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ABSTRACT

We analyze the evolution of current driven kink instabilities of ahighly magnetized relativistic
plasma column, focusing in particular on its dissipation properties. The instability evolution
leads to the formation of thin current sheets where the magnetic energy is dissipated. We find
that the total amount of dissipated magnetic encrgy is independent of the dissipation proper-
ties. Dissipation occurs in two stages: a peak when the instability saturates, which is charac-
terized by the formation of a helicoidal current sheet at the boundary of the deformed plasma
column, followed by a weaker almost flat phase, in which turbulence develops. The detailed
properties of these two phases depend on the equilibrium configuration and other parameters,
in particular on the steepness of the pitch radial profile, on the presence of an external axial
magnetic field and on the amount of magnetization. These results are relevant for high energy
astrophysical sources, since current sheets can be the sites of magnetic reconnection where
particles can be accelerated to relativistic energies and give rise to the observed radiation.

Key words: pgalaxies:jets, methodsinumerical, MHD, instabilities, magnetic reconnection,

2111.14575v1 |astro-ph.HE] 29 Nov 2021

e

X1V

[

turbulence

1 INTRODUCTION

Relativistic magnetized outflows, mostly in the form of collimated
Jets, power some of the most energetic, high energy astrophysical
sources, like radio-loud galaxies, Blazars, pamma-ray bursts (GRB)
and microquasars. The jets originate in the vicinity of central com-
pact objects, in most cases a black hole, and carry their energy
partly in the form of Povnting flux and partly in the form of ki-
netic energy flux. Jet energy can then be partly dissipated and chan-
neled to energize a population of non<thermal relativistic particles,
that give rise to the observed high energy emission. Understanding
the physics and the properties of dissipation regions in relativistic
jets is therefore fundamental for interpreting the phenomenology
of high energy astrophysical sources. Two main mechanisms are
considered to be at the origin of dissipation, namely collisionless
shocks and magnetic reconnection. However, it has been shown
(Sironi et al. 2015} that, for larpe magnetization values, such as
those expected in jets, shocks are tvpically rather inefficient and
magnetic reconnection has pained a lot of attention a5 a viahle
mechanism for the jet energy dissipation. Reconnection regions can
originate through the evolution of magnetohvdrodynamic (MHIY)
instabilities, in particular current driven kink instabilities (but also
Kelvin-Helmholtz instabilities, see Sironi et al. (2021)). For this
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regson, the sdy of this kind of instability has recently gained a lot
of attention. Linear smdies have been performed both in the non-
relativistic (Bodo et al. 20016) and relativistic {(Bodo et al. 2013,
20109 Sobacchi et al. 2007; Kim et al. 2007, 2008) regimes and
the nonlinear evolution of the instability has been studied through
numerical simulations (Mizuno et al. 2000 Bromberg et al. 2009
Kadowaki et al. 2021 Medina-Torrején et al. 2021). More recently
Fhang et al. (20016); Bodo et al. (2021) have analvzed the proper-
ties, in particular the polarization properties, of the emitted radia-
tion, by a simplified model in which emitting particles are assumed
o be originated at the current sheets formed during the evolution
of the kink instahility. Om a smaller scale, the observational sig-
natures of reconnection lavers have been studied by means of PIC
simulations by Zhang et al. (2008); Hosking & Sironi (2020). The
saime chain of processes have been studied in a completely differ-
ent astrophyvsical context, in a non-relativistic regime, namely in
the context of fares and heating of the solar corona by Browning
& Van der Linden (2003 ) Browning et al. (2008): Gordovskvy &
Browning (2001} Gordovskyy et al. (20017},

The aim of this paper is to analvze in detail the dissipation
properties during the nonlinear evolution of the kink instability in
jets. Since the main avenue through which dissipation oocurs is the
formation of thin current sheets, our study will focus on the deriva-
tion of therr characteristics. In addition, we will characterize the
properties of mrbulence that develops in the later stages of the in-
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stability evolution. Bromberg et al. (20019} ¢ laim that turbulence is
present during the evolution, however they do not give any quan-
titative measure of its properties, which we instead present in this
paper. We also consider the effect of different tvpes of equilibria
and of different values of the main parameters, like, for example,
the initial magnetization. As in Bromberg et al. (20019}, we limit
this study to the case of a static, non-rotating plasma column, the
effect of a velocity structure will be postponed toa following paper.

In the next Section 2 we describe our numerical setup, the
equilibrium configurations, the parameters that determine these
configurations and the simulations that will be analvsed in the pa-
per. In Section 3 we present the results starting from a reference
case and companng to it all other cases. Finally, the summary and
discussion are given in Section 4.

2 NUMERICAL SETUP

Our aim is the analysis of the evelution of the corrent driven kink
instability of a highly magnetized, relativistic, plasma colomn. The
relevant equations are those of ideal relativistic MHD:

diypi+ Vo lypw) =0, (n

dm+V. (fww EE BB+ (pi um_:f) —0. (D)

3, l:';'zw p|um) | \e‘-(rr’m: | .E'xﬂ:] —0, (3)

WB+V<E=0, 4

whete p is the proper density, m = uv + E « B is the momen-
mm density, p is the pressure, w is the relativistic enthalpy, vy is
the Lorentz factor, v, B, E are, respectively, the velocity, magnetic
field and electric field 3-vectors, u., = (E7 + B} /2, Lis the unit
3w 3tensor and the electric field is provided by the ideal condition
E v B=10. Additicnal v we have w specify an equation of state
relating w, p and p. We will both consider a y-law with constant
[" and the Taub-Matthews equation of state (Mignone et al. 20605).
The units are chosen so that the speed of light is ¢ = 1, we also
remark that a factor afy"ﬁ will be reabsorbed in the definitions of
E and B.

Arr =, we seup an axisvmmetric equilibriom sorocture with
zero velocity, constant density pg and constant pressure, for which,
considering cold jets, we take the value py = 0.01pge”. Since we
intend to consider highly magnetized configurations, we will as-
sume a force-free equilibrium: in this case the equilibrium condi-
tioin rewds

3l 2
LA By)  rdB (5)
2r  dr 2 dr
Equation (5} leaves the freedom of choosing the radial profile of
one of the twocomponents of magnetic field and then solve for the

other. In this work, we mainly consider the equilibrium magnetic
field introduced by Bodo et al. (2013} (equilibrium Type Ik

. B [ahY
5= e Lo (<) ©
szﬂf’.ﬁ v’ﬁmf(i,) : ™
a- as |
B, =0, (#)

where erfis the error function, ris the cvlindrical radins and « is the
magnetization radins, i.e. the radius inside which most of the mag-
netic energy is concentrated. We take negative By < 0 and positive
B, = 0 for this equilibrinm, as vsed in Bodo et al. (2003). We will
also make comparisons with the equilibrium proposed by Mizuno
et al. (2009 {equilibrium Type I, for which the field configuration
is

al. |."[l F(rfa)]*® = 1 = 20 rfa)?

Be= T\,. 201 o
&y

B — _ 10

=W o

B, =10. (1

Equilibrium Type I depends on two parameters, the pitch on the
axis defined as

rB.

P=—=—| <0 {12}
‘ Bg |,—g
and the average magnetization of the jet defined as
fi
o= { 1 . {13}
P
where {B°) is defined as
OB o B rdr
{&’J:—f"( S (14)

iy redr

and the value of @ determines the parameter By, appearing in equa-
tions (6) and (7). This eguilibrium has a minimum allowed value
of |P:| /a, namely for |B:|/a = n'* noequilibrium configuration is
possible. In the equilibrinm Type I1, we have the same definition
for the magnetization that allows us to similarly determine By in
equations (9 and (100, but, instead of £, we have the parameter o
that determines both the value of the pitch on the axis and its radial
dependence. More precisely, for o < 1 the pitch increases with the
radins r, for o0 = 1 the pitch is constant and for o = 1 the piich
decreases with radius. Recently Bromberg et al. (2009) have per-
formed a series of simulations of the evolution of the currentdriven
kink instability in jets, comparing different initial equilibria that
possessed different pitch profiles and pointed out the importance
of these profiles in determining the evolution of the instability, in
particular the case of pitch decreasing with radius appears to be
the most efficient and fast in dissipating the magnetic energy. For
this reason, we will concentrate on this Kind of profiles and, more
precisely for the equilibiium Tvpe I we show the profiles for two
values of F., namely £ /a = <1331 very close o the mininum
allowed value, and F,./a = — 1341, while for equilibrivm Type 11
we choose o= 144, In Fig. | we compare the profiles of By, B.
and the pitch for these three equilibria with the same magnetization
o = I We can see that, for the equilibrium Tyvpe 1, B. decreases
faster, reaching, for r/az3 a constant, very small value, The be-
hawvicur of the toroidal field is instead quite similar for all the cases.
The different behaviour of 8. translates in a different pitch profile,
the central pitch is lower (in absolute value) for Type 11, but Tvpe
I has a much faster decrease weaching af rfa ~ LB the minimum
value very close o zero. In addition, in the same figure, we also
show the profiles for an equilibrium Type 1, bot with a higher value
of . /a = = 1341 (green curve). In this case the constant value of
B. reached for rz3 in much larger than in the previous case (red
curve). In the bottoin left panel we show the radial behavior of the
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Fignre L Flots of the equilibrium profiles of 8; {top left pancl), 8 ftop right pancl), local magnetization < sigma(r] (bottom left panel) and the pitch T vall
{hottom right pancl) as a function of radivs. In each pancl, the red and green curves refer to Type [equilibria with two different valwes of P, while the hlack

curve refers to Type I equilibrium.

local magnetization, which is higher on the axis for the eguilibrium
Twpe L but shows a faster decrease with radius.

The system of equations (1}-(4) is set in dimensionless by os-
ing the magnetization radius o as the unit of length, the light cross-
ing time over the magnetization radius as the unit of time and the
initial uniforn density pg as the unit of densicy. Together with equa-
tions {1)-{4), we also consider the evolution eguation for a passive
tracer [

F]
5 PS4V (pfv)=0. (15)

The passive tracer [ is setto | inside the magnetization radins and O
outside and it will allow to study the mixing of the material inside
the magnetized region with the external materal. In fact, during
the evolution, f will take values between 0 and | as a results of the
M Xing process.

At =0we perturh the svstem with a simall radial velocity of
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the form

(16}

N 4
2mnz
. 4 : =
¥y = Erexpi —r :-E:im( T Iﬂ,.).

n=1 z

where € is the amplitude of the perturbation (we take € = 0.01), ¥
{we use N = 25} is the nuimber of modes that have different longi-
mdinal wavenumbers and @, are random phases,

The simulations are performed on a Cartesian domain with
coordinates in the range x € [—L. 0], v & [=L L] and z & [0LL,],
which is coverad by a grid of Ny =« N, =N, cells, uniform in the
central region around the axis of the magnetized column (— 16 <
o Iband =16 < v < 16) and geometricall v stretched towards the
boundaries in the x and v directions.

We performed a set of simulations with different jet configu-
rations in order o explore the role plaved by different resolutions,
different domain length, different initial magnetization, different
initial equilibrinm configurations and different equations of state.
In Table I, we list the parameters and configuration details for all
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Case o P L. EOS Equilibrium L i N Ny = N

Rl 10 1331 1667 [-law Typel 100 5000 14000 1400 = 250 {LE)
RelHR 10 1331 1667 [-law Typel 50 2500 1D s 100 = 500 (HR)
Rel2L 1] 1331 3333 [law Typel 50 250 TO0 = TO0 = 500 {LR)
PitchHi 10 LMD 66T [Slow Typel 50 250 TO0 s TO0 = 250 {LE)
Sigmali 215 1331 1667 [-law Typel 50 250 TO0 e TN = 250 (LR
Sigmal 1 1331 1667 [-law Typel 50 250 T = TO0 = 250 (LR)
Tauh 10 1.331 1667  Taub Typel 50 250 TO0 s TN = 250 (LR
Eq2 10 - BAT T-law Type Il 50 250 TO0 e TN = 250 (LR

Tahble 1. List of the simulations and parameter sels wsed in each ol the simulations. The first column labels the simulations, the second column gives the
ma gnetization &, the thind column gives the pitch £, the fownth column gives the length £, of the computational domain in the © diroction, the fifth, sixth and
seventh columns indicate, respectively, the type of equation of state, the oquilibria and the lateral extension L of the domain, the eighth column gives the final
time of the simulation £ and the last column gives the number of grid points with the indication of kigh {HR ) or low {LR) resolution runs.

the simulations done. The resolution for the LR simulations is 13
pevints over the magnetization radius and 30 points for the HR sim-
ulations. We also notice that the reference simulation Refhas a grid
that extends laterally up to L = 100 and a final time 1, = 500 while
all the others have L = 50 andry = 250.

The simulations were performed with the FLUTO code
{Mignone et al. 2007}, with parabolic reconstruction, HLL Rie-
mann solver and constrained transport method for the control of
the V. B = condition. The boundary conditions are standand out-
flow in the v— and y-directions, a8 implemented in the code, and
pericdic in the axial z-direction.

3 RESULTS

We will start our discussion with a detailed analvsis of the reference
cases Ref and RefHR, in these two cases we consider the equilib-
rinm of Type L a constant I = 5/3 equation of state, a magnetiza-
tion ¢ = 10 and the two cases differ for the resolution, the lateral
erid extension and the final time of the simulation. We will discuss
in detail the instability evolution, the dissipation properties and the
development of turbulence, considering the differences cansed by
the increase in resoluton. We will then make comparisons with all
the other cases with different confipurations.

31 The reference case
300 Insrability evedution

Bowdo et al. (20013) have shown that the growth rate Im(o ) of the
instability in the linear regime scales a8

e
Im{e) ~ — [ = | flkp). (a7
R \FR ’

where L, = 2mn /L., with ninteger, is the longimdinal wavenumber
of the mode and vy is the Alfvén velocity which, in the relativistic
case is defined as function of & as

1 o

= 18

R = (18}
The function f{&F-) is independent from B /o and is a growing
function of k. up to kF. ~ 1 where the growth rate drops o zero,
the maoades with a larger & are then stable. The linear growith rate of
the instability therefore increases as we increase o until it saturates
for large values of @ and also increases as we decrease | P, In the

present case, £ is very close to the minimum allowed value and the
ki mum growth rate is obtaned for o= 2.

In Fig. 2 we illustrate the instability evolution by showing
three-dimensional composite views of the jetat four different times,
1 = 66.6 (top left panel), ¥ = 10D (top right panel), r = 150 (mid-
dle left panel), r = 200 {middle right panel} and r = 5K} {bottom
panel ). Each panel shows in light blue an isosurface of the tracer
distribution, a two-dimensional section of the density distribution
it the « — 2 plane and a set of representative magnetic field lines.
AL = 66.6 we observe the formation of the helical deformation of
the magnetized column, the field lines appear o wrap around the
deformed column. As predicted by the linear analvsis, we observe
that the increasing perturbation has a wavenumber &: cormesponding
ton =2, The density decreases in the region around the deformed
column, while it shows an increase in the central part of the do-
main. At Liter times, the deformation increases, the tracer contours
become more corrugated, while the magnetic field lines tend to be-
come more aligned to the helicoidal shape of the tracer contours.
We point out that we decreased the value of the tracer isocontour,
with increasing time (more precisely it is 008 at r = 6606, 100, 0.7 at
= 150,05 at r = 200 and 0.05 atr = 50)). The more corrugated
shapes of the socontours and their decreasing values indicate the
oocurrence of mixing. A more quantitative measure of the mixing
is presented in Fig. 3, where we show the fraction M (1) M (0},
where M is the total nmass for the tmcer larger than a given thresh-
old, as a function of time, for simulations Ref {solid curves) and
RefHR (dashed curves). More precisely,

Myt f > fu) = LF wrav. (19)

where the contributions o the integral come only from the cells
that have a value of the wacer [ larger than the threshold fi. In the
figure we show two curves for two different values of the thresh-
old, ie f; =0.1 and f; = 0.5 For interpreting this figure we re-
mind that, atr =0, fis set to | for r < o and © 0 outside. As the
evolution proceed, as a consequence of mixing, we will observe
the appearance of tracer values between 0 and 1. The value of the
tracer in a given cell indicates the percentage of jet material that
is present in that cell. At the beginning of the evolution, the shaip
transition at the jet interface is smoothed out by numerical diffu-
sion and therefore there will be a decresse of My more pronounced
for the higher value of the threshold | ff 5 = 0.5). The dashed curves
refer tooa simulation with double resolution, that has lower nuneri-
cal dissipation, for which the decrease of M is less pronounced, as
expectad. At later times, instead, the slopes of the solid and dashed
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Figure 1. Evolution of the kink instability from the linear growth to nonlincar samration and turbulence. In cach panel, we display a three-dimensional
isocontour of the tracer distribwtion {in light hlue) with representative magnetic field lines in red and a cut of the density distribwtion in the x — £ plane at y = (L.
The five pancls reler & bve ditferent times, respectively £ = 66,6 (top lebt panel), £ = 100 {top right panel), £ = 150 {lefi middle panel), £ = 200 {right middle
panc] and £ = 500 {bottom panel). The boxes in the top fowr panels extend from — 25 1o 25 in the x anmd v directions while the box in the bottom pane] extemnds
oo — 37 o 37.
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Figure & Flot of the tracer mass faction of the initial tracer mass, for [ =
fig, 85 4 function of time. We consider two different thresholds, mamely
S = 0.1 {black curves) and fu = 0.5 {red curves). The solid curves eler
to the low resolution case {LR), while the dashed curves mrelier to the high
resolution case { HR), For which the final time of the simulation isry =230,
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time

Figure 4. Plot of the vanation of the three forms of energy (kinetic encrgy,
thermal encrey, clectromagnetic energy), as a function of time. The energy
vanations are shown with respect to the value at £ = 0 and are pormalized
o the mag netic energy contained inside the magnetization mdivs 2 atr =01
The solid curves meler o the low resohtion case (LR), while the dashed
curves refer to the high resolution case {HR), For whichthe final time of the
simulation is sy = 250

curves appeai 1o be quite similar, indicating that mixing occurs in
a similar way in both simulations, resulting therefore independent
of the (numerical) diffusivity. We can attribute this behavior o the
development of turbulent mixing, where the mixing is due to small
scale disordered motions. We will return later to a more detailed
characterization of the rbulence that develops during the kink in-
stability evolution.

The result of the instability evolution is the formation of dissi-
pative stuctures that will be analvsed in more detail in the follow-
ing sections. Here we will analvze the energy conversion processes
from a global point of view, for this we split the total energy in
three parts, the electromagnetic energy

Epy = = (B + E7). (20

PO | —

Figure 5. Transverse culs, in the 1 — 7 plane, of the magnetic Held intensity
atthree different times, r = 75 {top pancl), £ = 150 {middle pancl) and f =
500 {botiom pancl ).

@ second part,

Ej = p'}"l:"f 1. 21)
which in the non-relativistic limit reduces to the classical kKinetic
energy and a third pa,

En=pyrih—1)-p. (22)

where i is the relativistic specific enthalpy, which in the non-
relativistic linit reduces to the ¢ lassical thermal eneigy. In Fig. 4 we
plot the variation, with respect to their initial values, of the integrals
over the computational domain of Egur, £ and £, a8 functions of
time, for the two simulations Ref (solid curves) and RefHR (dashed
curves). These variations are normalized to the initial magnetic en-
ergy inside the magnetization radius (Ey ;). Notice that, since the
Jet s mildly relativistic, Epuy 5 dominated by the magnetic eneigy.
W see that the electromagnetic energy decreases with time and it is
converted partly into thermal energy and partly into Kinetic eneigy.
The kinetic energy after an initial increase stavs constant at a level
of about 20% of Ejy; while the thermal energy keeps increasing
with time. The rate of dissipation of electromagnetic energy into
thermal energy peaks betwesn 1= 65 and 1 = 140 (see also Fig.
6], but the process continues at a lower rate also at later times. At
1= 50}, the final time of our simulation we observe the conversion
of about 138y ; of electromagnetic energy into about 1.3Ey; of
thermal energy and 0.2Ey; of kinetic energy. The dashed curves
represent the results for the high resolution case, with lower nu-
merical dissipation. We can see that the difference between the two
curves is very small, leading to the conclusion that the dissipation
rate is determined mainly by the large scale structure of the fow.
Fig. 5 illustrates the evolution of the magnetic field structure
by showing transverse cuts in the x— z plane (at v = (8 of the distri-
bution of the magnetic field intensity at thige different times: during
the peak of dissipation at r = 73 (top panel), at the beginning of the
slower dissipation phase at ¢ = 1530 (middle panel) and in the mr-
bulence phase near the end of the simulation at ¢ = 5 (bottom
panel ). This figure clearly shows the presence of a helical struc-
tire, of which we see the intersections of with the cutting plane at
v =1, is seen o be present at all time, with a growing radius, that

20000 BAS, MNEAS (MY, 000000
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Figure 6. Plot of the energy dissipation rate {black curve), defined as the
time denivative of the indegral of the thermal energy over the computational
box, L = [ EpdV, as a function of time. The med curve represents the
integral of i in cument sheets s a function of time.

reaches a value of about 235 at the final time. Inaddition we can see
that while at the beginning the helix shows two windings, atthe end
there is only one winding. Inside the helix we can observe the for-
mation of a more disordered or turbulent structure of the magnetic
field.

An interesting question is what is the long term relaxed state
reached by the system. A useful approach is provided by Tavlor's
hypothesis (Tavlor 1974) which postulates that, in a highly con-
ducting plasma, magnetic helicity dissipation is much weaker than
energy dissipation (Berger 1984 Tavlor 1986) and therefore the re-
laxed state will be that of minimal energy under the constraint of
helicity conservation. This state is a linear force-free siate, ie a
state with § = o, with o constant. The theory has been developed
for non-relativistic plasmas, while in this case we are ina relativis-
tic regime at high magnetization. However Bromberg et al. (2019)
show that at late times the state reached by the svstem is anvway
close tooa Tavlor™s state. In our case the simulation reaches a final
time 1y = 500, while in Bromberg et al. (20019} it extends longer
up o ry = 1760, So, our simulation has not vet reached relaxation:
the equilibrinm is not force-free: in fact thermal pressure gradients
are still present and the plasma [3 is of the order of unity. We notice
also that in this state the magnetic field stll maintains a helicoidal
configuration, as evident in Fig. 2. As it will be discussed below, in
this case dissipation is predominanty due o mrbulence and there
is not vet any sign of wrbulence decay. This reference simulation is
in contrast to our other simulations at different field configurations
presented below. In those rans, even at comparable times, the struc-
mire tends to approsch more a force-free state in the sense that the
plasma [§ becomes < | as well as the magnetic field configuration
appears tobe, on average, axisvmimetric and closer to the final state
described by Bromberg et al. (2009).

302 Derection of current shee s

As we will see in the next subsection, current sheets play a funda-
mental role in the dissipation process, therefore we have to find a
way o identify them. Several different algorithms For their identi-
fication and characterization have been proposed, in particular Zh-
dankinet al. (2003} proposed a detection al gorithin that fiest selects
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points of maximum of the current above some predefined thresh-
old, then builds clusters of points around these maxima in which
the current i5 above half of the maximum. The threshold is defined
s a multiple of the r.ans. value of the current. In the present case
the definition of the r.ms. value s more problematic than in the
mrbulence case considered by Zhdankin et al. (2013} since here
the volume of the region in which current sheets are present varies
with time, a5 demonsteated by Fig. 7. Here we choose to follow a
different approasch, which has been already presented in Bodo et al.
{2021). Taking into account that we rely on numerical dissipation,
we identify as dissipative structures those defined on a small num-
ber of grid points, for which numencal dissipation becomes very
effective. We then define a local steepness parameter as

A= E . {23}
where 8 is the cell size. s represents a measure of the steepness of
magnetic field gradients, the larger is 4 the smaller is the number of
erid points that locally resolve the magnetic field gradient. We then
choose o identify cells belonging o a current sheet as those that
hawve & larger than a certain threshold value s,;,. We have compared
our criterion with Zhdankin®s algorithm (see Bodo et al. 2021) and
we find good agreement.

303 Dissiparion and current sheels

In resistive simulations, the energy density dissipation rate is given
by m i, where j is the conductive current density (see e.g. Mignone
et al. 2019). Although our simulations are ideal, we can take f a5 a
proxy for the dissipation rate, we compute j as Vo= 8 neglecting all
relativistic corrections, being the velocities at most mildly re lativis-
tic. Dissipation will be actoallv concentrated in thin current sheets
that naturallv form during the evolution of the svsten. In Fig. 6 the
red curve shows the temporal behavior of the integral of 7 over
all current sheets in the computational domain (the definition and
detection criterion of current sheets will be discussed below), the
black curve instead shows the behavior of the time derivative of
Eyp. which is the integral of the thermal energy density £, over the
simlation box, whichis related to the dissipation rate. Both curves
are normalized to their maximuom value. Note a very good corre-
Lation hetween these two curves, implving that & can be a pood
mensure of the dissipation rate. Moreover we can distinguish, at
earlier times, a peak in the dissipation rate followed, at later times
by a phase in which the rate is almost constant. This peak can be
related to the formation of strong current sheets which are tvpi-
cally located at the boundarnies of the helical deformation, while the
second phase can be related to the progressive development of -
bulence that will be discussed in more detail in the next subsection.

The formation of thin current sheets during the evolution of
the svstem is demonstrated by Fig. 7 in which we show a section of
the distribution of the current density in the v — 2 plane, at four dif-
ferent times. In the four panel we can recognize the different phases
of the kink instability evolution, that we already showed in Fig. 2
and we clearly see that the current density becomes concentrated
in very thin structures. The current sheets in the two top panels de-
lineate the helical jet deformation, they are strong and give rise to
the peak in the energy dissipation rate, discussed above. More dis-
ordered wrbulent structires start to form in the central region of
the top right panel and dominate the distribution in the two botom
pranels.

The process of concentration of the current in thin current
sheets is more quantitativel v illusteated by Fig. 8 in which we plot
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Figure 7. Two-dimensional cuis of the cumrent distibution in the v — 7 plane ai x = (). The fowr pancls reler o four ditferent times: £ = 75, top lelt pancl,
1= 1K), top right pancl, r = 1666, bottom left pancl and r = 50X, bottom right pancl. Motice that the maximum value of the cument is ditferent in the dif ferent
panels.

for fip = 0.2 e, We reach ~ 9% of the integral in only ~ 206

1 R o of the volume.
In the left panel of Fig. 9, we present the temporal behaviour
04 CE of the integral of #* over the current sheets, similar to that shown in
c Fig. 6, except that hete we compare different choices of the thresh-
-..E.. 4 old 5p and different resoluticons. The black curves refer o the Ref
g0d =1 ™ simulation, the dashed curve is for a threshold 5, = 0.13, corre-
E 42 sponding o structures resolved with less than about 8 grid points,
S04 1= A while the solid curve is for a threshold 5, = (0.2, corresponding o
% a resolution of less than 5 grid points. The behaviour of the two
= curves is essentially the same and, as already discussed above, we
0.2 b2 have an initial peak followed by a flat region for + > 150, of course
with the lower value of the threshold we select more points and
C ] the value of the integral is consequently larger, however the rela-

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
“b% 9z ©d 0E 0.8 Lb
volume fractlon

Figure 8 Plot of the Iractional contribation 1o the integral of j* of regions
with j = juk as a function of the volume raction ocoupicd by the same
regions. The curve is colowred with a scale corresponding to the value of
Fae ! Fonrs a5 indicated by the colorbar o, is the maximum vale ol the
current in the domain. The plot is for £ = 1L

the fractional contribution to the integral of  from those regions
that have a value of f larger than a given threshold current . as
a function of the corresponding Vif = fq )/ Viey, L., the volume
fraction occupied by regions with f = j5. The curve in the plot is
coloured with a scale that represents the value of fj, a8 indicated
in the colorbar. The figure refers w r = 1, close to the maximum
of the dissipation rate (see Fig. 6), from Fig. 7 it is seen that at this
titie the current distribution is concentrated inside a cvlinder of ra-
dins ~ 11, we then take the volume of this cvlinder as the reference
volume Vo p. Fig. B shows that if we take a value of fy, equal w
0.5 f e Where e 15 the maximum of the current in the donuain,
the the integral and volume fractions are, respectively, ~ 535% and
= TG, ifwe decrease f, to ~ 035, the corresponding fractions
become ~ T0% for the integral and ~ 10% for the volume, while

tive difference never exceeds 20%. The red curve corresponds o
the high resolution case RefHR (for a threshold s, = 0.2) and a
comparison with the corresponding black solid curve shows that
again the behaviour is the same, but the values are somewhat less
than double. Increasing the resolution, the transverse extensions of
the current sheets remains the same when measured in grid points,
but decresses in size and, correspondingly, the gradients become
steeper and the current increases. A mote gquantitative view of the
size variation of the current sheets is provided by the right panel of
Fig. 9, where we plot the volume of the current sheets as a function
of time, the two curves are for the two resolutions: the black corve
is for the lower resolution simulation Ref, while the red curve is
for the higher resolution RefHRE. In this plot we can see that the
volume in the higher resolution case is essentiallv half of the lower
resolution case, while the change in resolution is by a factor of 2.
The shape of the current sheets is defined by three dimensions, their
length, their width and their thickness. The variation of the voluime
by only a factor of about 2 seems o imply that only the thick-
ness varies with resolution. At the current peak (f ~ B we have
essentially a single large scale helicoidal current sheet, for which
onlv its thickness can vary, More complex is the situation at later
times, when mrbulence develops, in which, in principle, we could
have avariation of all the dimensions, our results, during these Later
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Figure 9. Left panel: Plot of the imegral of 7 over the current sheets as a function af time, the different curves efer 1o different choices of the threshaold s,
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Tarnperature

Figure ). Two-dimensional cut, in the ¥ — yplane, at £ = 5 of the temper-
atwre distribition with supenmposed a contowr plot of 5 for s = 0.2 The
figune refers o f = X,

phases, are in agreement with Makwana et al. (2015), who, in a wr-
bulent simulation, finds a variation of only the thickness of current
sheets with resolution.

A further illustration of the relation between current sheets
and dissipation is provided by Fig. 10, in which we show a two-
dimensional cut, in the x— vy plane at z = 8.3, of the emperature
distribution at 1 = 106, near the maximum of the initial current
density peak. Superimposed on the image of the temperature dis-
tribution we have plotted a contour of the parameter 5 for a fixed
value of 0.2, These contours, a5 discussed above, individuate the
position of the current sheets. From the figure we notice a strong
correlation berween the high temperature regions and the position
of the current sheets. However, this strong correlation can be ob-
served only at the beginning of the dissipation phase, because the
thermal energy does not give an instantaneous image of the dissipa-
tion rate, but integrates over time the effect of dissipation, therefore
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Figure 11. Plot of the volume fraction occupicd by cument with current
density §as a function of §at tree ditterent times: ¢ = 80 (black curve),
1= 150 {red curve) and r = 250 { green curve).

at later times the correlation tends to disappear. Other effects, such
a5 diffusion and sdvection by the velocity field, tend to destroy the
correlation.

Fig. 9 shows that, for r = 150, the total current remains con-
stant while the volume of current sheets keeps increasing, this
means that the average value of the current has to decrease with
time. This is confirmed by Fig. 11 where we show the current sheets
volume frction as a function of current density f. In the plot there
are three different curves which refer to three different times, 1 = 80
{black curve) around the maximum of the total current (see Fig. 9),
1= 150 {red curve) at the end of the peak and r = 250 in the fat
phase. We can notice that, not only the peak of the current distribu-
tion shifts, with increasing time, towards lower values, but also the
shape of the distribution changes with time, showing a fat til at the
first time and progressively decreasing its extension and acquiring
an exponential shape.
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Figure 12. Plot of the mdivs 8, defined in cquation {24), a5 a function of
time compuled using the value 5, = 0.2,

Finally we can see that the dissipation region, i.e., the region
where we observe the formation of current sheets, tends o increase
its size with time. In Fig. 12 we show, as a function of time, the
behavior of the quantity

_ .r:."."-*.'.'.-ﬂ szdv
X -II.'I;??.““ J:Ed]r.r

that represents an effective radius, weighted by 7, of the dissipa-
tion region. We can observe a fast initial increase corresponding o
the first development of the instability, during which K., increases
by a factor of 5, followed by a steady increase up to K., ~ 15,
which then somewhat flattens at 1 > 400 near the end of the sim-
ulation. Actally the bottom right panel of Fig. 7, that depicts the
current distribution at ¢ = 506}, shows these current sheets, although
much weaker, extending up to r~ 240,

An interesting quantity to analyvse is the average magnefiza-
tion at current sheets since PIC simulations show that particle ac-
celeration is more effective at higher magnetization. In Fig. 13 we
show the a two-dimensional cut in the x — v plane {at 2 = 10} of
the average magnetization with superimposed white contours that
show the location of current sheets. The average is computed over
acube with the side extending over 15 grid points. We consider the
average rather than the puncmal value in order to account for the
magnetization values at the boundaries of the current sheets, which
are those that are effectively considered in PIC simulations. The
three panels refer to three different times: = 66.6 (right panel)
just before the dissipation peak, 1 = 10} (middle panel} just after
the dissipation peak and 1 = 166.6 at the beginning of the flat phase.
The left panel shows current sheets that occupy the e gion of high
magnetization, at later times however the current sheet position is
found at the boundary of the high magnetization region. A more
quantitative re presentation of the average magnetization of current
sheets is given in Fig. 14 in which we plot, for the same three times,
the volume fraction, with respect to the total current sheet volune,
for a given value of the magnetization o a8 a function of @. We can
see that at r = 66.6 we have a peak of the distribution at a value of
o~ 6, a smaller peak at @ ~ 1 and a very extended tail reaching
values = 20, At later times, instead, the distribution becomes con-
centrated at values < 1, forr = I we siill observe a small peak at
@~ 4, that conpletely disappear at later times,

R (24}

304 Turwidence

We have seen that, during the evolution, there are evidences of a
transition o a mrbulent state, a8 also pointed oot in the recent sim-
ulations by Bromberg et al. (20019) and Davelaar et al. (2020). In
this section we will try to characterize in a more quantitative way
when wrbulence develops and its properties,

After the initial burst of the kink instability, at about ¢ =
13333, the jet settles down into a turhulent state, characterized by
nearly constant in time magnetic dissipation rate, as seen in Fig. 6.
In this state, the instability has alresdy saturated. The structure of
the tutbulence in physical space is clearly seen in those panels of
Figs. 2 and 3 that correspond o the later times of the evolution. To
better understand the saturation of the instability and characterize
the properties of the e nsuing urbulence, we analvse the spectral dv-
namics of perurbations. To this end, we perform Fourier transform
of the variables inthe z-direction along which the jet is periodic,

L,

gl:x.l'p.k;.r_:l:f“ gleoy, zrjexp( —ikaz)ds. (25}

where g = (A.B) with the first quantity in the brackets being the

square root of the relativistic kinetic energy density, A = /E; =
W Py 1), and the second one the magnetic field. Due to the peri-
odlicity, &8 mentioned above, the longitdinal wavenumber & is dis-
crete, k. = 2mn/ L., where the integer n =0.£1.4£2 ... We define
the kinetic, £, (k-.t) = [|APdxedy, and magnetic £y(b.1) =
(172} [ |B|*dxdy spectra integrated in the entire x — v plane of the
domain.

Fig. 13 shows the temporal evolution of the kinetic and mag-
netic energy density spectra from r = 30, corresponding o the
growth of the kink instability at the initial linear stage (Fig. 4,
up o the nenlinear stage at ¢ = 333,33, when the wrbulence is
already well developed. Fig. 16 shows the time-development of
the kinetic and magnetic energies for the individual large-scale
bl 2m = 0012 modes as well as the total values of these ener-
gies contained in modes with higher wavenumbers kof;/2m = 2.
It is seen in these fipures that at early, linear regime of the lin-
edar instability development, the kinetic and magnetic energies of
these mwddes increase exponentially with different rates, with the
ioede kL. /21 = 2 being the most unstable (e, having the fastest
growth rate) and hence dominant among other ones, as it is also ap-
parent from the shape of the initial distortion of the jet in physical
space (Fig. 2). The evolution of the longitudinally uniform & = 0
mwle is different from the other modes in that its magnetic energy
is constant af the early stage and then monotonically decreases, first
rapidly il about 1 = 1K), before the instability saturates, and then
slowver in the subsequent wirbulent regime (Fig. 16). At the begin-
ning of the evolution, the magnetic field of the & =0 mode cor-
responds o the initial field given by equations (63-(8), which sup-
peoets the kink instability and provides free energy necessary for its
growth. As the kink-unstable, higher k. maodes grow exponentially
at the early stape, their feedback on the &, =0 mode due o nonlin-
edarity gradually increases as well, causing the large-scale magnetic
field of the &: = 0 mode, which supports the instability, o decrease.
Apart from the k. = (0 mode, the nonlinearity in the main equations
redistributes the energy of the unstable modes among each other as
well i to those higher wavenumbers, which are stable against the
kink instability. Since the &, = (0 mode is the driver of the kink in-
stability, weakening of this mode due tothe nonlinear back-reaction
of higher k. mode, in wrn, leads to slowing down of the instabil-
ity growth at later times compared to that in the linear stage. At
the same time, the amplification of higher & modes results in the
increased intensity of the nonlinear transfers among these modes.
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Figure 14. Plot of the volume fraction of current sheets with average mag-
nctlization & as a function of the later. The three curves refer to tiree differ-
enl times, as specified in the legend.

A balance between these two processes — the energy extraction by
the unstable modes from the k; = 0 mode and its nonlinear redis-
tribution — is eventually reached at about 1 = 8333 implving the
saturation of the instability, as it is seen in Fig. 160 After that the
mmle amplitndes nolenger increase monctonically in time. In con-
trast to the “spiky™ spectra at the initial linear growth stage, after
the satration, the kinetic and magnetic spectra have alremdy be-
come almost smooth and continuous, with all the & modes being
excited, and approaches a power-law form (Fig. 15). However, at
this time the jet is stll not vet turbulent, being dominated by Large-
scale repular m = and m = | azimuthal modes in the x — v plane
for all k., as seen in the upper row of Fig. 17.

After a short transition phase, mrbulence finally sets in at
about ¢ = 133,33, From this moment, the amplitudes of all the
nonzero k. modes are statistically quasi-steady in time except for
that of the k. = 0 mode, whose magnetic field continues to decrease
due o the nonlinear cascade towards higher &-modes (Fig. 16).
Since this mode contributes most in the total magnetic energy, the
latter similarly decreases with time (Fig. 4). Itis evident in Fig. 15
that in the turbulent state, the Kinetic and magnetic energy spectra
are essentially independent of time and exhibit a tvpical feature of
aurbulent spectivm — power-law de pendence on &, which at inter-
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mediate wavenumbers (inertial range ) approximately follow & 14

scaling for the kinetic and & * for the magnetic spectra. At higher
wavenumbers, where resistive dissipation occurs primarily in cur-
rent sheets (Sec. 3.1.2), the kinetic and magnetic spectra follow
steeper scalings k% and k%7, respectively. Thus, the large-scale
magnetic field of the k. =0 mode serves as a source, injecting en-
ergy in the turbulence by the kink instabilitv. This is analogous to
external forcing (often assumed o be distributed over a certain nar-
row wavenumber range), which continuously feeds enemgy in the
svstenn, a5 used in forced mrbulence cases, except that here this
large-scale field slowly decavs with time due to losing its energy
to turbulence. This energy is transferred to higher L modes due to
nonlinearity and is ultimately dissipated at the smallest scales in
the current sheets. We confirmed these spectral properties of the
mrbulence in the high resolution case RefHR (thick green lines in
Fig. 15}, Both the kinetic and magnetic energy spectra from the
low and high resolution runs coincide at small and intermediate &;
within the inertial range, which thus appears to be well representad
alremdy in the reference low resolution run. At high resolution, the
same inertial range spectra further extend to higher &, shifting the
dissipation range to even higher &, but not altering its shape.

The structure of the fully developed tuthulent state in the x —y
plane for different k. modes at r = 33333 is shown in the bottom
row of Fig, 17,0t is seen that higher kL2 = 2 miodes have ir-
regular mrbulent structure, which is nearly uniform across the jet,
whereas the structure of smaller L. 2w = (0. 1 modes is more reg-
ular, being dominated by large-scale azimuthal m = 0.1 modes.

32 Magnetization

Simulations Sigma2 5 and Sigmal have the same configuration
a5 the reference case, they differ only in the magnetization val-
nes which are, respectively, o = 2.5 and o = 1. Consequently, we
have values of the magnetic field sirength that are lower by a fac-
tor of 2, in simulation Sigma2.3, and by a factor ~ 3.1, in simola-
tion Sigmal. Fig. 18 shows the variation of the domain-averaged
Euyy (black curves), Ep (blue curves) and E;j, (red curves), with re-
spect to their initial values, as functions of time, for the reference
case (solid curves), the case Sigma2. 3 (dashed curves) and Sigmal
{dash-dotted curves). The variations are normalized with respect to
the initial value of the magnetic energy inside the magnetization
radivs. This normalization already accounts for the differences in
the available magnetic energy in these three cases, however, we ob-
serve an additional decrease of the normalized dissipated energy
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when we decrease the value of o, implyving a decrease in the effi-
ciency of conversion of magnetic energy. The relative conversion
into thermal or Kinetic energies appears o be similar in the three
cases. In Fig. 19 we plot, for the three cases, the integral of f over
all the current sheets {defined with 5, = 0.2} in the computational
box a8 a function of time (left panel), the volume of the current
sheets as a function of time (middle panel) and the radios &, of the
region oocupied by current sheets defined in equation (24) {right
panel). The decrease of the integral of the current with & appeirs
o be somewhat higher than what could be expected from the sim-
ple scaling of the magnetic feld strength. The middle panel shows
that also the current sheet volume decreases with the magnetiza-
tion. Both effects can explain the lowering of the magnetic energy

conversion efficiency discussed above. In addition the region over
which the current sheets extend shows a strong decrease of its ra-
dins with magnetization, as shown by the right panel of the figure.
The matie of the peak value o the value in the fat phase appears
also o decrease with magnetization, implving a decreasing of the
ratioof dissipation rates between the two phases. Additional differ-
ences between the three cases, that can be inferred from Figs. 18
and 19 are that the dissipation starts later, which is related to the
dectease of the instability growth rate with magnetization (Bodo
et al. 2003} and the widening of the peak in the integral of j°, i.e. a
longer duration of the peak phase.
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3.3 Different configurations

In this Section we will discuss the differences induced by changing
the configuration of the reference simulation in several different
wavs, We will analvse the consequences of changing the domain
length by considering the results of simulation Ref2ZL in which
we doubled the domain length. Different tvpes of equilibria were
used in simulations PitchHi and Eq2. More precisely, insimulation
PitchHi the initial equilibrium has the same form of the Ref simu-
lation, i.e. the form described in Bodo et al. (2013), but with a dif-
ferent value of the pitch parameter F. = — 1.341. As aresult, there
is & mich larger axial field at large radial distances: in the case Ref,
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meides have imegpular turbulent structure, which is siatistically neardy wniform acmss the jet, bowever, the frst smallest &L 2% =0, 1 are still

a large distances, B. = 1.7 1077, whereas in simulation PitchHi,
the value of 8. is (.44 (see also Fig. 1). The presence of an "ex-
ternal” axial field, as we will see and as also shown by Bromberg
etal (2009), has consequences for the instability evolution. In sim-
ulation Eq2, instead, we consider the equilibrium form introduced
by Mizuno et al. (2009) with an o0 parameter equal to 144, Fi-
nally, in simulation Taub we used the Tanb-Matthews equation of
state (Mignone et al. 2003} instemd of the constant I equation of
state used in the Ref simulation. During the course of the simula-
tion we reach relativistic temperatures for which the use of constant
[ =5/3 is not well suited, in simulation Taub we then consider the
consequences of using a more appropriated equation of state.

For comparning the evolution of the different configurations,
i Fig. 20 we plot the variations of the different form of eneigies
a5 a function of time, while in Fig. 21 we plot the integral of
over the cument sheets (left panel) and the current sheet volume
{right panel) as functions of time. For reference and for making the
comparison easier, in each plot we show also the behavior of the
Ref case. Before discussing in detail the changes in the evolution
between the various coases, we note that, a5 it is evident from the
figures, the instability growth rates may be different.

We start our discussion by examining the effects of the equa-
tion of state. In Fig. 200 the results for the Taub-Matthews equation
of state are represented with the dashed-double dot curves that over-
lapr almost exactly with those from the reference case. The same is
true for the left panel in Fig. 21, while in the middle and right pan-
els we observe somewhat larger differences at late times. From this
we can then conclude that the effects of the equation of stite are
marginal. Also the case with a double length along the : direction
(L, = 3333, presented in Fig. 200 by the long dash curve) shows
a behavior very similar to the Ref case. The main difference ap-
pears to be a somewhat lower value of the dissipation peak, which
is likely related to the fact that the dominant mode, in the fist phase,
is not the one with & L. /2m =4, a8 it can be expected from the dou-
bling of the length, but the one with & L. /2n =3

More important is the role plaved by a different value of F.,
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Figure 2I. Plot of the vanation of the three forms of energy (kinetic energy,
thermal encrgy, electromagnetic energy), as a function of time. The energy
varations are shown with respect 1o the value at £ = 0 and are pormalized
to the magnetic energy contained inside the magnetization mdivs 2 atr =0
The different curves refer to different simulation seiups a5 specitied in the
lemend.

fior which we have a non-negligible £ in the external medium. This
case (PitchHi) is represented by the dashed curves in Fig. 20, where
it is seen that the efficiency of the conversion of magneic energy
is lower: atr = 250 the magnetic energy converted in other forms
is about 7% of the reference case. In addition, the kinetic energy
production is much lower than in the reference case (few percent
compared to about 200%) and the energy variation curves tend o
become flat for ¢ = 130. This means that, at late times no energy
conversion process is not wking place anvmore. This is confirmed
by Fig. 21, which shows that the current sheets disappear, in fact
the integral of ;7 over the current sheets almaost vanishes forr = 130
and so does the volume. Notice however that Bromberg et al. (2019)
showed that in a similar configuration the amount of dissipation
may also depend on the aspect ratie of the plasma column, since, for
a longer column, more kink modes may grow and drive dissipation
for a longer time.

I the case of the equilibrium Type 2, we also have a lower

efficiency of the magnetic energy conversion and a lower Kinetic
energy production, although this effect is less pronounced with re-
spect to the above PitchHi case. The dissipation rate at late times is
lower than in the reference case, but, although showing a decrease
with time, it does not drop to Zero as in the previous case. The same
is true for the curent sheet volume. Besides, in both these last two
cases, the extension of the dissipative region is reduced with respect
to the Ref case.

I both cases the lower magnetic energy dissipation is acooim-
panied by a disappearance or a significant decrease of the energy
in high wavenumber maodes, as indicated by Fig. 22, which depicts
the magnetic energy integrated over all the modes with wavenum-
bers kLo /2m = 2 as a function of time for the three cases Ref, Eq2
and PitchHi. We can see that, while in the Ref case the curve for
b= 20M is almeost flar with just a slight decrease towards the end,
in the BEq2 case it shows a more pronounced decrease and in the
PitchHi goes almost o zero. We can conclude that, in these two
cases, wrbulence is not any more sustained and either disappears
of it is decaving. In both cases, the stucture of the magnetic field
at late times is, on average, axisvmmetric with tvpical pitch values
for which the kink instability is absent and therefore there is no
draining of energy towards higher wave numbers.

4 SUMMARY AND DISCUSSION

In this paper we analvsed the evolution of current-driven kink in-
stabilities in highly magnetized plasma columns, by means of nu-
merical simulations carried out with the PLUTO code (Mignone
et al. AW, considering different equilibrinm configumtions and
focusing on the properties of the resulting dissipation of the mag-
netic energy. This analvsis is relevant for highenergy astrophysical
sources, since the magnetic reconnection lavers that form as a con-
sequence of the instability evolution may provide a mechanism for
the energization of non-thermal particles as shown by PIC simula-
tions (see eg. Sivoni & Spitkovsky 2004 Guo et al. 20014 Werner
& Uzdensky 20017 Petropoulou et al. 2009). The non-thermal rela-
tivistic particles may then originate the ohserved high energy emis-
sion. Understanding the dissipation characteristics is therefore im-
portant for the interpretation of these astrophysical objects (see e.g.
Zhang et al. 2006; Bodo et al. 2021; Bromberg & Tchekhovskoy
2016).
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Drissipation oocurs through the formation of thin current sheets
and its rate appear to depend only on the lage scale characteristics
of the flow and not on its dissipative properties. This is demon-
strated by a comparison of two cases of different resolution that,
despite their different dissipative properties, show similar dissipa-
tion rates. In fact, in the higher resolution case the effect of a lower
dissipation leads to the formation of thinner current sheets, while
the total amount is essentially the same of the lower resolution case.
This is a point for which a more detailed analvsis will be presented
in a futiee paper.

We showed that dissipation procesds in two stages, a peak,
regched at the saturation of the instability, is followed by a longer
phase of weaker strength. The duration and properties of these
o phases depend on the initial eguilibriom configuration and the
phyvsical parameters of the svstem. In the fiest phase, the instabil-
ity evolution leads o the formation of an helicoidal current sheet

0000 BAS, MNEAS (M, Q00—

and the dissipation rate reaches a maximum. The helicoidal current
sheet then starts to break in the central region and we observe the
transition to a mwrbulent state that progressively extends outwards.
In the latter case, dissipation has a lower rate and mainly proceeds
instead in smaller-scale, more disorderad current sheets. In this re-
gard, we would like to mention that a similar nonlinear evolution of
the kink instability in the main two — first fast, via large-scale kink
current sheet, and a later slower turbulence — stages was observed
and discussed by Bromberg et al. (2009) and Davelaar et al. (2020}
s well.

We also compared the behavior of different eguilibriom con-
figurations and found a dependence of the dissipative properties on
the pitch profile and on the presence of an axial magnetic field in
the external regions of the plasma column. Bromberg et al. (2009}
already discussed the contrasting behaviours of different pitch pro-
files and showed that the case of decreasing pitch is more efficient
in dissipating the magnetic energy than the case of increasing pitch.
All the cases considered in this paper have decreasing profiles but
different steepness. In fact, inthe Ref case the pitch profile is steep
and the magnetic field essentially vanishes at large radial distances
from the column axis, in the Eq2 case the pitch has a shallower
profile and, finallv, the PitchHi case has a pitch profile very sim-
ilar to the Ref case, but the axial magnetic field remains finite in
the outside region. In addition, we also compared different magne-
tizations, The differences relate both o the wtal amounts of energy
conversion and to the duration of the turbulent phase. The Ref case
is the one showing alarger fraction of magnetic energy converted in
thermal and kinetic enemgies. Comparing different magneti zations,
we showed that higher magnetization is more effective in dissipat-
ing energy not only because there is more energy available, bot
also due to the higher efficiency. In addition, we analvsed the evo-
lution of the average magnetization in the regions around the cur-
rent sheets since PIC simulations show that particle accelemtion is
mre efficient for high magneti zation {Sironi & Spitkovsky 2014).
We found that, as the instability evolution proceeds, current sheets
are found in regions with progressively lower magnetization and
we therefore expect a decrease inthe particle energization prooess,
which could translates in an effective shortening of the radiative
preak associated to the dissipation peak.
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The behaviour in the second mirbulent phase is also different
in the different cases. In the Ref case, the mrbulence persists up to
the final time of the simulation (1, = 500}, showing only a slight
decay owards the end of the simulation. In the Eq2 case the mrbu-
lenoe shows a stronger decay, while in the PitchHi the wrbulence
dies very soon. These behaviours may be related to the attainment
of a relaxed state discussed by Bromberg etal (2009) and Brown-
ing et al. (20008}, In the Ref case, the configuration reached at the
end of the simulation is soll far from a relaxed state and may sll
feed energy into the turbulence, while in the two other cases the
final confipurations are closer to relaxation when the enempy rans-
fer toturbulence has stopped. This may be impotant in connection
with the possible energization of non-thermal particles, since fol-
lowing the first phase, in which the energization can oocur essen-
tially through the reconnection lavers, in the second phase, mrbu-
lenoe may also provide an alternative path for particle acceleration.
This can also have an impact on the polarization properties of the
emitted radiation: in the first phase we expect a high polarization
fraction related to the well ordered structure of the magnetic field
{Bodo et al. 2021}, in the second turbulent phase, instead, we could
expect a lower polarization fraction, as a result of the more disor-
dered magnetic field strocture.

These results refer o a static plasma column, clearly it would
be important to imvestigate how they are possibly modified by
the presence of a velocity shear between the jet and the ambient
medinm. This will be investigated in a follow-up paper.
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