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ABSTRACT

Context. The jets emanating from the centers of active galactic nuclei are among the most energetic objects in the Universe. In-
vestigating how the morphology of the jet’s synchrotron emission depends on the magnetic nature of the jet’s relativistic plasma is
fundamental to the comparison between numerical simulations of relativistic jets and their observed polarization.

Aims. Through the use of 3D relativistic magnetohydrodynamic jet simulations (computed using the PLUTO code) we study how
the synchrotron emission from a jet depends on the morphology of its magnetic field structure. Through the application of polarized
radiative transfer and ray-tracing (via the RADMC-3D code), we create synthetic radio maps of the total intensity of a jet as well as
the linearly and circularly polarized intensity for each jet simulation.

Methods. In particular, we create synthetic ray-traced images of the polarized synchrotron emission from a jet when this latter car-
ries a predominantly poloidal, helical, and toroidal magnetic field. We also explore several scaling relations in which the underlying
electron power-law distribution is set proportional to: (i) the jet’s thermal plasma density, (ii) its internal energy density, and (iii) its
magnetic energy density.

Results. We find that: (i) the jet emission is edge-brightened when the magnetic field is toroidal in nature and spine brightened when
the magnetic field is poloidal in nature; (ii) the circularly polarized emission exhibits both negative and positive sign for the toroidal
magnetic field morphology at an inclination of i = 45° as well as i = 5°; and (iii) the relativistic jet’s emission is largely independent

of different emission scaling relations when the ambient medium is excluded.

Key words. galaxies: jets — magnetic fields — polarization — radiative transfer — relativistic processes —

magnetohydrodynamics (MHD)

1. Introduction

Collimated supersonic flows of plasma are characteristic of
many astrophysical objects. These phenomena are known as jets
and emanate from compact systems (e.g., proto-stars) as well as
from supermassive black holes (SMBHs). They are among the
most energetic objects in the Universe and commonly emanate
from the centers of active galaxies. The class of radio-loud active
galactic nuclei (AGN) exhibit jet emission. These objects are
mostly embedded in massive elliptical galaxies and only account
for less than 10% of observed AGN. Launched from a central
engine such as a SMBH, the jets can be accelerated to highly
relativistic speeds and remain collimated up to kilo-parsec (kpc)
scales. AGN emit radiation across the electromagnetic spectrum,
and observations of the jet emission reveal a featureless power-
law spectrum. Together with the high level of linear polarization
(up to 60-70%), the physical process of synchrotron radiation
can explain the emission as well as the optical flux (Troja et al.
2017). From the radio emission, the presence of a magnetic field
can be inferred and is commonly thought to play a key role in
the launching and collimation process of the jet. AGN jets can
extend to hundreds of kiloparsecs even though the jet-launching
region occurs on scales of a few gravitational radii from the
black hole (BH). On larger scales, jets are thought to be kineti-
cally dominated and therefore contain relatively weak magnetic
fields. However, within the collimation region, jets are thought to
be magnetically dominated. Theoretical studies of jet formation

suggest that strong magnetic fields are an essential mechanism
for launching jets (Blandford & Znajek 1977). One of the main
conclusions of a number of relativistic jet simulations is that the
jet transitions from being magnetically dominated to kinetically
dominated as it propagates (e.g., Marti et al. 1997).

Very-long-baseline interferometric (VLBI) imaging of the
synchrotron emission emanating from jets commonly reveals a
bright central feature (referred to as the radio core) and a series
of components that separate from the core over time (i.e., blobs
or plasmoids). There are also (in some sources) features down-
stream of the core that, in contrast to the plasmoids, appear to
be stationary relative to the radio core (e.g., Ojha et al. 2010;
Fromm et al. 2013). These standing features within the jet are
commonly interpreted as recollimation shocks within the jet flow
(Daly & Marscher 1988).

A continuum approximation of the plasma nature of the
jet (i.e., relativistic magnetohydrodynamics — RMHD) can be
implemented based on the assumption that the jet radius, R;,
is much larger than the Debye-Length! and gyroradius® of the
jet’s plasma (Hawley et al. 2015). Theoretical models of AGN
jets have lead authors to postulate that the jet plasma is likely
magnetized with a large-scale helical morphology related to the
launching of the jet by the rotation of the central black hole and

' The Debye-Length is the length scale in a plasma over which the

charge of a plasma is shielded by intervening electrons.
2 The gyroradius (also referred to as the Larmor radius) is the radius
about which an electron rotates about a magnetic field line.
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accretion disk (Blandford & Znajek 1977; Blandford & Payne
1982; Hardee et al. 2007). Recent observational evidence indi-
cates that a large fraction of parsec-scale jets do indeed exhibit
polarization signatures of helical magnetic field components.
This is based on the detection of statistically significant trans-
verse Faraday rotation measure (RM) gradients across the jet on
parsec scales (Gabuzda et al. 2008).

The presence of a helical/toroidal magnetic field within the
jet can (in theory) produce current-driven instabilities within
the jet flow (Kadowaki et al. 2021). These instabilities can then
produce sites of magnetic reconnection within the jet plasma
which in turn can result in particle acceleration (Singh et al.
2016; Striani et al. 2016). Recent particle-in-cell (PIC) simula-
tions (e.g., Sironi et al. 2021) have indeed shown that magnetic
reconnection events within relativistically jetted plasma can effi-
ciently generate power-law distributions of electrons (see also,
Sironi & Spitkovsky 2014; Guo et al. 2015; Werner et al. 2016;
Guo et al. 2019; Matthews et al. 2020). However, many of these
PIC calculations lack sufficient grid sizes to model the length
scales of astrophysical jets.

In the present paper, we set about carrying out a system-
atic study of how the fractional levels and morphology of both
linearly and circularly polarized synchrotron emission depend
on the underlying magnetic field morphology of the jet as well
as various fluid scalings for the underlying electron power-law
distribution. This study is executed with fully 3D relativistic
magnetohydrodynamic jet simulations coupled with full Stokes
polarized radiative transfer via ray-tracing.

RMHD simulations are unable to reproduce the kinetic-scale
physics of the jet (i.e., self-consistently generating the non-
thermal distribution of electrons responsible for the observed
synchrotron emission). We therefore rely on a purely macro-
scopic model of the jet that simulates the large-scale dynamics
of the thermal plasma within the jet flow. We explore various
emission recipes for mapping from the thermal fluid variables to
the non-thermal distribution of electrons (see, e.g., Porth et al.
2011). This mapping is carried out as a post-process step. In par-
ticular, we apply three scaling relations in which the non-thermal
distribution of electrons is assumed to be proportional to the (i)
density, (ii) thermal pressure, and (iii) magnetic energy density
of the plasma. We also examine the effect that different magnetic
field morphologies within the jet (namely; poloidal, helical, and
toroidal) have on the dynamics of the jet as well as the resultant
polarized emission.

Our current jet simulations, while applicable to parsec-scale
jets, lack sufficient micro physics (such as magnetic reconnec-
tion) to self-consistently generate power-law distributions of
electrons. However, our emission calculations provide: (i) an
important bridge between the micro physical scales of recon-
necting current sheets and parsec-scale jets, and (ii) a valuable
point of comparison for the next generation of synthetic syn-
chrotron emission maps to be produced via hybrid fluid particle
schemes (see, e.g., Vaidya et al. 2018).

This paper is structured as follows: Sect. 2 gives an intro-
duction to the principles of relativistic magnetohydrodynam-
ics and polarized radiative transfer and introduces the PLUTO
(Mignone et al. 2007) and RADMC-3D (Dullemond et al. 2012)
codes. We perform a full Stokes analysis with an emphasis
on studying the jet’s circularly polarized synchrotron emission.
For this, the dependence of the jet’s polarization on the mag-
netic field morphology, that is, poloidal, helical, and toroidal,
is investigated in Sect. 3. In Sect. 4 we explore the effect that
different thermal-fluid-to -non-thermal-electron-emission scal-
ing relations have on the resulting jet emission. Section 5 out-
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lines different numerical approaches, that is, when no jet tracer
is included or the lower energy cutoff is computed differently. In
Sect. 6 we compare our numerical results to recent observations
of jets. Finally, our conclusions are summarized in Sect. 7.

2. Numerical methods

2.1. Principles of the relativistic magnetohydrodynamics in
the PLUTO code

To model magnetized fluid flows, the PLUTO code integrates a
system of conservation laws which can be expressed in general
as:

aUt+ Y aT* =0, (1)

ie{x,y,z}

where U* is a state vector of k conservative quantities and T
is a rank 2 tensor. Moreover, 0; is the four-gradient. The explicit
form depends on the physical module selected within the code.

PLUTO solves a time-dependent nonlinear system of special
relativistic conservation laws, which in general have the form of
Eq. (1). To account for the motion of an ideal relativistic magne-
tized fluid, that is, in relativistic magnetohydrodynamics, mass
and energy-momentum are conserved. The solution to the spec-
ified problem of relativistic magnetohydrodynamics and there-
fore the conservative variables and respective fluxes for RMHD
are expressed as:

D . bDV,‘
m, pe; — Z‘B,- + myv;
my D pe; — 2 Bi + myv;
Ut = rgz = 'g , T*=|pé&—TBi+my| )
* BXV,' - VXB,'
B, E
B) k Byvi - VyB,‘
EZ B.vi —v;B;
k m;

k

where v = (vx, Vy, VZ)T is the fluid’s velocity, &/ (j € {x,y,z}) is
the unit vector in the direction of the ith axis of a 3D Carte-
sian coordinate system, and b; are the spatial components of
the covariant magnetic field vector. The quantities in Eq. (2) are
defined as follows: (Mignone & Bodo 2006):

D = py,
m= (ph)/2 +Bz)v—(voB)B,

B2 232_ .BZ
E:ph'yz_pg_i___f_w.

2 2 3

Hence, the components of U* resulting from the conservation
laws are the laboratory density D, the three components of both
momentum m and magnetic field B, and the total energy density
E, respectively.

For a proper solution of Eq. (1) an additional equation of
state (EoS) is specified that defines the specific enthalpy (see
Mignone et al. 2005):

5 /9
]’l—z@'f‘ Z®+1,

which approximates a single-special-relativistic perfect gas.
Here, O is the ratio of pressure to density, i.e., ® = p/p.

“
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2.2. Scaling

The PLUTO simulations are computed in dimensionless grid
units, and therefore the thermal quantities of the RMHD jet flow
must be properly scaled into physical units as a post process step.
Computing dimensionless quantities has the advantage of avoid-
ing either extremely small or large numbers at run time. A physi-
cal scaling is necessary whenever specific scales of length, time,
and energy are included in the problem. The physical scaling of
our RMHD jet simulations requires the definition of three fun-
damental units®:

unitdensity po [gem ™3]
unitlength Ly [cm]

&)

From these unit values, other quantities such as the timescale of
the code fy[s] can be computed: oy = Lo /vy. Similarly, the pres-
sure and magnetic field scale factors can be computed from these

unit values: py = povy and By = [4zpovi. To then scale the

dimensionless fluid variables into cgs units we apply the scale
factors:

unit velocity vo[cm s71.

Pegs = P " PO

Pcgs = P 'pOV(z),

B =B- ‘/47rp0vg, (6)

where p, p, and B are dimensionless grid values. For the sim-
ulations presented in this work we specify the following unit
values: py =~ 1.67 x 1002 gem™3, Ly ~ 1.23 x 10'%cm, and
vo = 3.0 x 10'° cm s™!. With this choice of values, the magnetic
field strength along the jet will be of the order of gauss (G) to
mG.

2.3. Mapping the non-thermal onto the thermal

An additional scaling relation is required in order to model the
resultant non-thermal jet emission from our numerical simula-
tions. The non-thermal quantities (i.e., electron number density
and power-law energy cutoff) are inferred from the scaled ther-
mal fluid variables of the simulation (i.e., plasma density, pres-
sure, and magnetic field). This thermal to non-thermal mapping
of our 3D RMHD jet simulations is used in the calculation of
synchrotron emission maps. In particular, we initially assume an
energy distribution of non-thermal relativistic electrons (NTEs)
ne which follows a global power-law distribution. This approach
is justified by observations as well as theoretical expectations for
particle acceleration within jets. In particular, we adopt a power-
law distribution in electron energy y (where E = ymec?):

ne(y) = nO( 24 ) for  Ymin < ¥ < Ymaxs @)

min
where n(y) is the differential number of NTEs and yin, Ymax are
the power-law cutoffs. The term ng is a normalization constant,
and the power-law index s is related to the spectral index a =
(s—1)/2.

To solve for the unknowns of the electron power-law (ymin
and ng), see Eq. (7), we map the total number density of non-
thermal electrons (NTEs) onto the thermal fluid variables (simi-
lar to Fromm et al. 2016). First, we assume the number density

3 For further details see the PLUTO code (http://plutocode.ph.
unito.it).

of the injected NTEs is proportional to the thermal fluid number
density p:

max p
f dyne(y) = e+
Ymin mP

where (. is the ratio of non-thermal to thermal particles (see
Mimica 2012). Second, we assume that the total energy density
of the NTEs is proportional to the thermal pressure p. Here, we
connect the fluid’s pressure to the fluid’s internal energy density
€ via the equation of state p = (¥ — 1) €, where ¥ is the adiabatic
index. Consequently, the energy density becomes proportional to
the internal energy density:

®)

f dyne(y)mecz =ee=e(#-1Dp,

Ymin

C))

where €, is the ratio between the energy stored in non-thermal
particles to that stored in thermal particles. We set the thermal-
to-non-thermal conversion factors to {. = 1.0 and €. = 0.5.

Assuming that ymax >> Ymin and s > 2 (we set s = 2.3),
we solve this system of two equations (Egs. (8) and (9)) for two
unknowns (ymin and ng), which yields:

pmpE(s —2)
pmec?le(s = 1) (7= 1)
_LpPmet(1-2 G- 1)

mgpee(Z -5)

Ymin =

ny (10)

2.4. Polarized radiative transfer and ray-tracing via
RADMC-3D

For our ray-tracing calculations, we use the code RADMC-3D,
which is a well-tested and documented ray-tracing software for
computing astrophysical radiative transfer in 3D geometries. Our
ray-tracing calculations are carried out in Cartesian coordinates
and in the co-moving frame of the plasma after which the resul-
tant fluxes are Doppler boosted to obtain the jet flux in the
observer’s frame. The code reads in PLUTO output files that
have been scaled into physical units (namely; the 3D distribu-
tions of B, n., and yn;,). RADMC-3D produces 2D Fits images
containing full Stokes polarization maps. The radiative transfer
is implemented in our plasma simulations through the use of
transport coefficients for synchrotron absorption (k;, kg, Ky, Kv),
synchrotron emissivity (177,79, nv,7v), Faraday rotation (kj,),
and Faraday conversion (K*Q and «;,). Along individual rays our
modified version of RADMC-3D solves the following transfer
matrix:

I
d_l + Kj Ko Ky Ky v n
Ko — + K7 Ky —K; oy Mo
Ty ) =l | (11)
Ky —Ky, d_l + K KQ Uv nu
Ky Ky —K: — + K
v 1] Vol v,

to obtain linear and circular polarization as a function of optical
depth, i.e., dr = «;dl. The code applies an analytical solution
to Eq. (11) presented in Jones & Odell (1977) and summarized
in MacDonald & Marscher (2018). The analytical solution is a
function of the normalization constant ng, the low-energy cutoff
Ymin Of the power-law distribution in Eq. (7), the strength of the
magnetic field, and its orientation to our line of sight.
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3. Magnetic field morphology study
3.1. Magnetic field prescriptions

Based on the physical scaling (presented in Sect. 2.2) and our
NTE scaling relations (see Eq. (10)), we proceed to study the
impact that different magnetic field morphologies within the
jet (i.e., poloidal, toroidal, and helical) have on its polarized
synchrotron emission. To produce different magnetic field mor-
phologies, we implement (in Cartesian coordinates) expressions
for the poloidal and toroidal components of the jet’s magnetic
field at the jet injection point (i.e., orifice) in our simulations. The
jet is oriented along the z-axis in our ray-tracing calculations.
The x and y components of the jet’s magnetic field’s toroidal
component are given by Nishikawa et al. (2019):

R o

x — 5 y = 2
1+ (5) 1+ (g)

where (x;, y.) is the location of the center of the jet, which in our

simulation is set to (0, 0). The variable r defines the jet’s radius

while a represents a magnetization radius. The parametrization
constant of the magnetic field (by,) is given by:

12)

—4pioy
a? (20'¢ -1+ 410g(a))’

bm = 13)

where o4 is the magnetization parameter for the toroidal compo-
nent. The constant poloidal term B, threading the jet is written
as:

B, = \Jo: (bha® + 2pj), (14)
where o, is the magnetization parameter of the poloidal com-
ponent. We choose o, = 1 for a purely poloidal magnetic
field and oy = 1 for a purely toroidal field (Nishikawa et al.
2019; Mignone et al. 2009). A helical field is produced by set-
ting o, = o4 = 0.5. In Eq. (14) the variable p; is the jet
pressure. In particular, p; is determined from our simulated jet
Mach number M = 2.7 and bulk Lorentz factor I' = 7 (i.e.,

M = v \Jpy/ (Tpj) + 1/ (T = 1)), where p; i the jet density. The
sum of both magnetization parameters is set to 1 to enforce an

equipartition between the magnetic pressure and thermal pres-
sure within the jet plasma. We point out that the magnetization

\/(x —x)’ + (= yo) as

radius a is equal to the jet radius r; =
it reaches its maximum value.

Figure 1 illustrates the three different simulated magnetic
field morphologies within the jet (from top to bottom: poloidal,
helical, toroidal). Here, the poloidal magnetic field vectors are
streaming along the jet in the z-direction while the vectors for
the toroidal components are predominantly perpendicular to the
jet axis. The helical magnetic field vectors are rotated about ~45°
in the jet’s direction. Two-dimensional slices through the jet are
included in Appendix A and illustrate how the injected field mor-
phologies persist down the jet axis.

3.2. Results

Figure 2 presents a summary of the various steps in our syn-
thetic imaging pipeline. In particular, we are interested in study-
ing the polarized properties of the jet’s recollimation shock. We
image an intermediate epoch of each jet simulation, that is, when
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Fig. 1. Illustration of the three different magnetic field morpholo-
gies within the 3D RMHD jet simulations. The jet is streaming in
the z-direction. The vectors represent the magnetic field strength (and
orientation) in gauss (see the color bar) within each computational
cell. From top to bottom: poloidal, helical, and toroidal magnetic field
morphologies.

the jet’s hot spot or terminal shock has not yet propagated off
the grid. Through the use of a jet tracer, we extract the region
of plasma around the standing shock (demarcated with a pur-
ple box in the first panel of Fig. 2) in order to yield an unob-
scured view of the jet’s central spine, thus allowing us to focus
on the jet flow upstream of the termination shock. These initial
images were created using the poloidal magnetic field simula-
tion. Panel a in Fig. 2 shows a 2D slice through the 3D jet simu-
lation and displays the jet’s density in dimensionless grid units.
Panels b and c illustrate the zoomed-in ray-traced total inten-
sity maps of the resulting synchrotron emission when the jet is
resolved without and with the use of a jet tracer to exclude the
ambient medium, respectively. The jet is viewed at an angle to
the jet-axis of i = 45° and propagates from top to bottom. In
the absence of radiative cooling (i.e., synchrotron losses) and
larger simulation sizes, we remove the bow shock from our ray-
tracing calculations arbitrarily. Panel d displays the same snap-
shot but rotated to a viewing angle of i = 5°. Finally, panel
e is convolved with a Gaussian beam in order to indicate the
resolution of the Global Millimeter VLBI Array (GMVA), and
with an added Gaussian noise level (to mimic array sensitiv-
ity) of 10! Jybeam™'. These final images show a bright radio
core associated with the standing shock in our simulations. In
all our RMHD jet simulations (in which each computational box
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Fig. 2. From left to right: a demonstration of our synthetic imaging pipeline: Panel a: starts with a 2D cut through our 3D RMHD jet colored by
thermal density. Panels b—e: zoomed into an unobscured region of the jet’s standing shock (demarcated with a purple box in panel a) and show: (b)
the ray-traced synchrotron emission without the use of a jet tracer; (c¢) the ray-traced synchrotron emission with the use of a jet tracer to exclude the
ambient medium; (d) the same simulation epoch but rotated to a viewing angle of i = 5°; and (e) the ray-traced image convolved with a Gaussian
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beam indicative of the resolution of the GMVA and with a Gaussian noise floor (to mimic array sensitivity) of 10~ Jy beam™".
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Fig. 3. Ray-traced images of our jet propagating from top to bottom in total intensity (left column), in linearly polarized intensity (middle column),
and circular polarization (right column). The pictures illustrate similar epochs in the jet’s evolution during each 3D RMHD simulation at 86 GHz.
The jet carries a purely poloidal magnetic field (fop row), a helical magnetic field (middle row), and a purely toroidal magnetic field (bottom row).
Integrated values of the fractional linear and circular polarization are listed to the lower right in the middle and right columns. The purely toroidal
field jet appears edge-brightened in contrast to the poloidal jet which is brightest along the spine.

consists of 320 x 320 x 400 zones), we choose to view the source
at a luminosity distance of 100 Mpc. The individual scaled cell
size is 0.004 pc. All images in this paper are generated at an
observing frequency of vops = 86 GHz.

We visualize the polarized synchrotron emission of the jet
for three different magnetic field morphologies, that is, purely

poloidal, helical, and purely toroidal. To begin with, the images
in Fig. 3 show the total intensity of the jet’s emission in the left
column, the linearly polarized intensity (= 4/Q? + U?) including
electric vector position angles (EVPAs = 0.5 arctan [U/Q]) in the
middle column, and the circular polarization in the right col-
umn. Moreover, the different rows represent the three magnetic
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Fig. 4. Ray-traced images of RMHD jet simulations in total intensity (/ef?), linearly polarized intensity (middle), and circular polarization (right)
when each jet is viewed edge-on to the jet axis. The images highlight similar epochs in the jet’s evolution during each 3D RMHD simulation
at 86 GHz. The jet carries a purely poloidal magnetic field (fop row), a helical magnetic field (middle row), and a purely toroidal magnetic field
(bottom row). The ray-traced images are convolved with a Gaussian beam indicative of the resolution of the GMVA and with a Gaussian noise

floor of 107* Jy beam ™.

field morphologies introduced in Sect. 3.1. The top row depicts
the poloidal magnetic field, the middle row the helical field, and
the bottom row the purely toroidal magnetic field. All ray-traced
images are viewed at 45° to the jet-axis in Fig. 3.

We can see that the emission for the purely poloidal magnetic
field is concentrated in the inner part of the jet, and is bright-
est within the standing recollimation shock. The EVPAs, shown
as white line segments in the middle column of Fig. 3, are pre-
dominantly perpendicular to the magnetic field orientation, in the
ideal case. As the poloidal field is streaming in the direction of
the jet, the EVPAs accurately convey the field orientation within
our simulations. In addition, the circular polarization has only
positive values, unlike the purely toroidal magnetic field.

The toroidal magnetic field (bottom row of Fig. 3) clearly
produces emission that is centered along the edges of the jet, as
we see an edge-brightened jet in all our images along the bottom
row. In addition, we can see both positive and negative circu-
lar polarization highlighting the changing orientation of the jet’s
magnetic field with respect to our line of sight.

The helical magnetic field illustrated in the middle row
in Fig. 3 exhibits a mixture of the emission and polarization
morphologies present in the toroidal and poloidal cases. The
emission is concentrated on the right side of the relativistic
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jet which stresses the structure of the helical magnetic field
lines.

Additionally, we compute integrated levels of fractional
polarization. These are flux-weighted averages of the Stokes
parameters across the entire jet emission region in each set of
images (listed to the lower right in the linearly polarized and
(02 +02)" /1 and
m. = —V/I). The fractional linear polarization decreases from
the poloidal to the toroidal magnetic field model (from ~7.1%
to ~1.8%) and drops for the helical magnetic field morphol-
ogy (~1.6%). The fractional circular polarization also decreases
from the poloidal to the helical magnetic field structure. The
calculated value for the toroidal field jet changed sign and is
several orders of magnitude smaller (from ~—4.8 x 107'% to
~1.2x107°%).

The images presented in Fig. 3 display a resolved RMHD
jet observed at 45°. To further simulate the emission of a blazar
radio core we: (i) alter the viewing angle to 5°, (ii) convolve
our resultant images with a Gaussian beam indicative of the
resolution of the GMVA, and (iii) mimic VLBI array sensi-
tivity by introducing a Gaussian noise floor of 10~ Jy beam™".
This results in a dynamic range of ~1:100 000 in our synthetic

circularly polarized images of Fig. 3, in) =
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Fig. 5. Total intensity maps of our 3D RMHD jet simulations using different electron scaling relations. The jet is viewed at i = 45° and propagates
from top to bottom in each frame. The images highlight similar epochs in the jet’s evolution of each 3D RMHD simulation at 86 GHz. From left to
right: proportionality of the NTEs to the fluid’s density, internal energy density, and magnetic energy density. From top to bottom: purely poloidal

magnetic field, helical magnetic field, and purely toroidal magnetic field.

images. Figure 4 shows the total intensity of the jet’s emission in
the left column, the linearly polarized intensity including EVPAs
in the middle column, and the circular polarization in the right
column. Again, the different rows represent the three magnetic
field morphologies. The top row depicts purely poloidal mag-
netic field, the middle one the helical field, and the bottom one
the purely toroidal magnetic field. All simulations are viewed
edge-on to the jet axis in Fig. 4.

In total intensity, the poloidal field case exhibits a bright
central radio core, whereas in contrast the helical and toroidal
field cases exhibit emission peaks offset from the central shock.
Also, the helical and toroidal field cases exhibit two signs in cir-
cular polarization whereas the poloidal field case exhibits only
one. In all cases, the linear polarized emission peaks are off-
set from the total intensity peaks which is commonly seen in
blazars.

Again, we computed integrated levels of fractional linear and
circular polarization (77 and 7., listed to the lower right in the
linear polarization and circular polarization images of Fig. 4).
In the case of i = 5° and in contrast to the calculated val-
ues at 45°, the fractional linear polarization increases from the
poloidal to the helical and then to the toroidal magnetic field

model (from ~2.0% to ~6.0%). The fractional circular polariza-
tion decreases and changes sign from the poloidal to toroidal
magnetic field model (from ~1.5% to ~—3.8 x 1072%). The frac-
tional circular polarization peaks for the helical magnetic field
at ~2.7%.

Here, the most striking result is that Figs. 3 and 4 demon-
strate that resolved circular polarization imaging of relativis-
tic jets can potentially be used to distinguish between a purely
poloidal and a purely toroidal magnetic field configuration
within standing or recollimation shocks.

4. Emission recipe study
4.1. Emission recipe prescriptions

We now shift our focus to better understanding the impact
that different electron scaling relations have on the synchrotron
polarization produced in our RMHD jet simulations. In partic-
ular, we explore three additional scaling relations to account
for the jet’s microphysics by adopting the methods presented in
Porth et al. (2011). In particular, we set the NTEs energy dis-
tribution proportional to: (i) the fluid density, (ii) the thermal
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Fig. 6. Linearly polarized emission maps of our 3D RMHD jet simulations using different emission electron scaling relations. The jet is viewed
at i = 45° and propagates from top to bottom in each frame. The images highlight similar epochs in the jet’s evolution during each 3D RMHD
simulation at 86 GHz. From left to right: proportionality of the NTEs to the fluid’s density, internal energy density, and magnetic energy density.
From top to bottom: purely poloidal magnetic field, helical magnetic field, and purely toroidal magnetic field.

pressure, and (iii) the magnetic energy density:

‘max

P
f dyne(’y) = >
Ymin mp
max p
d?’”e(?’))’mecz =
fym #-D
max ) BZ
d R S— 15
Lmin yne(y)ymec €B 8- (57— 1) (15)

In this treatment, we set the conversion factors /. = € = €g =
1 (see Sect. 2.3), where €5 is the equipartition fraction. Again,
ne(y) takes the form of a power-law, see Eq. (7).

Instead of solving the terms in Eq. (15) for two unknowns,
we assume fixed bounds for the electron power-law (ypi, and
Ymax)- The lower cutoff for injected NTEs is set to yin = 10 and
the upper limit to ypm,x = 10° - Ymin (see Eq. (7)).We solve each
equation in Eq. (15) for ng as a function of either p, p, or B:

p(l =)
mp')/min ((106)1_S - l) ’
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ng =

p2—ys)
= Dy2, mec? (10925 — 1)’
~ egB2(2 - 5)
C 8 (= 1)y2 mec? (10625 — 1)

Again, we set the electron power-law index to s = 2.3 (hence
a = 0.65).

nyp =

(16)

4.2. Results

Based on the solutions presented in Eq. (16) we generate syn-
thetic maps of total intensity, linearly polarized intensity, circular
polarization, and calculate integrated fractional levels of polar-
ization. Figure 5 presents resolved total intensity images com-
puted using the three emission recipes (see Eq. (15)). The top
row illustrates the poloidal magnetic field, the middle row illus-
trates the helical field, and the bottom row illustrates the toroidal
magnetic field. Here, we analyze the dependence on the electron
scaling relations while viewing the jet at i = 45°. The left col-
umn shows images produced using the density scaling relation,
the middle column shows images produced using the pressure
scaling relation, and the right column shows images produced
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Fig. 7. Circular polarization maps of our 3D RMHD jet simulations using different emission electron scaling relations. The jet is viewed at i = 45°
and propagates from top to bottom in each frame. The images highlight similar epochs in the jet’s evolution of each 3D RMHD simulation at
86 GHz. From left to right: proportionality of the NTEs to the fluid’s density, internal energy density, and magnetic energy density. From top to
bottom: purely poloidal magnetic field, helical magnetic field, and purely toroidal magnetic field.

using the magnetic energy density scaling relation. We see that
the three different scaling relations do not have a drastic impact
on the resultant jet emission when using a jet tracer to exclude
the ambient medium. Similar to our findings in Sect. 3.2, we see
an edge-brightened jet in the toroidal field case and a spine- or
shock-brightened jet in the poloidal field case for all three elec-
tron scaling relations. Figure 6 shows the corresponding linear
polarization maps with EVPAs overplotted. The EVPA orienta-
tions are similar to the orientations illustrated in Sect. 3.2.

Figure 7 shows the resulting circular polarization maps of
the RMHD jet simulations for the three different electron scal-
ing relations. The arrangement is the same as in Fig. 5. All three
magnetic field morphologies again show only minor differences.
The polarized synchrotron emission is focused in the center of
the jet, highlighting the recollimation shock. The helical mag-
netic field exhibits positive circular polarization on the right side
of the jet. For the toroidal magnetic field, the circular polar-
ized emission shows positive values on the left part of the jet
and negative values on the right (i.e., left- and right-handed).
This is a reflection of the pitch angle present in the helical field
case.

Figures 8 through 10 show the same sequence of images for
each scaling relation except that the jets are now viewed at an

inclination of i = 5° to the jet axis. In particular, the propor-
tionality to the thermal pressure, visible in the middle column
of Fig. 9, highlights both the recollimation shock in the cen-
tral region of the jet and the pressurized regions of the ambient
plasma due to interactions with the surrounding medium.

The integrated levels of fractional linear and fractional circu-
lar polarization (shown to the lower right in Figs. 6, 7, 9, and 10)
exhibit the same level and behavior as discussed in Sect. 3.2
and show no major dependency on the chosen electron scaling
relation.

5. Electron emission scaling-relation variations

There are two additional variations of the electron emission
scaling relations presented in Sect. 4. In the first variation, we
exclude the use of a jet tracer (which is a PLUTO variable) and
consider the impact the toroidal magnetic field morphology and
various emission scaling relations have on the ray-traced image
when including the surrounding ambient medium. In a second
variation, we keep the jet tracer but replace the assumption of
a constant lower cutoff in the electron power-law spectrum and
instead compute i, as a function related to the thermal pressure
and density.
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Fig. 8. Ray-tracing images of our jets in total intensity when each jet is v

iewed edge-on. The images highlight similar epochs in the jet’s evolution

during each 3D RMHD simulation at 86 GHz. From left to right: proportionality of the NTEs to the fluid’s density, internal energy density, and

magnetic energy density. From top to bottom: purely poloidal magnetic
traced images are convolved with a Gaussian beam indicative of the reso

5.1. No jet tracer

In contrast to Sect. 4.2, we no longer make use of a jet tracer
to exclude the surrounding ambient medium in our ray-tracing
images. Figure 11 highlights the resultant emission for the
toroidal magnetic field case for the three electron scaling rela-
tions with the additional component of the ambient medium. For
simplicity, we choose to show the total intensity where we see
the most striking difference to the results presented in Sect. 4.2.
As before, the left column shows images produced using the
density scaling relation, the middle column shows images pro-
duced using the pressure scaling relation, and the right column
shows images produced using the magnetic energy density scal-
ing relation. In contrast to Sect. 4.2, we clearly see the impact of
the various emission scaling relations on the jet emission when
assuming a toroidal magnetic field morphology and including
the ambient medium. The ambient medium is most visible for
the density scaling relation and the jet structure itself is largely
hidden behind the intervening ambient plasma (which is not
radiatively cooled in our simulations). Clearly, the second two
recipes (which are proportional to thermal pressure and mag-
netic energy density) are better at highlighting the jet through
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field, helical magnetic field, and purely toroidal magnetic field. The ray-
lution of the GMVA and with a Gaussian noise floor of 10~ Jy beam™'.

the intervening ambient plasma. A solution to the arbitrary use
of a jet tracer, moving forward, will be to properly include the
effects of synchrotron cooling and diffusive shock acceleration —
this is planned for a future paper.

5.2. Lower cutoff for injected NTEs

In the second variation, we keep the jet tracer but instead com-
pute the constant lower cutoff for injected NTEs (yyin = 10 for
Sect. 4) with a prescription based on the ratio between thermal
pressure and density (similar to Porth et al. 2011). In particular,
we compute (cell-to-cell)

p_Mp
20¢% me

Ymin = 1+ (17)
Figure 12 shows the resulting jet emission in total intensity. The
arrangement is the same as in Fig. 11. The proportionality to
(i) the density, (ii) pressure, and (iii) magnetic energy density
does not show any major differences when compared with the
lower panels of Fig. 5 (in which we set yy;,, = 10). The jet
remains edge-brightened for the toroidal magnetic field as seen

in Sect. 4.2.
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6. Discussion

A wealth of new polarimetric data has been amassed for rela-
tivistic jets over the last decade, namely maps of AGN in both
linearly polarized intensity and circular polarization, maps of
Faraday RM gradients along the jet, and analysis of EVPA ori-
entation along the jet, all of which help to probe the underlying
magnetic field geometry. In this section, we make further com-
parisons between our ray-traced emission maps and observations
in order to better understand and interpret the different polari-
metric features we observe in our simulations.

Faraday RM gradients observed transverse to the jet axis hint
at the existence of helical magnetic fields (e.g., in 0133+479, see
Gabuzda 2018; Gabuzda et al. 2018). In a future work, we plan
to experiment with generating synthetic RM maps of our three
jet simulations to explore the robustness of RM as a metric of
the jet’s internal magnetic field structure.

Helical or toroidal magnetic field morphologies have been
invoked to explain an increase in linear polarization towards the
edges of the jet (Pushkarev et al. 2005; Lyutikov et al. 2005).
This edge-brightened emission morphology is clearly seen in our
simulations.

As discussed in Gabuzda (2018), a purely toroidal magnetic
field should result in symmetric edge-brightened emission across
the jet, whereas in contrast a helical mag<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>