y, y&ﬁ, as max (100, yéi‘iyé‘l‘]it“'ra‘io). The linear distribution
is motivated by results from magnetic reconnection PIC simulations [8, 13], finding the EED high-

energy cutoff scaling linearly with the plasmoids’ width. All the distributions, except the fixed one,

min.ratio

min-rato with lower values of yoy "1 leading

have a dispersion which is controlled by the value of y
to larger values of the dispersion.

For each configuration of our MC, we run a calibration stage, that is, we calibrate N, and y"f,

in order to get an optical polarization fraction, (ITS™"), of about [4 — 5]% for the S SED peaking at
vf, = 1x 107 Hz. As areference value for the optical frequency, we use the value of 5x 10'* Hz. At
the end of the calibration stage, the same calibrated value of N, is used for all the trials of a specific
gfl{ is changed in order that vf, samples six logarithmic bins in
[10'2-10'8]Hz, for a total amount of 6000 trials per configuration. We consider two scenarios:
one with cells of the same size (SS) and one with cell sizes distributed according to a power-law

distribution (PL).

configuration, whilst the value of y,
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Table 1: The parameter space used for the PL distributed cell sizes MC scenario. For the magnetic field, the
beaming factor, and magnetic field angle, we used the following PDFs: fp=T/[0.1,1.0], fs=U[10,30], and
Sy =U0,2r]. The total volume of the parameter space counts 780 different configurations.

PDF Parameters Values

Jr.: PL q [0,-1.0,-1.5]
Fmin [0.01,0.05,0.1,0.9]
- max 1.0
fpe: Ulpo, po + Ap] Po 15
Ap [0.3,0.6,0.8,1.0,1.3,1.5]
5
Frent {;‘;“gi,;ﬁ-’}o,m yminratio | [0,01,0.05,0.1,0.9]
linear

4. MC results and comparison with observed data

We begin by investigating the SS scenario, with three different configurations: SS1, with
fye=fixed and p. = 2.3, SS2, same as SS1 but using f,  =log-uniform, and finally, the SS3
configuration, same as for SS2, but adding a uniform PDF, for p, f,, ~ U[1.8,2.8], For all the three
configurations, we use g = 0, rpin = Fmax = 0.1, B =0.1, § = 10, ygl‘]it“'ra“o = 0.1, and we perform
1000 trials. In Figure 1 we show the impact on the frequency-dependent polarization pattern (I, ),
for different level of randomization, going from configuration SS1 to SS3. The trends for (IT, ) and
(I1,,) /{T1%9Yare shown in the panels of row a and b, respectively. The different colors identify the
vP bins, and are the same for all the panels. The c-row panel shows the trends for the trials-averaged
value of N, and the d-row panels the trials-averaged trends for the depolarization factor «, (dashed
line) and & (solid lines). The SEDs for the case v,, bin =[10'6 — 10'"] Hz are represented in the
row e panels (the shaded area encompasses the entire MC range). It is evident that for the case
of identical cells (SS1), N, and Nf,ff coincide, and this translates to x, = Kf,ﬁ. On the contrary,
by adding a randomization on ¢, (middle column,SS2), we start to introduce a modulation on

N with N < N, for v > vg‘i“, leading to a difference between the depolarization factor with

eff

Ky

> K, forv > vln,‘i“. This modulation is not only related to the fact that above a given y only a

few cells are contributing, but mostly to the different cells flux contribution, which is shown by the

eff

kT trend. This modulation introduces a broken power-law trend in N°T and consequently in «¢

and (I1, ), with at turnover point around v > v}‘,‘i“. The turnover still persists when we also introduce
randomization on p (left column,SS3). We analyze the low (a;) and high-energy (aj) indices of the
(I1,) polarization pattern, and we focus on the bin v, bin =[10'% — 10'7] (rows e and f of Figure
1), and we find that the a;, trends remain consistent across all configurations (expect the SS1 and
SSH1 configurations), indicating that the high-frequency polarization slope is primarily influenced
by the modulation of N° due to the dispersion in ... On the other hand, the low-frequency slope
ay is significantly increased by the dispersion on p.

4.1 IXPE HPS (Il,) trends

To compare the I, trends observed in IXPE multiwavelength campaigns to our simulations,
we perform the same analysis as described for the SS scenario, but using the PL cells size scenario,
summarized in Table 1. In place of a; and aj,, we evaluate ay,m—o and of a,_x, respectively. The
reference values used for the mm, optical, and X-ray frequencies are 2 X 10" Hz, 5 x 10 Hz,
and 1 x 10'® Hz, respectively. The shaded areas in Figure 2, represent the +20% boundary for the
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Figure 2: Summary of polarization slope trends for power-law distributed cell sizes. Top panels: Low-
energy (ay, left) and high-energy (ay, right) polarization slopes as a function of the dispersion in the electron
energy distribution index, A,. Middle panels: a; and aj, as a function of the minimum cell size ratio, 7my;p.

Bottom panels: a; and aj, as a function of the minimum cutoff ratio, yJ""

observed HSP IXPE multiwavelength campaigns values of amm—o and of a,_x, and the solid lines,
represent the results of our MC simulations, binned for the HSPs, with vf, in [10 X 15 - 10 x 18]
Hz. Consistently with the case SS case, we find that the most relevant parameters for ap,—o are
the dispersion in p, which is positively correlated with aym—o, and the value of yg:lit“'ratio, which has
a negative correlation, for the log-uniform f, . In general, the observed data favor a dispersion
A, % 1, and values of ygl‘lit“'faﬁo < 0.1 for the log-uniform distribution. We also notice that log-
uniform distribution provides the best match with the data. The IXPE values of a,_x provide a
lower constraining power, indeed, all the f, , distributions, except the fixed one, are compatible
with the observations, for the entire parameter space. Anyhow, a significant tension with the data
is observed for rmin ~ 1, for the case of linear f,,,, and for values of ymin-to ~ 1_for all the f,,,
distributions.

4.2 RoboPol trends.

To test if our MC samples are statistically compatible with the RoboPol observed trend, we
use a two-dimensional two-sample Kolmogorov—Smirnov (KS) test, where the two independent
variables are vf, and Ilop (evaluated at 5 x 10" Hz). In Figure 3 we show the trends of the KS test
p-value as a function of A, (top panels), rmin (middle panels), and Y™™ (bottom panels). We
notice that, consistently with the HSPs IXPE trend, the RoboPol Hopt—vs-vf, trend rules out the fixed
fy. PDF, and disfavor values of yé’}lit“'raﬁ" z 0.1, for all the f,, PDFs, and values of ry;, % 0.1 for
the linear fy . Anyhow, the Hopt—vs—vf, trend does not constrain the dispersion A,. The reason
for this behavior stems from the fact that the observed RoboPol Hopt—vs—vf7 trend depends mostly

on the ‘distance‘ between the optical frequency and vIS,, and in particular from the modulation of
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Figure 3: KS test p-value trends as a function of A, (top panels), 7, (middle panels), and ygl‘ft“'ra“o (bottom
panels). The left, middle, and right columns refer to the selected values of ¢, equation to 0, 1, and -1.5,
respectively. The dashed horizontal lines mark the 0.05 p-value

N and consequently of the polarization factor, T, below vf?. Finally, in Figure 4 we plot the

best runs for three different f, , PDFs: uniform, log-uniform and linear. The left panels show the
Hopt—vs—vls, trends for both the MC simulations and the observed RoboPol data, the center panels
show the trends of the dispersion of the MC optical EVAP angle, O';pt Vs vf,, and the right panels,
the IXPE HPS observed trends for the IXPE compared to the MC results, extracted from the same
runs used for the RoboPol panels. The decreasing trend of the optical EVAP angle dispersion, has
the same root of the IToy-vs-v5. i.e. the modulation of NET below v5, for lower values of v5, the
optical N decreases, hence, the dispersion on the optical EVAP angle increases.

5. Discussion and conclusions

We have presented an analysis of the multiwavelength patterns of II, of blazars, based on
a comprehensive Monte Carlo, implementing spatially resolved emitting regions, with distinct
physical properties, in a purely turbulent framework, testing different levels of correlation between
the size of the cells, and cut-off in the electron distribution. The results demonstrate that a minimal,
turbulence-driven multi-zone scenario can account for the key features seen in both IXPE and
RoboPol datasets, showing that the best agreement is obtained for models with a broad dispersion
in the EED index (A, 2 0.6) and values of yéﬁit“'mﬁo < 0.1 (that is, a large dispersion on ycy),
with the log-uniform f, distribution providing the best agreement. We also notice that the linear
model, does not provide statistical improvement compared to the log-uniform, hence the current
dataset and analysis are not able to find a piece of significant evidence for this model, which mimics

statistically the magnetic reconnection scenario. We stress that our model does not test the presence
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Figure 4: The best runs for tree different f,  : uniform, log-uniform, and linear. The left panels show the
(Hf’,pt> trends for both the MC simulations and the observed RoboPol data, the center panels show the trends
of the MC-averaged dispersion of the MC optical EVAP vs VIS,, and the right panels show the IXPE HPS
observed trends compared to the MC results extracted from the same runs used for the RoboPol panels.

of a shock and that the investigation on the dispersion of the optical EVPA is limited to the multi-
zone scenario, with no implications on the observed systematci rotations at different wavelengths.
Hence, our analysis could fit a purely stochastic scenario or a scenario where the turbulent medium
develops within the shock. In this regard, we notice how HSP, such as Mrk 421 have shown in their
spectral shapes evidence for the coexistence of both first-order shock acceleration and stochastic
acceleration [16, 17].
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