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ABSTRACT

Context. Relativistic magnetic reconnection is one of the most fundamental mechanisms that is considered responsible for the ac-
celeration of relativistic particles in astrophysical jets and magnetospheres of compact objects. Understanding the properties of the
dissipation of magnetic elds and the formation of non-ideal electric elds is of paramount importance to quantifydiemey of
reconnection at energizing charged particles.

Aims. Recent results from particle-in-cell (PIC) simulations suggest that the fundamental properties of how magnetic elds dissipate
in a current sheet might be captured by anéetive resistivity” formulation, which would locally enhance the amount of magnetic
energy dissipated and favor the onset of fast reconnection. Our goal is to assess this ansatz quantitatively by comparing uid models
of magnetic reconnection with a non-constant magnetiasivity and fully kinetic models.

Methods. We performed 2D resistive relativistic magnetohydrodynamic (ResRMHD) simulations of magnetic reconnection combined
to PIC simulations using the same initial conditions (i.e., a Harris current sheet). We explored the impact of crucial parameters such
as the plasma magnetization, its mass density, the grid resolution, and the characteristic plasma skin depth.

Results. Our ResRMHD models with ective resistivity are able to quantitatively reproduce the dynamics of fully kinetic mod-

els of relativistic magnetic reconnection. In particular, they lead to reconnection rates consistent with PIC simulations, whereas for
constant-resistivity uid models, the reconnection dynamics is generally ten times slower. Even at modest resolutions, adopting an
e ective resistivity can qualitatively capture the properties of kinetic reconnection models and produce reconnection rates compatible
with collisionless models (i.e., on the order af0 1).

Key words. acceleration of particles — magnetic reconnection — magnetohydrodynamics (MHD) — plasmas — relativistic processes —
methods: numerical

1. Introduction Particle in cell (PIC) numerical simulations are an

N . L . essential numerical tool to model the fundamental physics
_Relatlwsnc magnetic reconnection is one of the main thB'ehind the reconnection of current sheets in astrophysi-
ical processes invoked to explain the high-energy emissigly ,asmas Zenitani & Hoshino 2001 Cerutti et al. 2012b
produced by _strongly .magnet|zed astrophysical plasmas. roni & Spitkovsky 2013 Their ability to capture the colli-
Col(rje Imechanlﬁ_mh cons_lg'lts (t)f th? rea;[]angement t.Of Magn&iifhiess nature of astrophysical plasmas makes it possible to
? dlngs, t‘r’;’ Ic | rapialy tranhs e;s h eh magr&e IC€nergy jantitatively model the dissipation of magnetic elds and the
stored in the plasma Into heat, high-speed  ows, a nsequent acceleration of relativistic particles from rst prin-
accelerated partlcle_s. This Process 1s pelleved fo powergeg. However, their high computational cost poses a seri-
large number of highly energetic peculiar transients, SUu@flg challenge when working to address the large separation

as ares from black hole magnetospheredathanail et al. between tvpi ;
: " ypical length scales of the plasma (e.qg., particles gyro-
2022 Ripperda et al. 2092 pulsar magnetospheresy(barskii radius, plasma skin depth) and the size of the astrophysical

é%g(?cgrﬁt?g?g &2325';%%?/&22?4385@ p?;i?rr:g%d bTJerng systems where reconnection takes place. On the other hand,
: ' resistive relativistic magnetohydrodynamics (ResRMHD; see,

Mahimann et al(2022, Most&_Phlhppov (2023, gamma-ray e.g.,Komissarov 2007Palenzuela et al. 200® ers a power-

burstsZhang & Yan(2011), McKinney & Uzdensky(2012), and  ¢,,/amework to study the impact of magnetic dissipation on the

ares from blazar jets@iannios 2013Petropoulou etal. 2036 |5e_scale dynamics of accretion ows around compact objects

(Qian et al. 2017Ripperda et al. 20194&/0s et al. 202)%and the

? Corresponding authomatteo.bugli@unito.it launch of relativistic polar out ows Nlattia et al. 20232024).
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By introducing an explicit physical magnetic disivity, such We leave the analysis of the particle acceleration process and the
simulations can quantitatively address the formation of currénmpact of e ective resistivity on their spectral distribution to an
sheets and the departure from an ideal relativistic magnetolipcoming follow-up study. We use CGS Gaussian units through-
drodynamic (RMHD) regimeldel Zanna et al. 20)6while also out the paper.

decoupling the dissipation properties from the speci ¢ numerical
implementation of the code adopted. Nonetheless, such resis}iVN
ity is only a proxy for the actual magnetic dissipation occurring’

in the plasma, as its value is typically assumed to be constart. Resistive RMHD models

across the domain and is signi cantly limited by the numeric
d Y Y %B_ur ResRMHD simulations were performed using #ieUTO

di usion imposed by the grid discretization. Moreover, reco _ .
nection rates produced by uid models are generally one or deMILgn(r)]nef et al(2007). We solved a set of conservation laws
at take the form:

of magnitude lower than those obtained with fully kinetic mod!
els Sironi & Spitkovsky 2013 suggesting a fundamental short@U = r F(U) + S(U); 1)
coming in the ability of ResRMHD simulations to capture th\Efvith the vectors of conservative variabldsand uxesF given
properties of collisionless reconnection. 9
One possible way to improve the description of mag?ay
netic dissipation in the ResRMHD framework is to intro- D uj
duce an “anomalous resistivity” in specic regions close m Tij
to the current sheet, where the dissipation is signicanty = B E Fj= cm; 2
Bi
Ei

umerical methods

enhancedWatanabe & Yokoyamg2006, Zanotti & Dumbser kg,
(2011). Such an approach can signi cantly increase the rate c'ikp,
at which magnetic eld lines are reconnected, but it requir _ . : _

one to select a priori a fraction of the numerical domain whe re,D = isthe mass density of.the_ P'azsm‘;"— hut
dissipation needs to be amplied. Some works have insteadE B S the total momentum densig,= c°h = p+ Uemis
adopted the more practical strategy to increase resistivity e total energy densitf;; = huu;  7=(EiE; + BiB)) + pot ij
regions with high values of current densitgnitani et al(2010), ~ is the total stress tensd, is the magnetic eldE is the elec-
Ripperda et al20198, which is more exible and can deal with triceld (all measured in the laboratory frame), ahtk is the
non-trivial con gurations of the current sheet. This prescriptioD Levi-Civita symbol. In the previous expressions we intro-
can lead to faster reconnection as well, but the amplitude of #éced the Lorentz factor, the electromagnetic energy density,
“e ective” resistivity was still set by an arbitrary constant thatem = g (E? + B?), the total pressurepiot = p + Uem, and the
was not constrained by a speci ¢ physical model of collisiorfPeci ¢ enthalpy,h, along with the so-called “primitive” vari-
less reconnectionSelvi et al. (2023 provided the rst physi- ables, namely: the rest mass densitythe uid spatial velocity,
cally motivated model for eective resistivity informed by rst- Vv, orghe related spatial part of the four-velocity,= v (then
principles PIC simulations of 2D Harris sheets that is consistent = 1+ (u=)?), and the thermal pressune,

with a classical collisionless inertial resistivity associated with The source term vector in EdL)(is instead given by

a nite permanence of charged particles within the reconnecting 0 !

region Speiser 1970 By measuring the dominant componeng = 4 8\]‘ : 3)

of the electric eld within the reconnecting layer in the comov- :

ing frame and comparing it to the local current density, thayhere the current densityl, is expressed in terms of primi-
constructed a closed form for an ective resistivity, ¢ , that tive variables and the electromagnetic eld using the relativistic

depends on the particles’ mean velocity and density. Ohm's law for a resistive plasm&¢missarov 200y,
The present study is aimed at testing, for the rst time, 1 " 1 1 #
the prescription proposed b§elvietal. (2023 by using 2D J= wv+=- E+>-v B ~(E Vv ; @)
c C

ResRMHD models of magnetic reconnection. We reformulated
the expression for the ective resistivity in terms of uid quan- where . is the electric charge density ands the electric resis-
tities available in MHD models and measured iteets on the tivity, taken here as the inverse of the uid conductivity.
dynamics of a standard 2D Harris current sheet, quantifying the A well-known property of the evolution equation for the
impact of the di erent quantities that set its magnitude. By peglectric eld, as rst pointed out byKomissarov (2007, is
forming a set of PIC simulations sharing the same initial cofhat it can be potentially sti for low values of the magnetic
ditions as the uid models, we quanti ed the accuracy of theesistivity, since parts of its source term (i.e., those inversely
e ective resistivity prescription to capture the non-collisiongroportional to ) change over characteristic timescales that
properties of magnetic dissipation, obtaining a very good agregay end up being much shorter than the rest of the contri-
ment between the two numerical frameworks. butions Palenzuela et al. 200Bucciantini & Del Zanna 2013
Our study takes the following structure. In Setwe intro-  De| Zanna & Bucciantini 2018 To ensure numerical stability to
duce the numerical methods we adopted and the derivationgé time integration of Eq.2j, we used the IMEX-SSP3(3,3,2)
the closed form of e we use in the rest of the paper. In S&t. scheme Rareschi & Russo 2005following a similar procedure
we present a detailed analysis of the reconnection dynamigshe one presented idlignone et al.(2019 and Tomei et al.
introduced by the eective resistivity and the comparison with(2020).
the constant resistivity and kinetic cases. In Séctwe quan- The evolutionary laws described in Eg$),((2), and @) need
tify the impact of numerical dissipation (through a convergengg be coupled to the solenoidal constraint for the magnetic eld

study) and physical parameters (e.g., magnetization, density, aAé the conservation of electric charge, namely:
plasma skin depth) in combination with PIC models. Finally, we B=0 (5)

share our conclusions in Seé&.and present numerical bench’!
marks validating our resistivity implementation in Appendix r E=4 ¢ (6)
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Table 1. ResRMHD and PIC models and their parameters: upstrediy exclusively in terms of uid quantities that are available in an
“cold” magnetization, Alfven speed, resistivity, ective plasma skin RMHD simulation, we can rst approximate the ratio ,i =v ,i

depth, upstream density, and magnetic eld. with the electron Lorentz factore, and introduce the uid rest-
mass density, = mn, as well as thegi-component of the uid
Model o Cao - o o B velocity ,  hvyi, using charge neutrality and symmetry rea-
sons. If we go on to express in terms of the current density
s10eErl 10 0.945 e 0002 1 316 (e, ehgi=m' j) we can use the fact that for a 2D current
s10eEdOrl 10 0.945 e 002 1 316  gheetwith no guide eld, the only non-vanishing component of
s10eC2rl 10 0945 2 102 - 1 316  the current density is the out-of-plane one. We thus obtain
s10eC3rl 10 0945 % 108 — 1 3.16
s10eC4rl 10 0945 % 10* - 1 3.16 _mc_ Qv ®)
s10eC5r1 10 0945 % 10° - 1 3.16 € e m
s10eEr01 10 0.945 0002 01 1 Iz
212;5{10 140 8 gg? € 8883 110 120 This relation corresponds to a form of theegtive resistivity for
S1eErl 1 0'704 € 0'002 1 1 a uid code proposed in an earlier version ®¢élvi et al.(2023
: . = - and can be rewritten as
s10pic 10 0.945 — — — -
s4pic 4 0.887 - - - - = 9
slpic 1 0.704 - - - - e =9 ' ©)

N

where we de ne the quantitids, = (Mce)@w andJy = ecm.
While we enforced the diverge-free condition by using staggerBg substitutingj, = e,= ¢ and solving for . , we can nally
magnetic eld components via the Constrained Transport (Cdbtain

method [ondrillo & del Zanna 200¥% we used the latter equa- 149
tion to compute the electric charge without enforcing the elec; = — Eg + € (20)
tric eld divergence Bucciantini & Del Zanna 2013 All our Jo
models were performed using also WENQZagtro et al. 2001 \yhere
reconstruction and the MHLLC Riemann solvifignone et al. " #
1
2019. e= E+_v B (11)
2.1.1. Effective resistivity model is the electric eld in the uid frame (e.gMignone et al. 201p

Compared to Eq.9), this expression for the ective resis-
tivity has no singularities and is completely determined by uid
b@uantities readily available at each time step (whereas the current
ensity would, in principle, require us to know the instantaneous
value of the displacement current). More importantly, Ed)) (
pas the bene t of producing a pro le of resistivity that system-

rent sheet and compared it to the general expression for the géigally peaks within the current sheet and tends to smoothly
ecrease once dissipation attens the magnetic eld pro le (see

ativistic Ohm lawHesse & Zenitan{2007. In their model, the dix A2 f ical hus leadi h
sheet is aligned with the-axis, they direction is transverse to it, AppendixA.2 for a 1D numerical test), thus leading to phys-
and thez-axis is a symmetry axis perpendicular to the plane cof¢@!ly motivated dynamics, despite the strong approximations
taining the initial magnetic_eld (i.e., no guide eld is included).Used in its derivation.

They identi ed the e ective resistivity parameter as the ratio

between the out-of-plane components of t_he comoving elt_actzi_q_g_ Numerical implementation

eld and the current density and then estimated the dominant ) ) .
terms contributing to the electric eld in the co-moving framd=quation (0) needs to be properly expressed in a dimensionless

of the uid (which is expected to vanish only in the limit of aform, if we want to employ it within a resistive RMHD code.
perfectiy Conducting piasma), obtaining: This is due to the fact that the uid equat|0ns are scale-free in

_ the limit of a constant scalar resistivity that does not depend on

. ﬂ@ e i ) fundamental physical constants. We ugeand  to indicate,
¢ nehji Ghvy i respectively, the unit length and mass density that we adopted

_ ) to rescale the variables appearing in EtQ)(in terms of cor-
wherem is the mass of the electron; is the plasma number responding dimensionless quantities (indicated in the following
density,e is the electron chargey ; is the z-component of the \yith a bar notation), thus obtaining:
four-velocity of the species (in our case, either an electron r
or a positron)y ; is thezzcomponent of its three-velocity, and 4 _
hi represents an average over the particle distribution. It should = — u@y  +e (12)
be noted that Eq.7] is not covariant and its validity is limited "
(a priori) to the uid comoving frame (given the expression ofn the previous expresaion, we rescale the electric (and magnetic)

the Ohm law used bgelvi et al. 202% While a covariant for- e|q according toE = * 4 c2E and we introduce ﬂ}? dimen-
mulation would be much preferable, in the absence of fast bulk

‘ . ; T o_ - _ 4@,
motions (as is the case here) there should not be any strong déignless plasma skin-depth, = ¢! yLy), with! , = =—=*
ations in the eective resistivity. To express the ective resistiv- being the plasma frequency associated with the chosen unit of

In this subsection, we describe our implementation irRbh&TO
code of the eective resistivity model proposed [8elvi et al.

(2023, which pertains exclusively to a pair plasma witho
guide eld. Using 2D fully kinetic relativistic PIC models of
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mass density. We can then obtain an expression for the dimisnits Lorentz factor, andE,; Bpg are the electric and mag-
sionless resistivity ¢ by factoring out the physical units innetic elds at the particle's location. The equation of motion
Ampere-Maxwell's law as is integrated using the classic Boris pusH&rdsall & Langdon
h i 1991). Charges and currents generated by each particle are then

v _i E+vV B (g W (13) deposited on the nodes of the grid via linear interpolation, where

e they are used to compute the charge and current densities for
Maxwell's equations. In this work, we assume a pure electron-
positron pair plasma, as Belvi et al.(2023.

r B= J

@||@I

which leads to this nal form for the eective resistivity
employed in th’LUT@ode

_r

—_ - 2
€ 4C|_ e == W@y & (14) S L .

u We initialized our domain with a standard Harris current sheet
From Eq. (4), we can see how adopting theeztive resistivity Of width a. In the following, quantities with subscript “0” refer
prescription introduces a characteristic scale to the problgm, to the upstream region of the domain (i.e., far from the current
which is set by the speci ¢ choice of physical units for lengthgheet). The magnetic eld has non-vanishing component only
and mass densities adopted by the code. This length scale #@ng thex-axis, which is de ned as
resents a crucial parameter that determines the magnitude of the y
e ective resistivity and it has a clearly de ned physical mearBy(y) = Bptanh = ; (29)
ing. For this reason, when we use Ety), we set the amount of a
magnetic dissipation not by arbitrarily choosing a constant resighere By is set by the plasma “cold” magnetization tg =
tivity, o; rather, we properly set an equivalent plasma skin-deg#2= | and the plasma densityp (hereB= 4 ! B for con-
length scale and a density pro le for the current sheet. Since ience). Once we have chosen the ratio of thermal to mag-
value of  is a direct consequence of the physical units adoptgdtic pressure, = 2po=B3 (where o is the upstream plasma

by the code and the initial scale of the pI’Ob|em, we treat it aqlf%rmaj pressure), we can Compute the Alfvén Speed as in
xed parameter that does not dynamically change with the locgk| zanna et al(2016

plasma skin depth (the dependence ofon already captures

this e ect). We compute the spatial derivative of the velocityyo = (1= o+ 2 o+ 1) ¥ (20)
component transverse to the current sheet via centrateices ] ] o
and applying a minmod limiter to avoid spurious oscillations th¥there we assume an ideal equation of state for a relativis-
would otherwise aect the resistivity pro le. We also set a oor tic plasma with adiabatic index of/& The thermal pressure,
value of oo = 10 © in order to avoid excessively small val-P: is then computed by requiring a constant total pressure of
ues of resistivity that would simply hinder the stability of thé®ot = P+ B=2 in all the domain. This gives

code without signi cantly aecting the simulation's dynamics

2.3. Initial conditions

. 1 1
(Ripperda et al. 2019a p(y) = EB(z)( +1) EB)z((y); (21)
22 PIC models which we then_ use to compute the density across the domain by
assuming an initial constant temperatures p= = 1. This
Our simulations of collisionless magnetic reconnection are prchoice leads the upstream plasma densitytto increase by a
duced with the 2D version of the relativistic electromagnetfactor of p(O)=po = ( + 1)= ' 1 = 100 within the current
PIC codeZeltron (Cerultti et al. 2013Cerutti & Werner 2019  sheet.
which solves the time-dependent Maxwell equations The magnetic eld is expressed in terms of a vector potential
@& along thez direction
@:cr B 4 J; (15) BL 2x!
A(xy) = aBylog(coshy=a) + —=2sin =X sech Y : (22)
@ _ . 2 Lo a
@ cr E; (16)

] o ) . where the second term of tt'ecomponent introduces a sinu-
using a second-order nite-derence time-domain methodide spidal perturbation with wavelengtt,, and amplitude, =
1969. While the divergence-free condition for the magnetic elé:05, that is localized in proximity of the current sheet to seed
is ensured to machine precision at any given time, the Gasg tearing instability in the ResRMHD models and prede ne
equatior E =4 isenforced by applying at each time steghe |ocation of the maiX andO points along the sheet.

a correction E to the electric eld obtained by solving Poisson's  our numerical domain consists of a Cartesian box with a uni-
equation: form grid spacing equal tox' =20 (unless otherwise stated),
(2 )= (4 rE); (17) where o = c=! is the upstream plasma skin-depth dnglis

€ ' the corresponding plasma frequency. Our box covers the range
where . is the electric charge density an = (r ). The of [0;4L,] in the x-direction, wherelLy = 1 is the characteris-

electromagnetic eld is coupled to the dynamics of the chargég length of the current sheet, while we set the current sheet
particles through their equation of motion width a = 0:01Lp = (=2. This length is 500 times the current
Up

| sheet skin-depth,, since! ' 10! o. Throughout this work we
m% =q Ep+ Bp . (18) consider values for the dimensionless skin-depth paramgter

dt P Cp Eq. (14) corresponding to either the upstream or the current sheet
i i o ] _ plasma skin-depth; namely, = f o=Lo; ,=Log= f0:02,0:002g
wheremis the particle’s massj, = pVp is its 4-yelocity.vp IS imposing a speci ¢ value to, and assumingo = L, is equiva-
its spatial velocityq is its electric charge,, = = 1+ (Up=)? lentto setting the unit of mass density tp= mere( yLy) 2, with
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Yy [Lo]

y[Lo]

y[Lo]

102

X[Lo]

Fig. 1. Spatial pro les of (from top to bottom) mass density, ratio of comoving electric eld over current demsijty ande, for the kinetic model
s10pic att ' 2:4. The density is normalized by the upstream valyg the electric eld by the upstream magnetic el&,, and the current

density byJo = £ 2.

re being the classical electron radius. Since the rest of the MHiDthe reconnection of the current sheet considered in this study. In
equations remain scale-free, this adjustment does nettahe the following, we measure space and time in unitsgdndLy=,
dynamics of the system any further. The size of our numerespectively. The initial equilibrium is promptly destroyed by a
cal box in the direction transverse to the current sheet needwvitdent fragmentation of the current sheet in multiple magnetic
be su ciently large so as to avoid arti cial high-energy cu® islands that start merging and producing ever larger plasmoids,
in the spectra of particles accelerated by the reconnection el@ith a single large magnetic island remaining once saturation is
tric eld. Werner et al(2016 showed that when the size of theeached. Figurd shows a snapshot takentat 2:4 to show-
domain in the direction transverse to the current sheet is not stdise this well-known dynamics. A chain of four large high-density
ciently large, namely, when magnetic islands is interrupted by a series of small plasmoids that
Ly . 40 or; (23) are aboutto_ merge With_the Iargé{point_s (top panel). Regio_ns of
' ] . ) intense resistive electric eld develop in between plasmoids and

the spectra of particles with mean Larmor radius, that are  at the interface of merging magnetic islands (bottom panel). The
accelerated by the reconnection electric eld exhibit an artiatio between this electric eld component and the current den-
cial high-energy cuto. We conservgively doubled the consity (middle panel) represents the quantity that we refer to as the
straint from Eq. £3) and sety 2 [ 80" " 0a;80" " oa], where e ective resistivity of the system. To avoid spurious high values
we applied = ""or.. We imposed in the- andy-direction jn the upstream regions due to exceedingly low current densities,
periodic and re ective boundary conditions, respectively.  we do not render this ratio wherever the current density's magni-

In the PIC simulations, the plasma is generated with 3gde drops below a factor 1®with respect to its maximum at the
particles per cell everywhere in the domain. The initial demeginning of the simulation. We can see a clear anti-correlation
sity gradient in the layer is achieved thanks to variable parfiith mass density in the low resistivity regions at the core of each
cle weights. The initial particle energy distribution follows glasmoid, while high values af,=j, are reached in correspon-
relativistic Maxwellian at rest in the upstream medium, whilgence to high values of the resistive electric eld. This relations
the plasma in the layer is generated according to two countgfa poth in agreement with the dependencies included int&y. (
streaming relativistic drifting Maxwellian carrying the currenfat we previously introduced.
(one beam for each species driftingval: = 0:6c along thez- We go on to analyze modedd 0eEr1 ands10eEdOr1to pro-
d|r_ect|0n). All kinetic models start W|th the same initial plasm@ide a reference for the reconnection dynamics produced by the
skin depth as the ResRMHD case (i.e0dl, upstream, @02, ctive resistivity prescription (a complete list of the simulations

t the center of th t sheet), th ical box, §

a .e]: cen e_rdo e_currefzn _S efl)d € Ssame numerical box, ﬂ’ﬂﬁuded in this work is presented in Tallg Here, we consider

auniform grid spacing orx = o=10. a simulation withN, = 4096 points along the-axis (which cor-
respondsto x = =20, namely, twice the resolution used in the

3. Effective resistivity models corresponding PIC simulation). A deeper analysis of the impact

of numerical dissipation is undertaken in SécL As areference,

for a given resolution the PIC models require about twice as much

We start with a brief description of the main properties of kineteomputational resources with respect to the ResRMHD models.

models10pic , whichrepresents arealization from rstprinciplesThe employment of AMR in the grid structure would have further

3.1. Current sheet dynamics
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netic islands are left. Then, newly formed plasmoids continue to
MO RNIIT |  ofickiy merge toward them thoughout the Smulation. Both the

1

Keo)

6 2
o resistivity and the non-ideal electric eld spike in the low-density

regions of the current sheet's center at the sides of the plasmoids,
with a clear correlation between them (top-right and bottom-left
panels of Fig2). These regions, which are sparsly distributed, also
produce favorable conditions for the acceleration of particles, as
indicated by the negative values assumed by the Lorentz invariant
B? EZ?(Sironi2023. TheO-pointformedinx = laround' 4
instead slowly approaches the lower periodic boundary okthe
axis and merges across it with the original island araundL8.
This halts the further reconnection of magnetic eld lines, which
leads to a drop of the non-ideal electric eld on the sides of the
last plasmoid and the relaxation towards a global saturated state
with a single large plasmoid.
Figure3 shows the pro les of a series of quantitieg at 6:3
for models10eEr1, when the two largest plasmoids are steadily
merging with smaller ones. The morphology of the reconnecting
layer is consistent with the standard scenario produced by both
kinetic and uid models: the fragmentation of the current sheet
produces a continuous coalescence of newly formed small struc-
tures into larger magnetic islands, with thin current laments
connecting them. The ective resistivity is larger around and
in between the plasmoids, with strong peaks emerging at the
interface of merging islands and in agreement with the results
obtained by modebk10pic . The non-ideal electric eld also
reaches its maximum value in these regions, but it is otherwise
stronger within the magnetic islands, rather than at the edges.
These regions also host the most promising sites for the initial
phases of particle acceleration, with negative valueR?of E?
reached in small patches in the middle of highly resistive parts of
the current sheet. The last panel of Bghows how the highest
temperatures are reached not only around the dense core of the
=  — 1 two largest plasmoids, but also in the rare ed regions of strong
x[Lo] x[Lo] magnetic dissipation and non-ideal electric eld, followed by the
regions between magnetic islands where the electric eld and the
Fig. 2. Space-time diagrams of dérent quantities at the center of the'€Sistivity both peak. B
current sheety( = 0) over time for the ResRMHD modell0eEr1l. Model s10eEdOrl, for which the value of , is ten times
From top left to bottom right: Rest-mass densitye ective resistivity greater, shows a similar initial transient in terms of current sheet
e ,z_-comg)oneznt of the electric eld in the uid frame;,, and Lorentz thinning and fragmentation. However, both resistivity and elec-
invariantB®  E*. The white dotted lines indicate the instant where thgi~ a|d are initially weaker than the previous case (top right and
proles in Fig. 3 are shown. bottom left panels of Figd). In the non-linear stage of the simu-
lation, we still have two large plasmoids formingxat 1 and
merging together on the right side of the numerical box, but the
reduced the computational cost of the uid models (especially process is faster and leads (by 12Lo=C) to a saturated state.
the upstream region, where it is enough to use a coarser res8lath resistivity and electric eld still exhibit a very good cor-
tion), but we opted for a uniform grid in order to more closelyelation, but they are now much stronger and cover larger frac-
match the one used by PIC simulations. tions of the current sheet's length. This is accompanied by a clear
In Fig. 2, we show a space-time diagrams of several quanick of production of short-lived small plasmoids between the
ties at the center of the reconnecting layer (similarly to Fig. 2 8#0 main magnetic islands, where the density generally drops
Nalewajko et al. 201@lthough for ResRMHD simulations rathedy more than an order of magnitude. The regions with favorable
than PIC). At the beginning of the simulation the current shegenditions for particle acceleration (bottom right panel) are now
becomes thinner by 20% due to the onset of the tearing instamuch larger and last longer in time, consistently with the afore-
bility, with the initial perturbation inducing the formation of amentioned dissipation dynamics.
small magnetic island at = 1 aroundt ' 1.7 (top-left panel of The spatial pro les of such quantities ait= 4:5 (when the
Fig. 2). During this phase, the resistivity remains relatively lowactivity within the current sheet is most intense) are also qualita-
( 10 ®) close to the two largX andO points forminginx= 1 tively di erent than the case using 0:002 (Fig.5). Both resis-
(top right panel). After this phase, the tearing instability enters tigity and non-ideal electric eld reach their maximum values in
non-linear stage, with the current sheet beginning to also fragm#re regions of low density (i.e., between the high-density merg-
into smaller plasmoids. The resistivity increases by more thang plasmoids), which is consistent with theeetive resistivity
an order of magnitude in between the smaller magnetic islarimsing inversely proportional to. However, rather than having
(where density decreases), as does the electric eld in the plagima patches in between merging magnetic islands, we now have
comoving frame. At ' 2:5, the initial chain of small plasmoidslarge, rare ed cavities with turbulent edges, which disrupt the
starts to merge towards = 1, and byt ' 4 two large mag- current sheet and prevent the formation of chains of small-scale
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Fig. 3. Spatial pro les of (from top to bottom) the rest-mass densityhe e ective resistivity, . , thez-component of the electric eld in the uid
frame,g,, the Lorentz invariantB®> E2, with the contours of the vector potentidl,, and the temperature for the ResRMHD mostEDeEr1 at
t=6:3.

plasmoids. These regions also host the most promising sitestfansient corresponding to the linear phase of the instability lasts
particle acceleration, with negative valuesBff E? reached roughly untilt' 2:5, at which point the fragmentation of the cur-

in patches that are considerably larger than those producedent sheet into smaller plasmoids induces an even faster increase
models10eErl. The high temperatures reached between plas-the reconnected magnetic eld. The growth rate in this stage is
moids (last panel) con rm that such bubbles are produced byughly the inverse of the ideal time scalg= Lo=ca, Which is

an excess of magnetic dissipation due to the much larger resigen faster than the value predicted by the “ideal tearing” regime
tivity that comes with a larger value of Such an evolutionary (Pucci & Velli 2014 Landi et al. 2015 namely,” 0:6 ,!. Such
scenario deviates signi cantly from the reconnection dynamiesvalue corresponds, in principle, to a speci ¢ choice of aspect
produced by the self-consistent PIC model, thereby represematio for the current sheet (i.e.7a = S*¥) and becomes smaller

ing a limiting case for the eective resistivity formulation. This for thicker current sheets according t0d] Zanna et al. 2016

e ect suggests that the layer thickness is set by the plasma $kimissarov & Phillips 2021

depth scale in the sheet rather than in the upstream medium,

which makes more sense physically. Mogd#0eEr1 will there-  pax o' 0:6S (a=L) 32

fore serve as our reference run for the rest of the paper.

However, since the system is unstable on dynamical time scales
when the current sheet reaches this thickness, obtaining a smaller
value ofa=L (hence faster reconnection) is hindered by the frag-
The onset of the tearing instability triggered by the magnetigentation of the current sheet itself. The growth raigx =

seed perturbation leads to an initial fast growth of the RS 0:6 ,* can therefore be considered an upper limit to what can
component of the magnetic eld (top panel of F&). The initial be produced by a reconnection event in the ResRMHD regime

3.2. Global evolution of the magnetic eld
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the center) and the maximum value it assumes within the same
AR T U region for models10eEr1 ands10eEdOrL We report it in units
of Bog= o, Since it is a quantity appearing from Ed.4 that
provides a natural scaling unit. During the linear phase of the
tearing instability the average resistivity increases immediately
from the initial oor value of' 3 10 "Bg= o, due to the local
resistive electric eld building up (bottom left panels of Figs.
and 4). The increase ranges from a few (modé&OeErl) up
to ten times (mode$10eEdOrl), depending on the value of
Aroundt' 2:5, the resistivity then grows by up to three orders of
magnitude due to the current sheet beginning to fragment, with
a steady mean value at the center of the current sheet of roughly
either 3 10 ®By= ( (s10eErl) or2 10 3By= ( (s10eEdO0rl).
There is also a dierence between the two models that is greater
than the ratio between the two plasma skin-depths used by these
models. This is due to the fact that the non-ideal electric eld
in models10eEdOrl is stronger than the one produced with a
smaller value of , hence, the local dissipation rate is increased
even more. After this fast increase in resistivity, both the average
and maximum values do not vary much over time, with a ratio
between the two rising up to500. However, in moded10eEr1,
the maximum value of right after the formation of the rst
plasmoid chainst(* 2:5) decreases steadily by a an order of
magnitude over the period required by the reconnected magnetic
eld to saturate, whereas such a decrease does not occur in the
case of larger.

To quantify the e ciency of reconnection in our models, we
rst computed (for both the ResRMHD and PIC simulations) the
reconnected magnetic ux ¢ along the current sheey & 0)
as

AT NRCIRETI
10 10t

I
101t 102
20 :

15

L R s
10t

1072 10°

15

Z Xo
rec = By(X; O)dx = A, X A o’ (24)
Xx
- 0o 1 -1 0 1 where we identify the position of th¥ (O) point by the max-
X[Lo] X[Lol imum (minimum) value ofA,. For both models with eective

resistivity, the reconnected magnetic ux starts increasing sig-
ni cantly from t * 2.5 (i.e., when the current sheets start frag-
menting). Models10eErl produces a rather steady growth of
the magnetic ux, slowly saturating towards,ec ' 0.5 ¢ by
t' 40, where ¢ = BglLy=2 is a measure of the magnetic ux
available for reconnection at the beginning of the simulation.
The ux from model s10eEdOrl increases instead at a faster
ace, it slows down after' 8:5 (due to the merger between
two last plasmoids being slower at the beginning) and then
urates at a similar value. Such deviation from the model with
lower re ects the faster and more violent reconnection dynam-
s produced by this model. Similarly to the evolutionByf the
PIC simulation shows an immediate growth of the reconnected
X‘E&'shortly after the beginning of the simulation, since the cur-
rent sheet does not undergo a preliminary linear stage of the tear-
'ﬂgg instability. Besides this small @et, however, the evolution
f the reconnected ux of the PIC model is very similar to that of
f& ResRMHD ones. The initial growth ofi. falls roughly in
etween the two uid models, halting brie y before the merger
the two last large magnetic islands and then saturating close
05 oaswell.
We also computed the corresponding reconnection ratgs,

Fig. 4. Same as Fig2, but for the ResRMHD moded10eEdOrl. The
white dotted lines indicate the instant at which the pro les in Bigre
shown.

with constant resistivity. Aftet ' 7:5, there is no signi cant
growth of this quantity for moded10eEdOr1 as the system has
reached a fully saturated state. The model with a lower val
for produces almost the same evolution I‘ﬁﬁi, with only sat
marginally slower growth after' 4. Overall, the corresponding
PIC simulation (black dotted line) produces a very similar ev
lution as well. The growth ofo,i in the kinetic model is fast
and steady, with a rate of increase that is close to the one e
rienced by the ResRMHD simulations after 2:5; namely,
this is the moment when their current sheet starts fragmenti
When the RMS eld reaches the valué®:1B,, the eld in the
PIC simulation quickly saturates to the same intensity as for
uid models ( 0:3Bp). The di erence between the initial tran-p
sients occurring in the uid and kinetic models stems from th
fact that the former needs to go through a thinning of the current
via the tearing instability, before reaching the point where the
rst plasmoids can form. On the other hand, the current she
in model s10pic fragments immediately, therefore producing
without delays a powerful reconnection event. _ Vec _ 1 d e,

As previously seen, the ective resistivity assumes a wide ™~ ¢ = Boc,, dt ’ (29)
range of values during the simulation. In the bottom panel of ’ '
Fig. 6, we show the evolution over time of the average resighere we identify the in ow velocity of the magnetic eld lines
tivity in the current sheet (speci cally, within a distanadrom into the X-point with e = Bold rec0t. Besides the delay
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Fig. 5. Same as Fig3, but for the ResRMHD moded10eEdOrl att = 4:5.

between PIC and ResRMHD models, the reconnection rateses, namelyNy = 4096. For the highest values of resis-
obtained with the eective resistivity formulation are remark-tivity we tested ( = 25 10 ?), the reconnected eldB,
ably similar to the kinetic result. In thel0eEdOr1 simulation, experiences only a marginal initial growth, then decaying con-
we see that e spikes to a maximum value 6f0:2 at the start of tinuously aftert 5 (top panel of Fig.6). This is due to
the current sheet fragmentation, which lasts until 6. Model the fact that the dissipation of the initial magnetic eld across
s10eErl produces a qualitatively comparable scenario, withthe whole domain leads to a widening of the current sheet,
peak around 0:1 and a steadier mean value over time, whidierefore acting against its fragmentation into plasmoids. For
is consistent with the less dramatic increase in resistivity witbwer values of , the reconnected eld grows faster during
respect to the case having= 0:02. Finally, PIC and ResRMHD the transient set by the initial perturbations, followed by a sud-
models exhibit a very similar time variability, on both shorteden rise once the fastest mode selected by the tearing instabil-
and longer timescales. ity becomes suciently strong. This transition occurs earlier
for lower resistivity, but it remains still very slow compared to
the growth produced by the moded$0eErl ands10eEdOrl

It is only the simulation with the lowest constant resistivity
Our four models with constant and uniform resistivity pro legi.e., s10eC5r1) that shows the start of faster growth around
(s10eC2rl to s10eC5rl) show the profound impact that thet' 4Lo=con timescales that are compatible with the onset of the
adoption of e ective resistivity has on the reconnection dynanideal tearing mode (i.€',1:66 »); therefore, they are still slower
ics. The magnetic dissipationy ranges from 5 10 2 to than the eective resistivity cases. This simulation unfortunately
2:5 10 °, with the corresponding macroscopic Lundquist nunzrashed due to the low value of resistivity imposed; therefore,
ber,S = Lca= going from' 37:8 to' 3:78 10% All mod- it remains unclear to what extent such growth would continue
els were produced with the same resolution as the previaner time.

3.3. Comparison with the uniform resistivity case
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Fig. 6. RMS value of the transverse component of the magnetic efdg. 7. Reconnected magnetic ux (top) and reconnection rate (bottom)
(top) and values of the resistivity (bottom) over time for ResRMHDVer time for the same models as those in Big.
modelss10eErl (blue curve)s10eEdOrl (red), models with constant
resistivity (green, yellow, light purple, and purple), and maoslpic o - ) ) ) )
(dotted). The maximum and average values of the resistivity are calé@aring instability. This estimate seems also to be consistent with
lated over a rectangular box of sizes 2a centered oy = 0. Eq. (101) fromKomissarov & Phillipg(2024

I

r

X 105 (26)

num = A L
Despite the fact that the average resistivity within the cur-
rent sheet of models10eErl ands10eEdOr1 falls within the where we used a grid spacing ok = 0:002, characteristic
range sample by our simulations with constarfbottom panel |ength of L = 1, time step of t = 10 %, orderr = 2, and
of Fig. 6), none of the latter models lead to reconnection dynamormalization factor oA = 0:1 (a conservative estimate based
ics that is as fast as in the PIC case. For all simulations wigh the normalization reported B§omissarov & Phillips 2024
constant resistivity the reconnected ux. grows much more
slowly than the eective resistivity case (top panel of Fig) ) )
and produce reconnection rates that are at least one ordef-ofmpact of numerical and physical parameters
magnitude smaller than PIC or ective resistivity cases (bottom
panel).
The sole exception to this trend is mo@dl0eC5rl, which We explored the impact of grid resolution on oureetive resis-
starts producing a signi cant increase ofgc aroundt ' 4. This tivity models by reproducing moded10eErl using di erent
is consistent with the growth dB, for this simulation, which numbers of grid pointsiNy = 256,512 1024 2048 4096 As
coincides also with a faster reconnection rate peakingdd@d5. we kept all the other parameters xed, these models resolve the
This is due to the fact that the resistivity is approaching thgstream plasma skin depth with 1.25, 2.5, 5, 10, and 20 grid
threshold for the onset of the ideal tearing instability, which ipoints, respectively.
our case corresponds t@ea ' 0:945 106 for S = 10°, From the top panel of Fig8 we can see that already with
o = 10, o = 0:01, anda=L = 100. However, the ideal tear-Nx = 2048 we obtain fully converged results for the growth
ing growth rate is still only 60% of the inverse Alfvén crossingnd saturation of the RM$-component of the magnetic eld.
time Al, while for models with eective resistivity the instabil- The development of the tearing instability before its saturation
ity develops on a timescale,. It also remains unclear (givenbetweent ' 5 andt ' 10 is already quantitatively well cap-
the limited duration of the simulation) to what extent the recomdred withN, = 1024 points. Even at a very modest resolution
nection rate might remain signi cantly higher over time than ifiN, = 256), the e ective resistivity prescription is capable to
cases with higher resistivity. capture the fast onset of magnetic reconnection (although the
Our simulations with constant resistivity allow us to estield is never able to reach the same saturation level by the end
mate the numerical resistivity for a grid spacing ' 0:002, of the simulation). In contrast, models with constant resistiv-
that is nm . 10°5. This can be seen from the fact thaity approaching the fast reconnection regime require generally
model s10eC5r1 shows a qualitatively dierent behavior than much higher resolutions to reach convergeneezgoni et al.
the cases with higher resistivity, namely, the onset of the idedl21). The fact that a coarser resolution leads to lower values of

~Ix

4.1. Grid resolution
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Fig. 8. RMS value of the transverse component of the magnetic efdig. 9. Reconnected magnetic ux (top) and reconnection rate (bottom)

(top) and values of the resistivity (bottom) over time for maslideErl ~ over time for the same models as Fiy.

reproduced with dierent resolutions. The maximum and average val-

ues of the resistivity are calculated over a rectangular box of kizeza

centered oly = 0. running on the coarser grids showing a decrease by at most a
factor 2inthe rst stages of the reconnection event.

. : . 4.2. Initial upstream densit
the reconnected magnetic eld at saturation stems mainly from P y

two e ects. The increased numerical dissipation leads, on fFlee e ective resistivity expressed in Eql4) is completely
one hand, to a stronger dision of By at the current sheet inter-de ned by the dynamic state of the plasma and the character-
face with the external plasma, reducing the magnetic eld reséstic length scale, ,. However, the initial choice of upstream
voir available for reconnection and opposing the thinning of thiensity, o, can, in principle, have a direct impact on the proper-
current sheet. On the other hand, a coarser resolution is also ages-of magnetic dissipation, since theeetive resistivity scales
ciated with a lower eective resistivity within the current sheetas . / . To quantify the impact of this dependence, we
during its fragmentation (see bottom panel of Rigbetween reproduced modes10eErl with a value of o decreased and
t' 25andt' 5); despite still being larger than the numericahcreased by a factor 10 (modetd0eEr01 and s10eEr10,
one, it still produces a weaker reconnection event. respectively). Changing this parameter modi es not only the
The reconnecting magnetic ux and the associated recamagnitude of the magnetic dissipationp but also the intensity
nection rate shown in Figd provide a more detailed picture.of the upstream magnetic el = "¢ o (for a xed
Results obtained witiNy & 2000 are quantitatively in agree-magnetization).
ment in terms of the amount of magnetic eld reconnected by the The evolution of the RMS reconnected magnetic ek,
t = 40L,=c mark and the corresponding reconnection rate. Hofmeasured in units oBy), appears to be rather insensitive to
ever, forNyx = 4096, we obtained a faster and steadier recotie variation in ¢ during the initial exponential growth phase
nection, reaching the PIC saturation level by 30. At the (top panel of Fig.10). This is consistent with the fact that the
lowest resolution Ny = 256), the reconnection reaches a haltpstream Alfvén velocity in all these models is the same, since
after the initial fragmentation and merging of the rst plasmoidseither o nor o have changed. However, models with higher
aroundt ' 20L,=c, at which point the two last magnetic islandslensity tend to start the saturation phase earlier and lead to
remain unmerged for the rest of the simulations and the recafightly less reconnection for the magnetic eld. Similarly to
nected magnetic ux stalls. At twice the resolutioN,(= 512), models10eC5r1, our simulation with high background density
the increase in reconnected ux in the rst half of the simuladid not reach its conclusion, as a generally much lower value of
tion is not signi cantly impacted, as shown also by the simihe resistivity decreases the numerical stability of the code. The
lar reconnection rate 6f0:05. However, with 512 points alongtemporal pro les of the maximum value assumed by thee
the x-direction, the model is able to continue the merging of theve resistivity (bottom panel of Figl0) show how this quan-
last large magnetic islands and approach the expected saturaitgrscales indeed wittBy= . The average resistivity along the
level. Overall, the resulting reconnection rates are qualitativetyrrent sheet shows instead some deviations from such scaling
similar among models at déerent resolutions, with simulationsbehavior, with again higher densities being associated with even
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Fig. 10. RMS value of the transverse component of the magneffig. 11. Reconnected magnetic ux (top) and reconnection rate (bot-

eld (top) and values of the resistivity (bottom) over time for model§om) over time for the same models as Fig.

s10eEr10, s10eErl, ands10eEr01. The maximum and average val-

ues of the resistivity are calculated over a rectangular box of kizeza

centered oly = 0. that is more pronounced in modgleErl. The evolution of the
resistivity presents a similar dilation of the dynamic time scale
of the reconnection event (bottom panel of Fig). Both the

lower resistivities. A similar dependence op can be found average and maximum values qf are also consistent among

by looking at the reconnected magnetic ux (Fitfl), with the di erent models once they are normalized By o, which is

least and the most dense cases delivering the fastest and skovisrther con rmation of the scaling behavior of with the

est growth of ¢, respectively. While the dierences between upstream magnetic eld and plasma density.

the two less dense models1Q0eEr01 ands10eEdOrl) do not The evolution over time of the reconnected magnetic ux in

exceed the level of 10% by the time the two last plasmoids dgy. 13 clearly shows that our ResRMHD models have a sys-

fully formed ( ' 7), the highest density case presents a syematic initial delay due to the initial linear phase of the tearing

tematically slower increase of reconnected ux, which directlinstability, whose duration increases for lower magnetizations.

impacts the corresponding reconnection rates (bottom pang&hijs is re ected in the current sheet fragmentation into smaller

with rec ranging from about 0:085 (models10eErl0) to plasmoids occurring at later times for smaller values @f The

' 0:11 (models10eEr01). PIC models do not experience any such delay for decreasing

magnetizations, but have a similar decrease in the growth of

the reconnected ux. The corresponding reconnection rates con-

rm that our ResRMHD models with eective resistivity lead

We go on to analyze the role played by the upstream magt@reconnection events with eiency in quantitative agreement
tization ¢ in determining the reconnection dynamics by corwith PIC models, corroborating the results presented in Seict.
sidering two lower values of initial magnetization in additioMoreover, the reconnection rate after the initial transient does
to the previously discussed benchmark, namefy? f1;4;10g not appear to be overly dependent on the magnetization (bottom
For these setups, we produced ResRMHD models wiice panel of Fig.13). This is to be expected when considering that
tive resistivity as well as the corresponding PIC simulationwer values of sigma lead not only to a slower increase of the
Our chosen values foro imply an asymptotic magnetic eld reconnected ux, but also lower Alfvén speeds.

By 2 f1;2;3:16gand an upstream Alfvén velocity afo 2

f0:887. 0:704 0:9459 respectwely. Both_ the kmetlc_ and wq 4 4. Reconnection rate trends

models exhibit similar trends with varying magnetization, with

a slower growth of the RM3, eld for lower values of o Next, we can compare the reconnection rates obtained in this
(Fig.12). This is consistent with the expectation that the dynamieork in a more quantitative way, namely, by computing a repre-
time scale of reconnection in the linear phase of the ideal tearsgntative time average for each one of simulations we performed.
regime should scale with the Alfvén crossing timg,= Ly=cap To exclude the initial transient and the later stage close to the
(Del zanna et al. 2006 A lower magnetization leads also to asaturation, we calculated the average in the time interval where
lower saturation of the transverse magnetic ¢, an e ect the reconnected magnetic ux is between 30% and 60% of its

4.3. Initial magnetization
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Fig. 12. RMS value of the transverse component of the magneffig. 13. Reconnected magnetic ux (top) and reconnection rate (bot-
eld (top) and values of the resistivity (bottom) over time for model§om) over time for the same models as Fig.

s10eErl, s4eErl, andsleErl. The maximum and average values of

the resistivity are calculated over a rectangular box of sizes 2a

centered ory = 0. tion rate of h d between 0:02 and 0:04. Models10eEr10
(red square) appears to have larhggd than expected from the
discussion presented in Sedt2 This is likely an artifact that
igfdue to the short duration of the simulation, which prevents a

maximum value. We applied this procedure to a larger set o : : i
More signi cant decrease in the reconnection rate over time.

simulation with respect to the ResRMHD and PIC models pr
sented in the previous sections, which leads to the scatter plot of
h ed against the spatial resolution, shown in Fig. ;
The dependence on the grid resolution is evident for bo?h Conclusions

models s10eErl and s10eEdOrl, as the reconnection rateWe presented a series of ResRMHD numerical simulations of
increases by up to a factorl:5 between the most coarse gridnagnetic reconnection that address the gap between uid and
and the reference cases discussed in SettHowever, the run kinetic models of astrophysical plasmas by using, for the rst
with Ny = 8192 for modes10eEdOrl suggests that there shouldime, an e ective resistivity formulation derived from recent
be no further quantitative deviations for higher resolutions angt-principle PIC models. We adapted the closure obtained by
that indeed our measured rates are numerically converged. 3dllvi et al. (2023 to express the resistivity in terms of uid
uid models produce reconnection rates within the same ordguantities and known constants, which allows us to constrain the
of magnitude of the kinetic simulations, with the limit case dissipation properties of the plasma by its local state and the

= 0:02 being in quantitative agreement with the correspondicharacteristic length scales of the reconnecting current sheet.
PIC realizations. We assessed the variance of the rates produced\ll our ResRMHD models with eective resistivity lead to a
by the kinetic models by performing an additional set of simul&ast reconnection of the initial magnetic eld, with a quick frag-
tions with the same range of values fay, but with weaker initial mentation of the current sheet into plasmoids and the saturation
perturbations (= 0:001 rather than 0.05); these are representado alarge magneticisland withir20 dynamical timescales. The
by the smaller stars in Fidl4 and deviate from the runs with evolution of the current sheetisin good agreementamongthe uid
stronger perturbation by 120% at most. The same trend withand kinetic models, which con rms the capability of theee-
magnetization is reproduced by all PIC and ResRMHD modetije resistivity to capture the intrinsically collisionless nature of
namely, there is little variance seen for drent values of . magnetic reconnection. To capture the onset of the ideal tearing
Simulations with = 0:02 andN, = 4096 appear to be an excepinstability on dynamical timescales, constant resistivity models
tion, with the reconnection rate increasing by up to 60% witlequire very low values of; therefore, we need suwiently high
higher magnetizations. The PIC models with = 1 also devi- grid resolutions to describe the smaller dissipation length scale
ate from the other kinetic simulations, this time by a factor®f of the simulation. On the other hand, theeetive resistivity for-
Changing the upstream plasma density impacts the correspandiation allows us to retrieve fast reconnections, even at a very
ing reconnection rate for both values of the plasma skin deptiodest resolution. This is due to the fact that the enhanced mag-
parameter explored. A variation over two orders of magnitudetic dissipation within the current sheet induces strong recon-
in terms of o introduces a deviation in the average reconnenection without requiring the tearing instability to thin the current
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way; however, the underlying plasmoid dynamics deviates qual-

00=10; po=1 itatively from the standard scenario, as the increased dissipation
0.16 60=4; po=1 leads to the formation of hot, rare ed cavities between large
o0=1: po=1 magnetic islands that prevent the production of smaller plas-
— 10 = moids connected by thinning reconnecting regions. These dif-
0.14 00=10; po=0.1

ferences are likely to have a signi cant impact on how parti-
cles are accelerated during the reconnection event, which we will
assess in an upcoming work. The choice of the numerical value
for the , parameter becomes less evident for problems where
the current sheet is not already present from the beginning. In
0.10 our reconnection models, we are, in practice, imposing a char-
acteristic mass density unit that makes this parameter equal to
the actual current sheet skin depth set by the corresponding PIC
0.08 model. Since a dierent value of , is likely to a ect the for-
mation of current sheets themselves (e.g., during the merge of
two ux tubes), setting its value a priori requires more dedicated
0.08 comparative studies between PIC and ResRMHD models. Future
works will have to explore the dependence of oueetive resis-
tivity model on , more thoroughly for dierent initial pressure-
balanced equilibria (e.g., with constant density oregient tem-
_ peratures), as well as for merging ux tubeRigperda et al.
6=0.02 Our simulations show that a higher background density tends
PIC to weaken the reconnection and decrease the reconnection rate,
0.0 17 1o as the mean resistivity within the current sheet is lowered by a
Lo/AX factor of a few. This is a direct consequence of the prescription
we used for ¢ being inversely proportional to the plasma den-
Fig. 14.Average reconnection rate against resolution for the ResRMHiity. We also veri ed that lower magnetizations produce slower
models with e ective resistivity (circles and squares) and the PIC modeconnection events and lower reconnection rates (which is also
els (stars). Small and large stars refer to PIC models having initial pekpected in the constant resistivity case), with the mean resistiv-
turbations with amplitude 0.001 and 0.05, respectively. ity scaling with the quantitBo= o.
The fast reconnection of magnetic ux occurring in our
ResRMHD simulations is re ected by high reconnection rates
sheet's width. Future works will be aimed at making a more thofsetween 0:05 and 0:2). These measurements are not only an
ough comparison between theeztive resistivity models and theorder of magnitude larger than those produced in the constant
dynamics of relativistic reconnection at high Lundquist numbenrgsistivity case, but they are also in quantitative agreement with
This will require higher resolutions and will bene t from recentlythe corresponding PIC models. This result showcases the poten-
developed higher order schemes for RMHD and ResRMHD maikl of the e ective resistivity formalism to reproduce (within the
elsBerta et al(2024), Mignone et al(2024). standard ResRMHD framework) the results of rst-principles
While both strong non-ideal electric elds and velocity gradikinetic models. This enables a more accurate modeling of large-
ents a priori can contribute to enhance the resistivity (se@4(. scale astrophysical systems, where reconnection is expected to
the former contribution dominates in the regions with the highestcur. Accretion ows on black holes would be a prime example
dissipation. This is because itis at rst order in the dimensionles§such an application, in particular in the so-called MAD state
plasma skin-depth parametey, rather than second. This sug-Tchekhovskoy et a{2011J). Since the amount of dissipation reg-
gests that our eective resistivity formulation might be simpli ed ulates the magnetic ux available at the event horizon, the inclu-
even more to include exclusively the non-ideal electric eld, espsion of an e ective resistivity might change the properties of the
cially when applied to astrophysical systems with larger size thaaturated state. Moreover, a faster reconnection dynamics could
anisolated current sheet (e.g., arelativistic jet or a black hole magefoundly impact the formation of possible particle accelera-
netosphere). Such formulation would be similar to the one pittén sites in relativistic jets launched by newly formed compact
sented irRipperda et al(2019h), where the resistivity was takenobjects Mattia et al. 20232024). However, it should be noted
to be proportional to the local current density, but with the cothat the prospects of resolving the actual skin depth of current
pling constant () representing the “eective” plasma skin depth sheets in large-scale astrophysical models are quite poor, given
that the uid system is allowed to see. the large scale separation involved. The application of our for-
The value of this coupling constant can have a signi camiulation to models of accreting compact objects or relativistic
impact on the resulting reconnection dynamics. Takiregual jets will thus require a compromise, namely, adopting a much
to the plasma skin depth in the current sheet leads to a frégrger “e ective” skin depth; otherwise, the low resulting resis-
mentation into plasmoids and merging phase that qualitativeiyity would simply have no dynamical ects against the grid
resembles both PIC models and constant resistivity ResRMkDmerical dissipation (in addition to it leading to numerical
simulations. The corresponding reconnection rates are muestabilities). This approach would be keen to the one adopted
higher than in the case with constant magnetic dissipation, lsutcessfully by large scale GR-PIC models of relativistic magne-
slightly lower than the kinetic counterparts. On the other handspheresCrinquand et al. 20212022 El Mellah et al. 202},
a plasma skin depth that is ten times greater and matcheswlinich settle for a similar trade-ofor the plasma skin depth.
upstream conditions of the problem reproduces the diagnostiigen this similarity, a closer comparison between such models
obtained by rst-principles simulations in a more quantitativand GRMHD simulations with esctive resistivity might provide

00=10; pPo= 10

0.12

(Brec)

0.04

0.02

* OO0
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important insights on the dynamics of magnetic dissipation inrathis paper were generated using the PyPLUT@pé://github.com/
regime of strong gravity. GiMattia/PyPLUTO) package (Mattia et al., in prep.) while all the line col-

Although our results show a remarkable agreement betwe¥h have been checked through a color blindness simulattps(//www.
color-blindness.com/coblis-color-blindness-simulator/ ).

uid and kinetic models, it should be noted that the derivation
of Eq. (14) relies on some strong assumptions. In particular, we

introduced the current density (and, therefore, the electric elfaferences

in the expression for, to more directly tie the enhanced dissipa-

tion to the reconnection layer; however, our derivation should B&'ta, V., Mignone, A., Bugli, M., & Mattia, G. 2024]. Comput. Phys., 499,

. s . : 112701
more rigorously veri ed to fully characterize the impact of NONg; 4l C. K., & Langdon, A. B. 1991Plasma Physics via Computer

collisional e ects on magnetic dissipation within the ResRMHD ' simuiation(New York: McGraw-Hill)
framework. Moreover, the “kinetic” formulation of the ective Bucciantini, N., & Del Zanna, L. 2013/INRAS, 428, 71
resistivity presented bgelvi et al (2023 has been obtained in theCastro, M., Costa, B., & Don, W. S. 2011,Comput. Phys., 230, 1766

absence of aguide eld and for a electron-positron plasma; meé?ﬁfuml’igi'l%l"z"]er”e“ G. 2019, Astrophysics Source Code Library [record
; . ’ . ! .. ascl .
while, it remains unclear how the scenario would change ng’érum’ B., Uzdensky, D. A., & Begelman, M. C. 2012aJ, 746, 148

di erent magnetic eld con gurations or in the presence of iongerutti, B., Werner, G. R., Uzdensky, D. A., & Begelman, M. C. 201&p),
Another limitation comes from the fact that theextive resistiv- 754, L33

ity measurements were performed speci cally in the X-points &frutti, B., Werner, G. R., Uzdensky, D. A., & Begelman, M. C. 203@), 770,
the reconnecting Cu.rrentSheet' Althoth.they a.‘re l‘!ndouptedlyg?l quand, B., Cerutti, B., Dubus, G., Parfrey, K., & Philippov, A. 20R&A,
most relevant locations to study, further investigations with fully g50 a163

kinetic models of relativistic reconnection are required to assesmquand, B., Cerutti, B., Dubus, G., Parfrey, K., & Philippov, A. 20PBys.
the general character of the proposed formulation. Rev. Lett., 129, 205101

; ; Bﬁi Zanna, L., & Bucciantini, N. 2018/INRAS, 479, 657
Furthermpre, Ou.r 2[? I’QSUHS capture the main properties e| Zanna, L., Papini, E., Landi, S., Bugli, M., & Bucciantini, N. 20MI\NRAS,
how magnetic eld is dissipated and particles are accelerated,gq 3753

during a reconnection event, but they should be further tested:imvellan, 1., Cerutti, B., Crinquand, B., & Parfrey, K. 2022&A, 663, A169
3D to verify the extent of the validity of the prescription we usedkiannios, D. 2013MNRAS, 431, 355
Finally, it should be noted that Eqg)(and (14) assume the cur- Hesse, M., & Zenitani, S. 200Phys. Plasmas, 14, 112102

: - : Komissarov, S. 200lMINRAS, 382, 995
rent sheet to be locally aligned with theaxis, as the only veloc- , iccaroy's' g phillps, D. 2024, ArXiv e-prints [arX@409.03637]

ity gradients appearing are those along the transverse directiQdi, S., Del Zanna, L., Papini, E., Pucci, F., & Velli, M. 202J, 806, 131
y. This means that our prescription is likely to underestimatendrillo, P., & del Zanna, L. 2004]. Comput. Phys., 195, 17
the contribution to the eective resistivity of the uid velocity Lyubarskii, Y. E. 1996A&A, 311, 172

gradients, since the non-linear stage of the tearing instabillf§hmann. AJbJF gonilippov, A. A., Levinson, A., Spitkovsky. A & Hakobyan,
leads to the formation of secondary current sheets perpendiggia . Del zanna, L., Bugli, M., et al. 2028&A, 679, A49

lar to thex-axis between merging plasmoids. This aspect migkittia, G., Del Zanna, L., Pavan, A., & Ciol , R. 202A&A, 691, A105

be relevant when quantifying the eiency of particle acceler- McKinney, J. C., & Uzdensky, D. A. 2012NRAS, 419, 573

ation when using the eective resistivity formulation. A more Mignone, A., Bodo, G., Massaglia, S., et al. 208pJS, 170, 228

consistent approach would require the identi cation of the Ioc%i:gggg:' 2" '\B":rttt;a've'h%‘s)gg'zg’ f/l‘ D:t' ifgg%‘hzgmg?féfge’ 4252

orientation of the current sheet to correctly include the velocifyost, E. R., & Philippov, A. A. 2023Phys. Rev. Lett., 130, 245201
gradients that are perpendicular to that direction. We leave suéewajko, K., Uzdensky, D. A., Cerutti, B., Werner, G. R., & Begelman, M. C.
an improvement to a follow-up study. 2015,ApJ, 815, 101
Nathanail, A., Mpisketzis, V., Porth, O., Fromm, C. M., & Rezzolla, L. 2022,
MNRAS, 513, 4267
Acknowledgements.We thank the anonymous referee for improving this worlOImi, B., Del Zanna, L., Amato, E., Bucciantini, N., & Mignone, A. 2015,
with useful comments and suggestions. M.B. would like to thank Bart Rip- Plasma Phys., 82, 635820601
perda, Sasha Philippov, Niccold Bucciantini, and Emanuele Papini for useRdlenzuela, C., Lehner, L., Reula, O., & Rezzolla, L. 2008RAS, 394, 1727
discussions. This project has received funding from the European Union's Hd®areschi, L., & Russo, G. 2005, Sci. Comput., 25, 129
zon Europe research and innovation programme under the Marie Sk odowdketropoulou, M., Giannios, D., & Sironi, L. 201BINRAS, 462, 3325
Curie grant agreement No. 101064953 (GR-PLUTO). B.C. and E.F. &ecci, F., & Velli, M. 2014 ApJ, 780, L19
supported by the European Research Council (ERC) under the EuropBamzoni, E., Mignone, A., & Bodo, G. 202NRAS, 508, 2771
Union's Horizon 2020 research and innovation program (Grant Agreemeédian, Q., Fendt, C., Noble, S., & Bugli, M. 201&pJ, 834, 29
No. 863412). L.D.Z. acknowledges support from the ICSC—Centro Nazion&@perda, B., Bacchini, F., Porth, O., et al. 2018pJS, 244, 10
di Ricerca in High-Performance Computing; Big Data and Quantum ComptRipperda, B., Porth, O., Sironi, L., & Keppens, R. 2018NRAS, 485, 299
ing, funded by European Union — NextGenerationEU. This work has receivRipperda, B., Liska, M., Chatterjee, K., et al. 202pJ, 924, L32
funding from the European High Performance Computing Joint UndertakiSglvi, S., Porth, O., Ripperda, B., et al. 202pJ, 950, 169
(JU) and Belgium, Czech Republic, France, Germany, Greece, Italy, Norw&jroni, L. 2022 Phys. Rev. Lett., 128, 145102
and Spain under grant agreement No. 101093441. This paper is also Sipsni, L., & Spitkovsky, A. 2014ApJ, 783, L21
ported by the Fondazione ICSC, Spoke 3 Astrophysics and Cosmos ObSgriser, T. W. 197®lanet. Space Sci., 18, 613
vations, National Recovery and Resilience Plan (Piano Nazionale di Riprds#ekhovskoy, A., Narayan, R., & McKinney, J. C. 20MNRAS, 418, L79
e Resilienza, PNRR) Project ID CN_00000013 “Italian Research Center domei, N., Del Zanna, L., Bugli, M., & Bucciantini, N. 2020INRAS, 491,
High-Performance Computing, Big Data and Quantum Computing” funded by 2346
MUR Missione 4 Componente 2 Investimento 1.4: Potenziamento strutturelidensky, D. A., & Spitkovsky, A. 2014pJ, 780, 3
ricerca e creazione di “campioni nazionali di R&S (M4C2-19)" — Next GeneNos, J. T., Olivares, H., Cerutti, B., & Mwibrodzka, M. 2024MNRAS, 531,
ation EU (NGEU). Computational resources on the OCCAM cludiéps: 1554
/lc3s.unito.it/index.php/super-computer ) were provided by the Cen- Watanabe, N., & Yokoyama, T. 2008pJ, 647, L123
tro di Competenza sul Calcolo Scienti co (C3S) of the University of TorinoWerner, G. R., Uzdensky, D. A., Cerultti, B., Nalewajko, K., & Begelman, M. C.
We also acknowledge CINECA for the availability of high performance com- 2016,ApJ, 816, L8
puting resources and support on the LEONARDO supercomphtgys(// Yee, K. 1966 JEEE Trans. Antennas Propag., 14, 302
leonardo-supercomputer.cineca.eu/ ) through a CINECA-INFN agree- Zanotti, O., & Dumbser, M. 201IMNRAS, 418, 1004
ment, providing the allocations INF23_teongrav and INF24_teongrav. CoZenitani, S., & Hoshino, M. 2001ApJ, 562, L63
puting resources for performing the PIC simulations were provided by TG(Znitani, S., Hesse, M., & Klimas, A. 2018pJ, 716, L214
under the allocation A0150407669 made by GENCI. The gures presentgdang, B., & Yan, H. 2011ApJ, 726, 90

A233, page 15017



Bugli, M., et al.: A&A, 693, A233 (2025)

Appendix A: Numerical benchmarks

3 E, 1.0
Here, we present a series of tests designed to validate our imj E
mentation of the eective resistivity within the ResRMHD mod- Ey 0.8
ule of thePLUT@ode. 2 z
- = Eref,z 06
A.1. Uniform stationary resistive plasma W s 0.4
Using our prescription for the ective resistivity in Eq10 we '
can express Ampere's law as 0 0.2
i
@ r B= ﬁ%[E +v B (E v qv. (A1) _1/ 0.0
ES+ € 0 2 4 0 2 4
_ _ t [Lu/c] t [Lu/c]
If we now assume to have a stationary, unmagnetized, and uiu-
form plasma with Fig. A.1. Electric eld decay (left panel) and ective resistivity (right)
-0 B=0 P=1 -1 over time for the uniform stationary resistive test with vanishing veloc-
v="> B - - ity gradients. The analytical solution is represented with the blue dashed
we can reduce Ed.1 to line.
@& _ .. . E
— = j Joj—: (A.2)
@ IE4 3 Ex
This equation requires only the integration of #t@omponent of —_F,
the electric eld, since we can take the other two as proportion > —F 1.0
to E; (i.e.,Exy = xyE;) and obtain the exact same e@rential - = Eers
equation for the electric eld, namely, ’
dE, woq 0.8
o = | ol sign®&): (A3)
The proportionality factors foE,;, are simply retrieved from the 0 0.6
initial condition by requiringE,.,(t)=Exy(0) = E,(t)=Ex(0). By
integrating EqA.3 in time, we can nally obtain the analytical _1
solution( 0 2 4 0 2 4
Ey= FA0) I disinEt fort< titud titue]
’ 0 fort Fig. A.2. Same as FigA.1 but for the non-vanishing velocity gradients

where = E,(0)5Joj is the timescale required for the electri¢3s€:

eld to be completely dissipated. We note that such solution

di ers substantially from the case with constant resistivily which can be solved numerically once the integration congtant
which would instead lead to an exponential decay of the electgcSet by the initial conditions

eld, according to@E =  ,'E. . .

The left panel of FigA.1 shows the results of a 1d simulatior\Eq th 5:?12 &inseélziiglr??kﬁa?: g&N Eyti%iqu%gé% (\jﬁfh%r;bfi by
of such con guration using our ctive resistivity prescription g “_ o5 anq the same initial electric eld as the previous test.
and an initial uniform electric eld given b = (3,2, 1) and 554 i this case the code’s calculation agrees with the analytic

igmn?ejfgf T/a%ismr? (:tltd— Coirict%gzcggtsivlemrizgls%ixthsigai’ solution, which leads to the complete dissipation of the electric
P y gat= =L y eld by t' 4. However, its decay is no longer linear but rather

with a value equal t@;5Joj = 1 and decays proportionally with exponential-like, as the non-vanishikg introduces a minimum

. ; L € 6
tq? fliCtr.'Chteld’ relacfhllzr]g&hf minimun 0or valuéeor = 10 constant resistivity acting during the whole evolution of the sys-
att = 1 (right panel of FigA.1). tem. This can be seen in the evolution over time of the resistiv-

We further tested our implementation of theeetive resis- . ; : . .
tivity by extending the previous test to non-vanishing velocitl)t/y (right pa(?_el of Fig.A.2), which starts from an initial value

gradients, namely@v, , 0. In this case, Ampére's law takes the (t = 0) = EJ + E25Jj ' 1:12 and then decays down to the
form of terminal valueEq=jJoj = 0:5.

@ _ ... E
5 = e (A4) -
@ Eg + E2 A.2. 1D self-similar current sheet

As second test for our implementation of theeetive resistivity,

we considered the self-similar dissipation of a 1D current sheet
(Komissarov 200y, While this problem has become a standard
numerical test for resistive RMHD codes, we use it here as a

which can be reduced to a single equation for ztoemponent
of the electric eld as it was for EgA.1. EquationA.4 can be
then integrated to obtain

q g E2+ E2(1) E, benchmark to characterize the action of theetive resistivity
E2 + E2(t) + }Eoln o 0 = j Jjt+ K; (A5) inamorerealistic and physically motivated setup.
07 - E2 + E2(f) + E ’ In the limit of in nite resistivity and thermal pressure only
0 z( ) 0

the magnetic eld evolves, with the induction equation being the
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only one that needs to be solved. In this resistive regime, tl 10
magnetic eld evolves in time according to Sl op=01 g
! 05
B(y:t) = Boerf f= : (A.6) _
| 5 oo fs
. — {[L/c]=1.
We start our simulations at the instant 1 imposing = 1, — {[LJ/c]=2.0
p = 50, By = 1, andB = (B4(y;t = 1);0;0). Along with the test ~ —0.5 {L/d=25
using the eective resistivity prescription, we also run a bench t[Lu/c]=3.0
mark with constant resistivity, = 0:1 which will serve as refer- —1.0p>>
ence. The same value is used in Bg6 to set identical initial
conditions for the eective resistivity case. The 1D computa- 10 nett, =1 -
tional domain covers witlN, = 4096 grid points a transversal '
slice of a current sheet with 2 [ 20; 20]. As for the previous 0.5
tests, we used RK3 timestepping, MP5 reconstruction, and \
setjJoj = 1. & 00
The top panel of FigA.3 shows the evolution of the current
sheet when using a constant value for the resistivity 0:1, -0.5
which reproduces the analytical pro le described by Rg6
(dotted curves). When we use theegtive resistivity prescrip- 10—
tion (mid panel), there is a localized dissipation of the curret
sheet closer to its center, with a continuous expanding of tl nefr, =1
region a ected by the magnetic dissipation. The magnetic el
relaxes then towards a pro le that increases linearly with th 0.2
domain coordinat&. This behaviour is consistent with the actua
evolution of (bottom panel), which starts from its imposed oor =
value oo = 10 6. It then increases to values larger than 0.1 b 0.1
t = 1:5 but only within x' 1 from the current sheet's center,
whereas it remains weaker by at least two orders of magnitu j \
for further distances. As time progresses, the resistivity pro | 5 T 5 = )

becomes atter over a larger region, while also decreasing
amplitude and approaching a mean value within the current sht_ __
of 0:01byt' 3.

X[Ly]

Fig. A.3. 1D self-similar current sheet. Top panel: Spatial pro les of
B, for a constant resistivity at derent times. The analytical solution
given by Eq.A.6 is indicated with black dotted lines. Mid panel: Same
as the top panel, but using anextive resistivity. Bottom panel: Spatial
pro les of e ective resistivity at dierent times.
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