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ABSTRACT

Relativistic jets from supermassive black holes are among the most powerful and luminous astrophysical systems in Universe.
We propose that the open magnetic field lines through the black hole, which drive a strongly magnetized jet, may have their
polarity reversing over time scales related to the growth of the magnetorotational dynamo in the disc, resulting in dissipative
structures in the jet characterized by reversing toroidal field polarities, referred to as ‘stripes’. The magnetic reconnection between
the stripes dissipates the magnetic energy and powers jet acceleration. The striped jet model can explain the jet acceleration,
large-scale jet emission, and blazar emission signatures consistently in a unified physical picture. Specifically, we find that the
jet accelerates to the bulk Lorentz factor I' 22 10 within 1-parsec distance from the central engine. The acceleration slows down
but continues at larger distances, with intrinsic acceleration rate I"/ I" between 0.0005 and 0.005 yr~! at tens of parsecs, which
is in very good agreement with recent radio observations. Magnetic reconnection continuously accelerates non-thermal particles
over large distances from the central engine, resulting in the core-shift effect and overall flat-to-inverted synchrotron spectrum.
The large-scale spectral luminosity peak vpe.x is antiproportional to the location of the peak of the dissipation, which is set by
the minimal stripe width /.,;,. The blazar zone is approximately at the same location. At this distance, the jet is moderately
magnetized, with the comoving magnetic field strength and dissipation power consistent with typical leptonic blazar model

parameters.
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1 INTRODUCTION

Relativistic jets from active galactic nuclei (AGNs) are among the
most powerful astrophysical systems in Universe. They are believed
to originate from strongly accreting supermassive black holes, with
initially very high magnetic energy at the launching site. These
highly collimated plasma jets can extend to kilo-parsec or even up
to megaparsec from their central engine (Leahy & Williams 1984).
During the jet propagation, the jet releases an enormous amount of
radiation energy in the form of non-thermal-dominated emission. In
particular, blazars, AGN jets that point very close to our line of sight,
exhibit highly variable emission across the entire electromagnetic
spectrum, up to TeV y-rays (Aharonian et al. 2007; Ackermann
et al. 2016). This indicates very efficient particle acceleration in a
very localized region, often referred to as the ‘blazar zone’. Blazars
have long been considered as the potential origin of extragalactic
cosmic rays and neutrinos (Mannheim 1993; Miicke et al. 2003;
Ojha et al. 2019). The recent blazar flare coincident with a very high-
energy neutrino event provides hints on the hadronic processes in
blazars (IceCube Collaboration et al. 2018). However, the blazar jet
involves very complicated physical processes over many orders of
physical scales (see e.g. Bottcher 2019; Rani et al. 2019). Therefore,
it is very important to have a unified physical picture that can explain
the observed jet kinematics, large-scale emission, and the blazar zone
radiation signatures consistently.
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Jet kinematics and spatially resolved radiation signatures can
diagnose the overall jet physical conditions and energy evolution.
Very long baseline interferometry (VLBI) techniques have been
widely used to explore the AGN jet structures with very high spatial
resolution. Radio monitoring programs such as MOJAVE and BU-
BLAZAR projects have revealed rich spatially resolved features
close to the central engine in many blazars (Marscher et al. 2008;
Jorstad et al. 2017; Lister et al. 2018), such as bright compact radio
cores near the jet base, as well as standing and moving radio knots
along the jet propagation direction. The moving radio knots can
appear to travel faster than the speed of light, known as the apparent
superluminal motion, showing that the jet is moving at relativistic
speeds (Rees 1966). The overall radio spectrum appears flat or even
slightly inverted, and the radio core appears more compact in higher
frequency bands (often called the core-shift effect). Blandford &
Konigl (1979) have successfully interpreted these radio phenomena
as synchrotron emission and self-absorption along the jet propagation
from a conical jet. This model relies on unspecified mechanisms of
continuous jet energy dissipation to accelerate non-thermal particles
across a very broad range of length-scales along the jet propagation.
But the physical origin of the continuous jet energy dissipation is so
far not well-understood

The bright and strongly variable emission from the blazar zone
also poses a major theoretical challenge to efficiently dissipate
jet energy and accelerate non-thermal particles in very localized
regions. Blazars are the most numerous extragalactic y-ray sources
observed by Fermi (Abdollahi et al. 2020), due to the efficient
particle acceleration in the blazar zone and relativistic beaming
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effects. All wavelengths show considerable variability in flux, and
many observations have shown flaring time scales between days and
weeks (Abdo et al. 2010; Sandrinelli, Covino & Treves 2014; Rajput,
Stalin & Rakshit 2020). The causality relation then requires the size
of the blazar zone to be of sub-parsec size. In addition to the flux
variability, recent optical polarization observations have witnessed
simultaneous polarization variability, including large-angle swings,
with multiwavelength blazar flares (Marscher et al. 2008; Chandra
et al. 2015; Blinov et al. 2018). These observations imply active
magnetic field evolution along with particle acceleration (Larionov
et al. 2013; Zhang et al. 2015). The location of the blazar zone is
often believed to be at sub-parsec to parsec scales from the central
engine, but its physical conditions and how it efficiently dissipates
so much jet energy to accelerate non-thermal particles have been
long-standing questions to both observations and theories.

An interesting recent discovery is that the jet is still accelerating
at tens of parsecs from the central engine. Recent VLBI monitoring
programs have been able to study the apparent acceleration of large
numbers of individual jet features across many jets (Jorstad et al.
2017, Lister et al. 2018). For instance, MOJAVE project has revealed
a significant parallel acceleration of jet features at projected distances
of parsec scales in many jets (Homan et al. 2015), indicating jet
bulk acceleration at tens of parsecs from the central engine. These
observations indicate that the jet magnetic energy can continue to be
converted to bulk kinetic energy beyond the blazar zone.

This paper aims to address the above issues theoretically under the
striped jet model. This model envisions that the magnetorotational
instabilities (MRI) that drive the black hole accretion processes
generate loops of magnetic field of varying polarity (Balbus &
Hawley 1991). Due to the black hole rotation, these magnetic loops
are forced to open up rapidly. The rotating black hole threaded
by open magnetic field lines then drives a highly magnetized jet
(Uzdensky 2005; Barkov & Baushev 2011; Parfrey, Giannios &
Beloborodov 2015). The varying magnetic field polarity through
the black hole results in a jet characterized by a varying toroidal
field polarity as followed along its propagation axis. The narrow
segments of the uniform polarity of magnetic field are, hereafter,
referred to as ‘stripes’. The jet acceleration and energy dissipation
during its propagation are then driven by magnetic reconnection
between stripes of opposite polarity. The dynamics of such a striped
jet have been studied by Drenkhahn (2002) and Drenkhahn & Spruit
(2002) in the context of GRB jets, assuming a single unique stripe
width throughout the jet. Recently, Giannios & Uzdensky (2019)
have considered a generalized striped jet model, where the stripe
widths follow a broad distribution determined by the temporal power
spectrum of MRI-driven dynamo at different scales in the accretion
disc. Under this model, Giannios & Uzdensky (2019) have shown
that the jet bulk acceleration and energy dissipation cover a broad
range of distances from the jet central engine, depending on the
stripe distribution profile. The model makes specific predictions for
the energy dissipation and bulk acceleration profile of the jet and,
therefore, allows for the development of a unified physical picture to
explain the blazar jet dynamics and radiation signatures.

Here, we study the blazar jet kinematics, large-scale radio signa-
tures, and blazar zone radiation features following the generalized
striped jet model by Giannios & Uzdensky (2019). We explore
the dependence of observable signatures on the striped jet model
parameters, and whether we can reproduce the typical observable
signatures with reasonable physical parameters. We investigate the
jet bulk acceleration, especially at tens of parsecs, and compare with
MOIJAVE observations. We also evaluate the synchrotron emission
and self-absorption signatures along the jet propagation direction
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following Blandford & Konigl (1979), and explore core-shift effects
and overall radio spectra. We try to locate the blazar zone in the
striped jet and figure out its physical conditions. Then we study if
these physical parameters can reproduce the typical blazar spectra
and variability patterns. Most importantly, we show how the striped
jet model mutually links the above three independent aspects of
observable signatures, i.e. the large-scale jet acceleration, radio
emission, as well as the properties and location of the blazar zone, and
connects them with the physical processes at the central engine. The
paper is organized as follows. Section 2 reviews the key assumptions
and results of the striped jet model based on Giannios & Uzdensky
(2019); Section 3 studies the jet acceleration and dissipation during
its propagation; based on our radiation model, Section 4 studies
the core-shift effects and radio spectra of the striped jet; Section 5
explores the physical conditions and radiation signatures of the blazar
zone. We summarize and discuss our results in Section 6.

2 STRIPED JET MODEL

In this section, we review the key assumptions and results of the
striped jet model based on Giannios & Uzdensky (2019). As we can
see below, the striped jet dynamics and evolution mostly depend on
the stripe distribution profile. This profile is characterized by two
key parameters, namely, the minimal stripe width /,;;, and the power
spectral index a. Both parameters are directly related to the black
hole accretion and jet launching processes.

It is believed that the black hole accretion processes are driven
by the MRI in the accretion disc (Balbus & Hawley 1991). In this
picture, the MRI-driven dynamo generates magnetic field loops of
varying polarity. The accreting gas advects the inner footpoints of
the magnetic loops into the black hole while the outer footpoints
still thread the disc. The resulting differential rotation forces the
magnetic field loops to open up rapidly (Uzdensky 2005; Barkov &
Baushev 2011; Parfrey et al. 2015). A rotating black hole threaded by
these open magnetic field lines then drives a strongly magnetized jet
(Blandford & Znajek 1977). The polarity of the MRI-driven magnetic
field loops can vary over time-scales comparable to the orbital time
in the inner parts of the disc. Therefore, the polarity of the open
magnetic field lines through the black hole can reverse over a range
of time-scales related to the characteristic MRI growth time in the
disc, which, in turn, scales with the Keplerian period. The resulting
jet is then characterized by varying toroidal field polarity along its
propagation axis, which we refer to these structures as stripes.

Recent magnetohydrodynamic (MHD) simulations of accretion-
disc turbulence driven by the MRI show that MRI dynamo in stratified
discs produces quasi-periodic reversals of the magnetic flux that is
emerging vertically out from the disc into the wind and jet (Davis,
Stone & Pessah 2010; O’Neill et al. 2011; Simon, Beckwith &
Armitage 2012). The characteristic period for these reversals is about
ten Keplerian orbital periods Ty = (R/Rg)3/ 2Rg/c at the distance of
interest R, where Ry = GM/c? is the gravitational radius. A significant
amount of the jet energy comes from the inner part of the accretion
disc, with aradius of a few to tens of gravitational radii. Therefore, the
minimal stripe width /i, ~ 10c¢T o can be estimated to be hundreds
to thousands of R, depending on how fast the black hole is rotating.!
In a more realistic picture, MRI turbulence is active over a broad
range of radii in the disc as suggested by recent shearing box and
GRMHD simulations, thus introducing magnetic field reversals over

I'The black hole spin sets the location of the inner edge of the disc and,
therefore, the shortest Keplerian period time-scale of the disc.
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a broad range of scales (Ball et al. 2018; Kadowaki, De Gouveia
Dal Pino & Stone 2018; Kadowaki, de Gouveia Dal Pino & Medina-
Torrejon 2019). However, for relatively small-scale turbulence, the
magnetic reversals can quickly dissipate via magnetic reconnection
near the base of the jet or inside the accretion disc. Therefore,
we expect that their contribution to the global jet dynamics and
propagation should be small. To quantitatively study the contribution
of small-scale magnetic field reversals in the jet, one can examine
the ratio of turbulent magnetic field component over the coherent
magnetic field reversals numerically via GRMHD of the jet launching
processes, which is beyond the scope of this paper. For simplicity,
here we only consider the coherent magnetic field reversals and take a
truncated power-law distribution of the stripes from /,;, as suggested
by Giannios & Uzdensky (2019),

P(l)—dP— ! LY 1>1 (1
T dl (@ = Dlin \in oo

In this way, the stripe distribution profile at the jet launching site
is characterized by two parameters, /y, and a, both of which are
related to the black hole accretion processes. As discussed above,
Lpin ~ 10%— 103Rg may be a reasonable estimate. The a parameter is,
theoretically, poorly constrained. In general, a > 1 appears to be a
natural assumption, since most of the gravitational energy is released
at the inner disc, implying that the energetically dominant scale of the
stripes is Iniy. If the stripe distribution follows that of gravitational
energy release, then a = 5/3 (Giannios & Uzdensky 2019).

It is the evolution of the stripes during the jet propagation that gov-
erns the jet acceleration and magnetic energy dissipation. Initially,
close to the jet base, the expansion time of the jet is much shorter
than the time it would take for any stripes to dissipate their energy
via magnetic reconnection. As a result, the jet is initially not very
dissipative. As the jet propagates outwards, it can expand sideways
depending on the external pressure profile. For simplicity, we assume
that the jet is conical after its initial collimation and acceleration near
the jet base, with a fixed small opening angle 6; of a few degrees.
The embedded stripes thus stretch sideways, making them prone to
tearing instabilities. At the same time, the jet takes longer to expand
leaving plenty of time for efficient magnetic reconnection between
stripes of small length-scales. At larger distances, longer stripes also
have time to dissipate.

Magnetic dissipation drives the jet bulk acceleration but also
injection of non-thermal particles in the jet. To make the problem
analytically tractable, Giannios & Uzdensky (2019) have postulated
that the jet remains cold throughout the jet propagation and ignored
radiative losses. Drenkhahn & Spruit (2002) have shown that when
the radiative losses are small, the thermal energy of the plasma in
the jet always remains a modest fraction of the bulk kinetic energy.
Given that the blazar radiation efficiency is typically about 10 per
cent of the jet power, radiative losses do not significantly affect the
dissipation and acceleration of the jet.

Under the above assumptions, the total jet power L; is conserved
during the jet propagation. At the jet base, it is mostly in the form
of Poynting power L,. During the jet propagation, the jet magnetic
energy continuously converts into the bulk kinetic energy L. The jet
reaches the terminal Lorentz factor T'es = L;/(Mc?) very far from
the central engine, where M is the mass injection rate at the jet base.
Thus, we have

Li=Li+L,=L(l+0)=TMc*(1 +o0) , )

where 0 = L,/Ly is the magnetization factor. For a relativistic
jet, Giannios & Uzdensky (2019) have worked out the differential

Striped blazar jet 1147

equation that describes the jet acceleration during its propagation,

dx (A —=x*
w e ®

where x = '/, ¢ = (26z)/(lmmFgo), z is the distance from the
central engine, and k = (3a — 1)/(2a — 2). Here, € is the reconnection
rate measure as a fraction of the Alfvén velocity. Particle-in-cell (PIC)
simulations have found that in the relativistic magnetic reconnection,
€ ~ 0.1 generally holds for a magnetized (o 2 1) plasma environment
(Liu et al. 2017). The above equation can be solved for an implicit

expression of x(¢),
21— )% (1= )+

(1—

k—3 —2 Ta—-1 TitC @
ifk # 1, 2, 3, where Cis a constant. If k =2 or 3 (for a > 1, k cannot
reach 1), the corresponding term is replaced by a logarithmic term.
Under the assumption that the thermal energy and radiative losses
are neglected, Giannios & Uzdensky (2019) have shown that the jet
magnetic energy dissipation at a specific distance from the central
engine can be considered as the change of the bulk kinetic energy
there. In this way, the jet dissipation power Pyg; is given by

Li—>=1¢ . (&)

Giannios & Uzdensky (2019) have shown that the jet acceleration and
dissipation are continuous over several orders of distances from the
central engine. Additionally, the dissipation peaks at approximately

lminrgo
6¢

The peak distance corresponds to the location where the smallest
stripes Imin mostly dissipate.

We summarize the key assumptions and results from Giannios &
Uzdensky (2019):

(6)

Zpeak =

(1) The jet is conical.

(ii) Atthe jetlaunching site, the jet magnetic field is predominantly
toroidal, in the form of stripes of reversing polarity.

(iii) The stripes are separated by current sheets where their
magnetic energy is dissipated via magnetic reconnection.

(iv) The jet remains cold throughout its propagation.

(v) The radiative losses are small.

(vi) Under the above assumptions, the jet acceleration and dissi-
pation during its propagation are described by equations (3) and (5),
respectively. Both change slowly over several orders of magnitude
in distance from the central engine.

3 JET KINEMATICS AND DISSIPATION

Under the striped jet model, the jet acceleration is continuous over
a broad range of distances from the central engine. The acceleration
is relatively fast near the base of the jet, and the bulk Lorentz factor
reaches to 2 10 within ~ 1 pc. When the distance ze.x is reached,
the jet acceleration slows down, but continues to ten to a hundred
parsecs from the central engine, with the intrinsic acceleration rate
I'/T between 0.0005 and 0.005 yr~—'. These values are in good
agreement with the MOJAVE observations (Homan et al. 2015). The
acceleration is driven by conversion of the jet Poynting flux into bulk
kinetic flux via magnetic reconnection. This is because the jet is still
moderately magnetized beyond the blazar zone, and only depletes
most of its magnetic energy at 2> 100 pc.

MNRAS 502, 1145-1157 (2021)
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3.1 Overall jet acceleration and dissipation

The striped jet model predicts jet bulk acceleration over a broad
range of distances from the central engine. Equation (3) suggests
that the jet acceleration is fast near the base of the jet, where the
jet is relatively slow. The acceleration quickly drops when the jet
bulk Lorentz factor approaches the terminal Lorentz factor I',. As
shown in Giannios & Uzdensky (2019), we can find the asymptotic
expressions for y < 1 and x — 1, which are

X’ =3¢,
(1—x"*=wk-Dt ,

The jet bulk Lorentz factor at small distances from the central engine
thus can be expressed as

x L1,

x—1 @

z \1/3 Too\1/3 7 Imin \N—13/ 7 \1/3
P=6r0 () T~ 15(50)  (fieem) (pe) +®
where we consider a jet with terminal Lorentz factor of 'y, =
30 and the minimal striped width [y, = 10°R, ~ 10'® cm for a
supermassive black hole of 10% solar masses.” One can see that
the bulk jet Lorentz factor reaches 2 10 within ~ 1 pc, which is
consistent with observations. The acceleration is gradual, as shown
in the factor (z/lyin) . Apparently, the acceleration at small distances
from the central engine does not depend on the stripe spectral index a,
but depends on the minimal stripe width /,;,. The physical reason is
that after the initial jet acceleration and collimation near the central
engine, the jet acceleration is dominated by the dissipation of the
narrowest stripes. Aforementioned, the jet radial expansion stretches
the stripes sideways, making them unstable to tearing instabilities.
This happens at smaller distance z from the central engine for
narrower stripes. Therefore, the initial jet dissipation is dominated
by magnetic reconnection in stripes of width ~/;,, regardless of the
stripe index a. If the central black hole rotation is fast, which results
in smaller /i, the jet bulk acceleration and dissipation can be much
faster.

Fig. 1 (upper row) shows the jet bulk Lorentz factor profile solved
numerically based on equation (4). We can see that the profile follows
well with the above analysis. For different /,, the Lorentz factor
profile shifts horizontally in z, which is expected from the (/i)
factor in equation (8). And the acceleration near the jet base is similar
for different a. Generally speaking, for larger a, there are more
stripes of width ~/,;,, thus we see slightly faster acceleration. The jet
magnetization (Fig. 1 middle row) follows the opposite trend to the
bulk Lorentz factor. This is expected, as the jet bulk kinetic energy
comes from the conversion of the Poynting flux via reconnection in
stripes.

Interestingly, we see that both the Lorentz factor and magnetization
factor show a broad linear profile in the logarithmic space, covering
several orders of magnitude in distance from the central engine.
Fig. 1 (lower row) shows that the dissipation power exhibits a broad
peak there. Giannios & Uzdensky (2019) have shown that this broad
peak around Zzpe. marks the location where the narrowest stripes
(Imin) strongly dissipate. As a result, the jet magnetization quickly
drops from nearly ten to one. Since the dissipation before zpeqi is
dominated by the dissipation of narrowest stripes, the dissipation
profile appears similar for different a before zpeak. After zpeax, the
narrowest stripes have been dissipated. Thus for smaller a, which
means more stripes of larger width, the dissipation continues to

2Hereafter, when we convert distance from Rg units to cm, we assume a black
hole of 108 solar masses, unless stated otherwise.
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Figure 1. The jet bulk Lorentz factor I' (top panels), magnetization factor
o (middle panels), and dissipation power Pgiss (bottom panel) along the
jet propagation direction. The left-hand panels show the dependence on the
minimal stripe width /iin, While the right-hand panels are for different stripe
profile index a.

longer distances. Otherwise, the dissipation power quickly drops
beyond Zzpeu. Since Zpeac is proportional to Ini,, we also see that
the profile shifts horizontally in z with different /,,;,,. This peak
dissipation region is likely the blazar zone under the striped jet model.
We can see that the jet still has a considerable amount of the magnetic
energy (o > 0.1) even at ~ 10 pc from the central engine (see more
discussions in Section 5.1). This drives further acceleration beyond
the blazar zone.

3.2 Jet acceleration beyond blazar zone

Very interestingly, the jet bulk acceleration continues beyond the
peak dissipation (blazar zone). We can see in Fig. 1 (upper row) that
the bulk Lorentz factor increases from ~15 to nearly 30 at tens of
parsecs. The acceleration rate can be expressed as
r cdl’

r Idz
At tens of parsecs, the jet has moved out the linear acceleration phase
in logarithmic space, making it hard to estimate the acceleration rate
analytically. Fig. 2 solves it numerically from 10 to 100 parsecs.
We can see that the acceleration rate gradually drops with longer
distances. The acceleration rate has a stronger dependence on /i,
than a. This is due to the cutoff of the dissipation power beyond
Zpeak s shown in Fig. 1. We can see that the magnetization drops

(C))
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Figure 2. The jet intrinsic acceleration rate I/ I" at 10~100 parsecs from the
central engine. The left-hand panels show the dependence on the minimal
stripe width /iy, While the right-hand panels are for different stripe profile
index a.

below 1 after zpeq, so that the dissipation via magnetic reconnection
becomes inefficient. As a result, the acceleration drops after zpeqx-
Nevertheless, the acceleration at tens of parsecs is still considerable
given the large spatial scale. Since zpeq is proportional to Iy, the
acceleration rate strongly depends on /.

The acceleration rate under the striped jet model is consistent
with recent VLBI observations. Homan et al. (2015) have found that
a large number of radio jets show significant parallel acceleration.
Assuming a constant Doppler factor of 10, they have estimated that
the intrinsic acceleration rate is between 10~ and 1072 yr~! at tens
of parsecs. The striped jet model predicts slightly larger bulk Lorentz
factor, at ~15 at tens of parsecs. Thus, the observational results yield
5x 107 to 5 x 1073 yr~!. Based on the above constraints, we find
that for [y, = 10" cmand 1.1 < a < 3, the striped jet model predicts
similar parallel acceleration as in Homan et al. (2015).

4 LARGE-SCALE JET RADIATION

The striped jet model naturally predicts a flat dissipation profile of
energy that extends for several orders of magnitude in distance. This
property of the dissipation profile explains the core-shift effect and
flat-to-inverted radio spectrum as seen in observations. The core-shift
distance z(v) is antiproportional to the observational frequency v
for typical striped jet model parameters. Very interestingly, the peak
of the radio spectrum v is antiproportional to the peak of the
dissipation profile zpea. Since Zpeax is proportional to i, which
characterizes the creation of stripes via the MRI, the radio spectral
peak can be an observable diagnostic of the black hole accretion. In
the following, we first describe our radiation model, then evaluate
the core-shift relation and large-scale synchrotron spectra.

4.1 Radiation model

The striped jet dissipates the jet magnetic energy via magnetic
reconnection between stripes of opposite polarity. Numerous PIC
simulations of relativistic magnetic reconnection have shown that the
reconnection can accelerate particles into a power-law distribution
(Guo et al. 2014, 2016; Sironi & Spitkovsky 2014; Petropoulou,
Giannios & Sironi 2016). Therefore, we inject a straight power-
law distribution of non-thermal particles along the jet propagation
direction, whose energy is a fraction of the local dissipation power.
The large-scale jet emission is dominated by non-thermal electron
synchrotron emission. Given the magnetic field and non-thermal
particle distributions based on the striped jet model, we can evaluate
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the synchrotron emission and synchrotron self-absorption from
blazars. In the following, all primed quantities are in the comoving
frame of the local jet segment.

Following Boettcher, Harris & Krawczynski (2012), the syn-
chrotron emissivity is given by

! 1 *© ! i I ! !
i, = 4—/ &y n' (7 PLG) (10)
T J1

where n'(y") is the non-thermal electron distribution, and Pl(y")
is the specific synchrotron power at frequency v by an electron
of Lorentz factor y'. The synchrotron self-absorption coefficient is
given by

! 1 > ’ ! ! ! a n/(y/)
o, = 7/ dy' PL(y)y"? ( e ) . (1
1

 8mmev'? oy

For isotropically distributed non-thermal particles, the specific syn-
chrotron power is

J3me* B’

P// ’ —
(V) I

xCS(x) , (12)
where x = v/'/v.,v, = (3eB’y’?)/(4mtm.c) is the synchrotron critical
frequency, and the function CS(x) is given in terms of Whittaker’s
functions CS(x) = WO,%(x)WO_%(x) — W%’%(x)Wf%’%(x). Clearly,
both the emissivity and absorption coefficient depend on the comov-
ing magnetic field strength and non-thermal particle distribution.
Assuming that a constant portion of the dissipation power goes
into the non-thermal electrons, we can find the non-thermal electron
energy density u/, and the electromagnetic energy density uj in the
comoving frame,

00 Py Ane’Li(1 — x)*
ué I/ d)’/n/()/,))’/mecz = 1 e 2 = ’752 21( 6 X)4
1 me(0iz0)? el 12;, T8, C x
I Bi/z — LP — 462Lj(1 — X)
uy = _ — . . (13)
. me(6zl)? medPZ T8¢ x?

Generally speaking, the large-scale radio emission of blazars does
not exhibit fast variability, indicating that the underlying non-thermal
particles are in a quasi-stationary state. For simplicity, we assume that
the non-thermal particles are of a straight power-law distribution,

n'(y)=ngy' 7" . (14)

In this way, both the emissivity and the absorption coefficient can be
expressed as functions of the jet distance z from the central engine
Ji(z) and @, (2).

Based on Section 3.1 and Giannios & Uzdensky (2019), the jet
acceleration is gradual over many orders of jet length-scales from the
central engine. Therefore, we neglect any bulk acceleration effects
in the radiative transfer calculation. The intensity in the comoving
frame is then given by

7/, j/
v L el g
! = / de/, e v (15)
0 a,

where 7/, is the optical depth in the comoving frame given by

’

o, = / ds' o, | (16)
0

and s is the distance that a light beam travels along the line of
sight. The intensity in the observer’s frame is Doppler boosted as
I, = 83IU’,, where v = 8§V’

With the above treatment, the large-scale jet emission is governed
by four key parameters from the striped jet model, namely, the jet
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power L;, the stripe distribution profile parameters /i, and a, as well
as the non-thermal particle spectral index p. In the following, we
examine the dependence of observables on these key parameters.
We choose the viewing angle for blazars at sin 0, = FC;]. Other
parameters have trivial effects on the jet physical quantities and
radiation signatures. For instance, the jet opening angle is typically a
couple of degrees; within this range, the radiation signatures appear
nearly the same.

4.2 Core-shift effect

As shown in equation (11), the synchrotron self-absorption coef-
ficient depends on the non-thermal particle density, magnetic field
strength, and observational frequency. Blandford & Konigl (1979)
have shown that for a conical jet with decreasing non-thermal particle
density and magnetic field from the central engine, the apparent size
of the radio core, which is the distance where the optical depth
7, = 1, drops with higher observational frequency v. Thus, this
interpretation needs a physical model for the postulated non-thermal
particle and magnetic field profiles. Here, we demonstrate how the
core-shift relation can be explained under the striped jet model.

To analytically characterize the core-shift dependence on the
striped jet parameters, we first recognize that the viewing angle in
the comoving frame is given by

sin @), = §sinbps . a7

A light ray, emitted from the central spine of the jet, travels a distance
of 5" = r/(sin 0 4,8) in the comoving frame before it reaches the edge
of the jet, where r = ztan ; is the cross-sectional radius of the jet at
distance z. We can thus find the jet length that is covered in the light
trajectory s as

_ r(COS eobs - ,3)

18

Sin Ogps as)
For typical blazar parameters, sin yps ~ FO‘O‘ and 6; is very small, we
recognize that Az < z at any specific z. Since the jet bulk Lorentz
factor I, the comoving non-thermal particle density n'(y"), and the
comoving magnetic field strength B all depend on z, within the light
trajectory across the jet, they can be all be approximated as constants.
Therefore, we obtain

0.
o =al, - (19)
Sin By 8

The specific synchrotron power P, (y’) expression equation (12) is
very complicated to solve analytically. Here, we take the é-function
approximation (Boettcher et al. 2012),

Pra(/_i / /28 I 20
v (v = geotugy SOV —v) (20)

Put this into equations (11) and (19), we find the dependence of 7,
(v = 8v') on striped jet parameters as

pak+2 P2y

pt+4
T oy (1 )T @

The above equation cannot be solved analytically, but from the
asymptotic expressions (equation 7) and by setting 7,, = 1, we can
find the asymptotic expressions for high observational frequencies
where the core-shift distance z is very small,

_3pt12
Zeg XV 3p+14 s (22)

and for low observational frequencies where the core-shift distance
Zcs 18 very large,

_ 2kp+8k—2p-8
Zeg XV Zpi8EpT (23)
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Figure 3. The core-shift distance from the central engine at various observa-
tional frequencies. The four panels show the effects of four key parameters of
the striped jet model, namely, the minimal stripe width /i, (upper left-hand
panel), the stripe profile index a (upper right-hand panel), the total jet power
L; (lower left-hand panel), and the particle spectral index p (lower right-hand
panel). The blue solid curve represents the default model parameters, while
orange dashed and green dotted curves correspond to two variants of the
parameters.

Typically, the non-thermal electrons that are responsible for the large-
scale radio jet emission have a spectral index p in the range from ~3
to 5, and for the stripe distribution profile index a > 1, we have k
> 1.5. With these parameters, one can easily see that the indices in
both asymptotic expressions yield approximately —1. Therefore, the
striped jet model predicts that the size of the unresolved radio core
is antiproportional to the observational frequency.

Fig. 3 presents the core-shift distance at different observational
frequencies via the detailed radiative transfer outlined in Sec-
tion 4.1. The blue curve is the same default case in all panels,
with lyin = 10" cm, @ = 5/3, Lj = 10% ergs™, and p = 4. It is
clear that the core-shift distance is generally antiproportional to the
observational frequency, with rather straight profile across several
orders of observational frequencies. The profile becomes slightly
curved when the core-shift surface is close to the central engine.
This feature is not a robust prediction of the model because the
expressions used in the previous analytical solutions fail to describe
the jet acceleration and collimation close to the source. In reality,
both I' and z are non-trivial near the jet base, introducing boundary
corrections there. This leads to the slightly curved core-shift profile
at high frequencies. We also observe that the core-shift distance
depends on the jet power L; and the electron spectral index p. This is
easy to understand, since the synchrotron self-absorption is stronger
with higher particle density, and both small p and large L; can increase
the particle density.

The jet becomes completely optically thin for high-frequency
bands for which z ., reaches the jet base. At these frequencies,
the synchrotron spectrum is described by the well-known power-
law index —(p — 1)/2. We can find this spectral break frequency
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analytically using the asymptotic expressions,

p+6 2
2p+8 7 3p+12
vp & L; P L (24)

One can see that vy, is fairly insensitive to the minimal stripe width
Imin and does not depend on the stripe profile index a. Rather, it
depends on the jet power L; with an index of ~0.5. These trends are
consistent with our numerical findings in Fig. 3.

4.3 Overall radio spectrum

Using decreasing non-thermal particle and magnetic field profiles,
Blandford & Konigl (1979) have shown that the synchrotron emis-
sion and self-absorption result in the observed flat-to-inverted radio
spectrum. This suggests that large-scale jet spectral properties can be
powerful diagnostics of the jet energy dissipation profile as a function
of distance from the source. Here, we illustrate that the large-scale jet
spectrum can be explained under the striped jet model and constrain
key model parameters on jet launching and dissipation.

The complete radiative transfer is too complicated to solve
analytically. Here, we make a number of simplifying assumptions in
order to derive approximate, but illuminating, analytic expressions
for the jet emission and then we proceed with the presentation of
the fully numerical results. So as to characterize the large-scale jet
spectral properties, we notice that the jet can be treated as optically
thin at a given observational band v for jet length z > z.(v). Given
our choice for the viewing angle of sin6yps = F;Ol, the comoving
viewing angle is not perpendicular to the jet propagation direction
except for the asymptotic jet scale, where the bulk Lorentz factor is
I'o. However, the resulting integration for the jet luminosity is still
very complicated, requiring further simplifications. Aforementioned,
the light-ray trajectory is almost in the radial direction at any given z,
because Az « z. Therefore, we simply take the comoving viewing
angle to be in the radial direction for all z, and integrate the emission
over the entire jet from z, i.e.

o0
L, = / dz 8nr?jl, (25)
Zes
where r = ztan6; is the jet radius at z. Putting the §-function
approximation for the specific synchrotron power P, (y’) into the
above equation, we find
R e
L,oxv 7 d¢(1—x) *
:CS

pHak+1 p—1 )

& rx s (26)

where {.s = (2€2c5)/ (lmmFgo). Similar to the treatment in Section 4.2,
we take the asymptotic expressions for low observational frequencies
(x =D,

2p+13
L, oc v Fpisk—p=2 | (27)
and for high observational frequencies (x < 1),

2p+3

L, ocv 3p+id (28)

For the typical non-thermal particle spectral index p and the stripe
profile index a, we can see that the radio spectral index o« (L,oxv*)
lies in the range of ~0.5 to ~—0.5 from low to high frequencies.
Thus, the spectrum first rises slowly at low frequencies and then
drops at high frequencies.

However, the above calculations have one caveat: The asymptotic
expressions are not obtainable in practice. As shown in the previous
section, for typical blazar parameters, the core-shift distance hardly
reaches adequately large number so that x — 1; on the other hand,
even at the base of the jet I' > 1, so that x < 1 does not apply.
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Figure 4. The synchrotron spectrum L, for the large-scale striped jet blazar
emission. The emission spectrum is fairly flat, i.e. L, ~ vO, over a wide range
of frequencies. Panels and curves are consistent with Fig. 3.

As shown in the following numerical calculations, the observed
spectral shape is much closer to a flat or slightly inverted spectrum,
with spectral index o between 0.2 to 0. None the less, one spectral
feature remains: The overall radio spectrum is not exactly straight,
but appears slightly curved with a peak at ve. Since zesov ™! and
by observing equation (26), we can see that the spectrum becomes
flat if the integration is proportional to ¢ ”~"/2. This implies that
the emission at vy, is dominated by the jet segment at z lmiano.
We find that the above expression is proportional to the peak of
the dissipation profile zpeak, thus vpear o z;eiik. Therefore, for a given
I' ., the peak of the radio spectrum is antiproportional to the minimal
stripe width /.

Fig. 4 presents the large-scale synchrotron spectrum based on
the numerical solution of the full radiative transfer equations in
Section 4.1. The jet luminosity naturally depends on the jet power
L; and the electron spectral index p, as shown in the lower two
panels. The stripe profile index a also affects the spectral shape of
the partially optically thin part of the spectrum. Giannios & Uzdensky
(2019) have shown that a governs the jet dissipation profile, where
smaller @ implies more energy dissipated at larger jet distances from
the central engine. As shown in Section 4.2, the low-frequency
bands are less absorbed at a large jet distance. Consequently, the
low-frequency flux slightly rises with smaller a, leading to a flatter
spectrum. Obviously, p also affects the synchrotron spectral shape.
Ideally, its value can be directly constrained with the fully optically
thin part of the synchrotron spectrum. As a result, although the effect
is very small, the radio spectral shape can shed light on the stripe
distribution profile.

The spectrum appears soft for high-frequency bands where the jet
becomes fully optically thin. We can see in Fig. 4 that the dependence
of this frequency on striped jet parameters fits well with equation (24).
We remind the readers that, under the striped jet model, the frequency
vy, that the jet becomes fully optically thin is not the same as the peak
of the large-scale spectrum at vyeqx. As shown in equation (24), vy, has
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Figure 5. The synchrotron spectrum L, integrated to different jet distances
from the central engine. The four panels are the default parameters (upper
left-hand panel), a smaller minimal striped width /i, = 10'> cm (upper right-
hand panel), a smaller stripe profile index a = 1.1 (lower left-hand panel),
and a smaller electron spectral index p = 3.0 (lower right-hand panel). For
the last three panels, except for the said changes, all other parameters are the
same with the default case.

trivial dependence on [yin, but Vpeax l[;iln. This is clearly shown in
the upper left-hand panel of Fig. 4. In this parameter study, we choose
three different values for /,,;, separated by two orders of magnitude.
We can see that the spectral peaks vpeq are separated by one order
from each other, but the spectral break frequencies vy, are comparable.
Therefore, the separation of vy, and vy, implies the minimal stripe
width /iy, which characterizes the quasi-periodic magnetic field
reversal produced by the MRI dynamo at the central engine.

4.4 Radio spectral evolution with jet propagation

VLBI techniques can resolve the jet structure and probe the syn-
chrotron spectral properties at different distances from the central
engine. We find that the striped jet model predicts a more inverted
spectral shape at smaller distances from the central engine. Therefore,
the radio core spectrum should appear harder than the overall
spectrum under the striped jet model.

Fig. 5 shows the radio spectral evolution along the jet propagation
direction. This is done by integrating the synchrotron intensity from
the central engine to the given jet distances. In addition to the default
parameters, we plot one sample each for different /iy, a, and p. This
is because Fig. 4 shows that L; has no effect on the spectral index.
It is clear that at smaller jet distances from the central engine, the
low-frequency spectra are significantly absorbed, so that only the
high-frequency emission can be observed, consistent with the core-
shift relation. For the partially optically thin part of the spectrum,
it appears more inverted at smaller jet distances, with the spectral
index reaching as hard as « ~ 0.5. This suggests that the radio core
spectrum should be harder than the overall radio spectrum. Fig. 5
suggests that this feature holds for any striped jet model parameters.
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Additionally, we notice that the spectra appear the same at various
distances for high-frequency bands (v 2 vy,). Comparing with Fig. 1,
one can see that z = 10! cm locates before the dissipation peak Zpek-
This suggests that the high-frequency emission is dominated by the
contribution near the jet base instead of the peak of dissipation. The
reason is that the synchrotron self-absorption is very small for high-
frequency bands, thus most emission comes from the jet base, where
the magnetic field is much stronger. A very interesting consequence is
that the emission at the spectral luminosity peak vpeq is dominated
by the emission from the jet segment a small factor larger than
Zes(Vpeak)- From Fig. 5, this location is at ~ 10'® cm. Meanwhile,
as mentioned in Section 4.3, the luminosity at the spectral peak is
dominated by the emission near the peak of the dissipation power
Zpeak- Consider z = T2 lnin ~ 300/min = 3 x 10" cm, which scales
well with the dissipation peak zpe., we find that the above two
estimates of the large-scale jet synchrotron emission peaks are
consistent. Apparently, the size of the compact core at Vpea can
be a good indicator of the peak of the dissipation power, which can
help to locate the blazar zone and the minimal stripe width at the
central engine.

5 BLAZAR ZONE

The highly variable, non-thermal-dominated multiwavelength emis-
sion from the blazar jet suggests the presence of a very localized
blazar zone, where a large amount of the jet energy is efficiently
dissipated to accelerate non-thermal particles and radiate. Under
the striped jet model, this blazar zone should locate within the
broad peak of the dissipation profile. We find that it should lie
between 0.1 to a few parsecs from the central engine, where the
jet is moderately magnetized, with o 2 1. The broad-band emission
and flares are driven by relativistic magnetic reconnection between
stripes. The magnetic field strength in the blazar zone is typically
between ~ 0.1 and ~ 10 G. Under these physical conditions, we
can generate the typical two-component blazar spectral energy
distribution (SED). Importantly, the radio part of the SED, which is
due to the large-scale jet emission and often ignored in the blazar SED
studies, can be consistently produced under the striped jet model by
combining large-scale synchrotron and the blazar zone emission. In
this section, we first investigate the blazar zone location and physical
conditions, then describe its radiation modelling, finally we study the
multiwavelength radiation signatures.

5.1 Location and physical properties

The blazar zone is a unique region in the blazar jet. This region shows
very bright multiwavelength emission, implying strong dissipation of
the jet energy. The emission is non-thermal-dominated, and spectral
fitting models typically find that the blazar zone has a bulk Lorentz
factor of 2 10 (Bottcher et al. 2013; Paliya et al. 2018). Additionally,
the multiwavelength emission is variable, in particular, infrared
to optical emission often flares together with X-rays and y-rays
(Chatterjee et al. 2012; Liodakis et al. 2019). Given the typical day-
to-week variability time-scales, causality relation requires that the
blazar zone must be very small, usually of sub-parsec size. Since
the jet is highly magnetized at the launching site, the blazar zone
may be the transition location where the jet energy changes from
magnetic-dominated to kinetic-dominated condition. Therefore, it is
crucial to study the blazar zone and the large-scale jet in a unified
physical picture to probe the physical conditions of the blazar zone
and the related large-scale jet evolution.
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Under the striped jet model, we suggest that the blazar zone
should match four criteria to match observational properties. First,
it should be located within the broad peak of the jet dissipation
profile (so that there is sufficient energy to power the observed blazar
emission). Secondly, it has a bulk Lorentz factor I' 2 10. Third,
since the blazar flares are driven by efficient magnetic reconnection
under the striped jet model, the blazar zone should be magnetized,
with the magnetization factor o > 1.3 Finally, since many blazar
flaring activities exhibit highly variable infrared to optical emission,
the blazar zone should be optically thin to infrared and higher
frequencies. We can see from Fig. 1 that the broad dissipation
peak, which scales as z = Fgolmin, matches well with the above four
criteria. Therefore, the blazar zone should locate between 0.1 pc to
a few pc. These blazar zone properties come naturally under the
striped jet model, because the broad dissipation peak results from
the most efficient magnetic reconnection between stripes, so that the
blazar zone is still sufficiently magnetized but a large amount of the
magnetic energy has already converted into bulk kinetic energy. As
shown in Fig. 3, within this distance range the jet is optically thin to
the infrared and higher energy bands. We find that our estimate of the
blazar zone location is consistent with observations (Aleksic¢ et al.
2011; Hayashida et al. 2012). Fig. 1 shows that the presence of the
blazar zone requires the minimal stripe width [y, < 10'® cm and the
stripe index a 2 1.3, otherwise the bulk Lorentz factor is too small.
Considering that the observed jet acceleration beyond the blazar zone
requires [y, = 10" cmand 1.1 < a < 3.0, these two phenomena put
strong constraints on the striped jet model parameters, [y, ~ 10'¢ cm
and 1.3 <a <3.0.

The comoving magnetic field strength at ~ 1 pc should be
approximately 1 G under the striped jet model. From equation (13),
we can easily see that

Li(1—
B’ Uijizxzm , (29)

in which B’ is proportional to /L;j and z~'. In principle, B" also
implicitly depends on [, and a through the x terms, but (1 —
%)/x? is typically of the order of 1 for most part of the jet. From
equation (13), we can find that the magnetic field strength close to
the central engine (z = 10" cm) is

L; ) 1/2 , 30)

where L; = 10*® ergs™' is the Eddington luminosity for a supermas-
sive black hole of 10% solar mass. Therefore, the comoving magnetic
field strength in the blazar zone at ~ 1 pc is about 0.7 G, consistent
with most leptonic blazar models (Bottcher et al. 2013).

Fig. 6 shows the comoving magnetic field strength between 0.1
and 10 pc based on numerical calculations. The results are consistent
with the above analytical expressions, and we can see that the
magnetic field strength covers a relatively large range from ~ 0.01
to ~ 10 G. Meanwhile, Fig. 1 shows that the dissipation power
profile in this distance range is nearly flat, at Py ~ 10% ergs™!.
These parameters are in good agreement with leptonic blazar models.
Spectral fitting models often find that the magnetic field strength is
relatively small (B” < 0.1 G) for BL Lacs, but higher B’ ~ 0.5 G
for flat-spectrum radio quasars. Under the striped jet model, this
implies that for flat-spectrum radio quasars, either the blazar zone

3For o < 1, the reconnection process turns slower and the particle acceleration
spectra become too steep to account for observations (Guo et al. 2015; Sironi,
Petropoulou & Giannios 2015).
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Figure 6. The local comoving magnetic field strength B between 0.1 and
10 pc from the central engine for various stripe profile index a (left-hand
panels) and total jet power L; (right-hand panels).

is closer to the central engine, or the jet intrinsically has higher
power. In both cases, the external photon field in the blazar zone is
higher, naturally explaining the strong external Compton contribution
often seen in flat-spectrum radio quasars. For the hadronic models,
however, the striped jet model requires a very high total jet power,
at Lj ~ 10* ergs™', which is about ten times of the Eddington
luminosity for 10° solar mass supermassive black holes. Under this
extreme condition, the blazar zone can have magnetic field strength
at ~ 100 G and dissipation power at Py ~ 10%” ergs~!, consistent
with hadronic spectral fittings.

5.2 Blazar model

The blazar zone emission exhibits two spectral components. The
low-energy component extending from radio to optical, and in some
cases up to soft X-rays, is dominated by synchrotron emission by non-
thermal electrons. The high-energy component covering X-rays and
y-rays is often interpreted as the inverse Compton scattering of low-
energy photons by the same electrons (Dermer, Schlickeiser & Mas-
tichiadis 1992; Sikora, Begelman & Rees 1994). Alternatively, the
high-energy spectral component may be of hadronic origin, whose
emission comes from the proton synchrotron and hadronic cascades
(Mannheim 1993; Miicke et al. 2003). Both low- and high-energy
spectral components are variable, which indicates efficient particle
acceleration and cooling. Additionally, the particles responsible for
blazar flares must be quickly accelerated in situ, so that the non-
thermal particle distributions are likely different from those of the
large-scale jet.

Under the striped jet model, the non-thermal electrons are acceler-
ated via relativistic magnetic reconnection. This non-ideal plasma
physical process can rearrange magnetic field lines of opposite
polarity, dissipating a large amount of magnetic energy to accelerate
particles during this process. Numerical simulations of relativistic
magnetic reconnection have demonstrated the formation of an
extended power law in the particle energy distribution in both pair and
electron—proton plasma (Guo et al. 2014, 2016; Sironi & Spitkovsky
2014). Relativistic magnetic reconnection is efficient, if the blazar
zone is magnetized, i.e. o > 1. We also need to include the adiabatic
and radiative cooling for the non-thermal particles. In particular, the
synchrotron and Compton scattering cooling effects are significant
for non-thermal electrons. To include all the above effects, we employ
the one-zone blazar radiation code developed by Bottcher et al.
(2013). Given the magnetic field and non-thermal particle injection,
this code can self-consistently evaluate the radiative and adiabatic
cooling in the blazar emission region.
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Figure 7. A sample of the blazar SED under the striped jet model. The blue
solid line represents emission from the flaring region, while the orange dashed
line represents the quasi-stationary large-scale jet emission.

5.3 Multiwavelength radiation signatures

Fig. 7 shows the blazar SED in the quasi-stationary state. We assume
that the emission region is at 1 pc from the central engine, and the
supermassive black hole is 10® solar mass accreting at the Eddington
limit. The thermal emission from the accretion disc gets reprocessed
by the broad-line region and dusty torus, which acts as the external
photon field for the Compton scattering. The magnetic field strength
and non-thermal particle energy density are consistently derived from
the striped jet model using the default parameters. Given that the
non-thermal electrons in the blazar zone are freshly accelerated by
very efficient magnetic reconnection, we take a harder power-law
spectrum with p = 2.5 and y ,;, = 2000. We can see that the above
parameters can generate typical blazar SED. Importantly, the large-
scale jet spectrum overlaps with the blazar zone spectrum very well
at infrared to optical bands, then it quickly cuts off due to its soft
particle spectral index. This suggests that the infrared to optical blazar
emission has a significant contribution from the large-scale jet. At
lower energies, the large-scale jet emission dominates over that from
the blazar zone.

The above SED is given under the leptonic model. Generally
speaking, the striped jet model does not predict considerable hadronic
signatures, due to insufficient energy budget. As we can see in Fig. 1,
the dissipation covers a broad range of distances, and the peak of the
dissipation power is ~ 10 per cent of the total jet power. For typical
hadronic blazar models, the proton kinetic power is required to be
> 10*" ergs~! (Béttcher et al. 2013; Paliya et al. 2018). Therefore,
although protons can still accelerate via reconnection as shown in
recent numerical simulations (Guo et al. 2016; Petropoulou et al.
2018; Nishikawa et al. 2020), their contributions to the high-energy
spectral component as well as neutrino emission are trivial under
the striped jet model. However, if the central engine accretion is
significantly super-Eddington, so that the total jet power can reach as
high as > 10¥ ergs™!, the striped jet model can exhibit significant
hadronic signatures. In this situation, the magnetic field strength can
reach as high as ~ 100 G at the peak dissipation scale suppressing the
Compton scattering by non-thermal electrons and implying that the
blazar high-energy spectral component may be dominated by proton
synchrotron and hadronic cascades.

For the variability time-scales, the striped jet model generally
predicts a power spectral density profile with an index of ~2.0. This
is because blazar flares are driven by magnetic reconnection between
stripes. Recent numerical simulations have demonstrated that flares
driven by reconnection result from the plasmoid production and
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mergers in the current sheet (Zhang et al. 2018, 2020; Christie et al.
2019). Since the electron acceleration and cooling are relatively fast
in the blazar zone, the light crossing time-scales of the plasmoids
and stripes should govern the observed variability time scales.
Petropoulou et al. (2018) have shown that the plasmoid extent follows
a power-law distribution in the current sheet, up to a fraction of the
current sheet size. The power-law index is typically around 2.0, but
can reach as low as 1.3. Long-term variability, on the other hand,
is related to the size of stripes. As shown above, for typical blazars
the striped spectral index should be between 1.3 and 3.0. Therefore,
generally one does not expect any major breaks in the power spectral
density from short- to long-term variability based on the striped jet
model. In the case that there is a small break between short-term to
long-term variability (for instance, if a > 2), the break should happen
at a time-scale related to /i, which is likely on the order of one week
in the observer’s frame.

6 SUMMARY AND DISCUSSION

Itis widely believed that the jet is highly magnetized at the launching
site. However, the jet acceleration and energy dissipation during
its propagation are not well understood (Achterberg et al. 2001;
Nishikawa et al. 2003; O’Neill, Beckwith & Begelman 2012; Barniol
Duran, Tchekhovskoy & Giannios 2017; Dong, Zhang & Giannios
2020). In particular, the physical conditions at the blazar zone,
where the jet dissipates a large amount of energy and emits strong
multiwavelength emission, are the key to the overall jet dynamics.
Models diverge here into two general scenarios. One is that the jet
has already converted most of its initial magnetic energy into bulk
kinetic energy, so that blazar flares are driven by the dissipation
of the bulk kinetic energy, typically via shocks (Marscher & Gear
1985; Bottcher & Dermer 2010). The other is that a large amount
of the magnetic energy is dissipated at the blazar zone, so that
the jet remains magnetized to at least about one parsec from the
central engine (Giannios & Spruit 2006; Giannios, Uzdensky &
Begelman 2009; Petropoulou et al. 2016; Zhang et al. 2017). The
striped jet model belongs to the latter scenario. Fig. 8 illustrates
the basic properties and features of the striped jet model. The
striped jet is characterized by stripes of toroidal-dominating magnetic
field with reversing polarity generated from the central black hole
accretion. These stripes can undergo magnetic reconnection due to
the antipolarity toroidal magnetic fields. Initially, the reconnection
is not very efficient, due to the fast jet expansion. However, with the
jetreaching larger distances of approximately one parsec, the stripes
are stretched sideways, becoming unstable to tearing instabilities
and the magnetic reconnection time-scale becomes comparable to
the jet expansion time, which results in very efficient magnetic
reconnection. As aresult, the striped blazar jet is moderately strongly
magnetized at the blazar zone, and dissipates a large portion of
its magnetic energy there. After that, the reconnection efficiency
drops, and the jet energy gradually transits from magnetic-dominated
to kinetic-dominated. Still, the reconnection continues to convert
magnetic energy to Kinetic energy even at tens of parsecs, leading to
further acceleration of the jet, which is consistent with recent VLBI
observations (Homan et al. 2015). The observed acceleration at tens
of parsecs from the central engine implies relatively hard power-law
spectrum of the stripe distribution (¢ < 3.0) and a minimal stripe
width that is not too small (i, = 10'¢ cm).

The striped jet model can naturally explain the core-shift and flat-
to-inverted large-scale jet spectrum, due to the continuous dissipation
and non-thermal particle acceleration over a broad range of distances.
The size of the compact radio core generally follows zs(v)ocw™! for
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Figure 8. A sketch of the striped jet model. The central engine generates
stripes of toroidal-dominating magnetic fields with reversing polarity. The
jet bulk acceleration is powered by magnetic reconnection between stripes.
As the jet expands along its propagation, the stripes are stretched sideways,
making them vulnerable to tearing instabilities, which trigger strong magnetic
reconnection. This is the location of the blazar zone and contributes the most
to the spectral luminosity peak of the large-scale emission. The blazar zone
has a bulk Lorentz factor of I' ~ 10 and magnetization factor of o > 1. The
jet bulk acceleration is relatively fast when its magnetization is above 1. The
jet magnetization drops below 1 at ~ 10 pc, and the bulk acceleration slows
down. At ~ 100 pc, the jet becomes kinetic-energy-dominated, and the bulk
acceleration stops.

any striped jet model parameters. Very interestingly, the spectral
luminosity of the large-scale jet emission is slightly curved, and its
peak is not due to that the jet becomes completely optically thin.
Instead, the spectral peak marks the peak of the jet dissipation, and
we find that it is essentially the size of the compact radio core at the
spectral peak, Zpeak ™~ Zes(Vpeak). Not only the dissipation power peak
marks the location of the blazar zone, but it also points to a minimal
stripe width at the central engine of [y, ~ 10'® cm. Therefore, the
two observable properties of the large-scale jet, vpeax and zes(Vpeak)s
can be very important diagnostics of the blazar zone location and
black hole accretion.

The striped jet model suggests that the blazar zone is located within
the broad peak of the jet dissipation profile, which is from 0.1 to a
few parsecs. The local comoving magnetic field strength in the blazar
zone scales as B’ o« z*Ile/z, which lies in 0.01 to 10 G for typical
striped jet model parameters. The dissipation power at the blazar zone
is approximately 10 per centL;. To generate typical blazar SEDs, it
requires a relatively strong dissipation at the blazar zone, implying
that the stripe power-law index to be @ > 1.3 and /p;, < 10'° cm.
The striped jet model can consistently produce the large-scale and
blazar zone SEDs, where the radio part of the emission is dominated
by the large-scale jet emission. The blazar zone emission takes
over at approximately infrared bands, where the entire jet becomes
optically thin. In the case that the jet power is super-Eddington,
the striped jet model predicts a very high magnetic field strength
at the blazar zone (B’ ~ 100 G), and the high dissipation power
(Pyiss = 10* ergs™") can permit the hadronic high-energy spectral
component via proton synchrotron and hadronic cascades. Since the
blazar flares are driven by relativistic magnetic reconnection between
stripes, the flaring time-scales with the light-crossing time of the
plasmoids and stripe widths for short and long variability patterns,
respectively (Zhang et al. 2018, 2020; Christie et al. 2019). Since
the plasmoid and stripe distribution profiles have similar power-law
indices (Petropoulou et al. 2018), the striped jet model expects a
straight power spectral density profile with an index between ~1.3
and ~2.0. Furthermore, optical polarization monitoring programs
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have suggested that blazars with large polarization angle rotations
tend to be more active in both flux and polarization signatures (Blinov
et al. 2018). Recent combined PIC and radiation transfer simulations
have shown that such phenomena result from reconnection between
nearly antiparallel magnetic field lines in the blazar zone (Zhang
et al. 2020). Therefore, blazars with large polarization angle rotation
can be a signature of the striped jet morphology.

Taken all the constraints together, we infer from blazar observa-
tions that the minimum stripe width is /i, ~ 10'® cm, while the index
that describes the stripe distribution is 1.3 < a < 3. The range of the
index a is consistent with the minimum stripes containing most of
the power. Also, the value a = 5/3 favoured by Giannios & Uzdensky
(2019) from general energy arguments falls within this range. The
scale /i, may be arguably associated with the MRI growth time-
scale close to the inner edge of the disc; possibly at the location
where the shear torques peak. For a zero-torque inner boundary disc
model (Novikov & Thorne 1973), this location depends on the black
hole spin ranging from a few R, (fast spin) to ~20R, (no spin). For
the sake of an estimate, we consider a black hole of ~3 x 108 %
and dimensionless spin parameter of ~0.8. The dissipation peak at
the disc takes place at ~8R,, where the Keplerian period is Ty, ~
20R,/c. Consequently, the MRI growth time-scale may be estimated
to be ~10T, resulting in stripes with /yin ~ 10¢T o ~ 10'° cm.
Our favoured values for /;, are, therefore, not unexpected.

Magnetic reconnection in the stripes is not the only potential
dissipative mechanism in a magnetically dominated jet. Kink-type
instabilities are also likely to happen in a magnetized jet. Recent
three-dimensional MHD jet simulations have revealed that kink
instabilities can twist the magnetic field and build up current sheets
as well as drive strong turbulence (Porth & Komissarov 2015;
Bromberg & Tchekhovskoy 2016; Singh, Mizuno & de Gouveia
Dal Pino 2016). Magnetic reconnection and turbulence can then
accelerate non-thermal particles (Alves, Zra(Alves, Zrake & Fiuza
2018; Davelaar et al. 2020; Medina-Torrejon et al. 2020; Nishikawa
etal. 2020). Since the striped jet model has a strong toroidal magnetic
field component, thus we expect that both kink instabilities and
large-scale reconnection between stripes can co-exist in this picture.
Generally speaking, kink instabilities mostly affect the central spine
of the jet without disrupting the jet geometry (McKinney & Blandford
2009; O’Neill et al. 2012). Therefore, most of the energy dissipation
and particle acceleration, and the resulting synchrotron emission,
concentrate in the central spine. However, observations suggest
that the jet can be opaque to the radio emission due to the strong
synchrotron self-absorption. Therefore, the radio emission from
the central spine may not account for the observed radio signals.
However, if there is a significant flattening in the external density
profile, Barniol Duran et al. (2017) have demonstrated that strong
kink instabilities can be triggered, which can affect a large cross-
section of the jet and lead to significant magnetic energy dissipation.
This flattening may originate from that the jet propagates out of
the accretion flow region, which is likely at several parsec-scales
from the central engine. Recently, Dong et al. (2020) have found
that the strong energy dissipation and radiation concentrate near
the density profile flattening at ~ parsec from the central engine,
which can explain the blazar zone radiation signatures. However, the
radial extent of the dissipation region is, in this scenario, limited,
making it unclear how the kink-induced magnetic reconnection can
explain the large-scale jet radiation. Additionally, in a considerably
magnetized environment (o > 1), Davelaar et al. (2020) have shown
that the current sheets produced by kink instabilities often have a
strong guide field component, which is the magnetic component that
is perpendicular to the reconnecting components. The strong guide
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field may result in relatively slow reconnection and rather steep
particle spectrum (Werner & Uzdensky 2017; Guo et al. 2020). On
the other hand, in a moderately magnetized environment where o
~ 1, similar to the peak dissipation region of the striped jet model,
recent works have shown efficient particle acceleration driven by
both reconnection and turbulence in the kinked region (Kadowaki
et al. 2020; Medina-Torrejon et al. 2020; Nishikawa et al. 2020).
This can lead to overall similar radiation signatures as in the striped
jet model. Additional constraints through, for instance, polarization
signatures, may help to distinguish these models (Zhang 2019; Zhang
et al. 2020).

Our analytical study of the striped jet observable signatures is
based on a steady conical jet model. In a more realistic situation, kink
instabilities and recollimation shocks may change the geometrical
appearance of the jet. Since the striped jet model predicts a broad
energy dissipation profile in distance, if such changes in the jet
geometry happen before the peak of the dissipation, they may modify
the dissipation profile. For example, recollimation shocks can happen
at various scales from the central engine from sub-parsec to several
parsecs, depending on the external density profile. Those shocks on
sub-parsec scales may squeeze and slow down the jet, affecting its
reconnection time-scale. On the other hand, strong kink instabilities
as shown in Barniol Duran et al. (2017) are likely to happen at
several to tens of parsecs from the central engine. They are beyond
the peak of the dissipation profile under the striped jet model, where
the magnetization factor also drops below unity. Therefore, their
effects on the striped jet dissipation profile are expected to be minor.
Moreover, the blazar jet is highly dynamical. Observations have
shown moving radio knots and outburst of new radio components
from the unresolved radio core (Marscher et al. 2008; Jorstad et al.
2017). These time-dependent features are beyond our analytical
model. We expect that these additional features can considerably
complicate the identification of spectral luminosity peak vpeq and its
core-shift distance of the large-scale jet emission, which are crucial
to locate the blazar zone and probe the black hole accretion.
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