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Abstract

The problem of the relativistic Sweet—Parker current sheet is investigated, incorporating the effects of resistivity
and thermal inertia. The scaling laws of the steady-state current sheet are obtained, and generalizations are carried
out to include pair processes. We study the macroscopic evolutions of the spontaneous current sheet, including
thinning, stretching, and both at the same time, which are critical for understanding the processes in an evolving

current sheet.

Unified Astronomy Thesaurus concepts: Plasma astrophysics (1261); Magnetic fields (994); Relativity (1393)

1. Introduction

Magnetic reconnection is a critical phenomenon in plasma
physics, and has been intensively explored for six decades due
to its significant role in space and astrophysical environments
as well as fusion devices (Parker 1957; Sweet 1958). In space
environments, reconnection is prominent in enabling fast
energy conversion from electromagnetic energy to plasma
kinetic energy, thus producing highly energized particles and
power law emissions (Guo et al. 2014; Sironi & Spitkovsky
2014). In astrophysical environments, reconnection plays an
important role in sawtooth oscillations and disrupts the
equilibrium (Kadomtsev 1975; Wesson 1990). In highly
magnetized plasmas, i.e., where Alfvén velocity reaches the
order of the speed of light, reconnection takes on relativistic
characteristics. This is important in astrophysics, where
relativistic reconnection is considered an underlying mech-
anism for the dissipation of electromagnetic energy and high-
energy emissions in many environments, such as gamma-ray
bursts (GRBs; Thompson 1994; Hurley et al. 1999; McKinney
& Uzdensky 2012), pulsar wind nebula (PWNe; Lyubarsky &
Kirk 2001; Sironi et al. 2016), jets of active galactic nuclei
(AGNs; Duncan & Thompson 1992; Giannios 2010), blazer
emissions (Sironi et al. 2015; Petropoulou et al. 2016), and
even magnetar magnetospheres (Thompson & Duncan 1995;
Harding & Lai 2006; Kaspi & Beloborodov 2017) and black
hole magnetospheres (Koide & Arai 2008; Dexter et al. 2014).
The magnetization in extreme astrophysical environments, i.e.,
the ratio of magnetic energy by the plasma enthalpy o = B?/h,
can reach as high as 10°-10° (Lyutikov & Uzdensky 2003).
High-( plasmas with manifest thermal effects, reaching mildly
relativistic magnetization of order unity, on the other hand, are
obtained in laboratory laser, high-energy-density plasma
experiments (Zhong et al. 2010; Joglekar et al. 2014).

The establishment of relativistic reconnection theory has
involved multiple approaches. Relativistic Sweet—Parker, as
well as Petcheck, regimes have been addressed analytically
(Lyutikov & Uzdensky 2003; Lyubarsky 2005; Comisso &
Asenjo 2014; Yang 2017) and numerically (Zenitani &
Hoshino 2008; Takahashi et al. 2011; Liu et al. 2015), showing
the effects of Lorentz factor and inertia. Tearing instabilities
(Komissarov et al. 2007), which are plasmoid instabilities (Del
Zanna et al. 2016) in resistive MHD, have been explored in
view of current sheet stability and fast reconnection. When it

comes to three-dimensional reconnection, Kelvin—-Helmholtz
instability is found to be important, inducing turbulence and
therefore turbulent reconnection (Lazarian et al. 2015;
Takamoto et al. 2015). On the other hand, in extremely
magnetized plasmas, the magnetic field exceeds the critical
value B,, ~ 103 G and exotic effects such as radiation friction,
inverse Compton cooling, and QED processes (Beloborodov
2017; Bulanov 2017) influence the reconnection process, which
further complicates the problem.

Despite substantial advances, there are still many fundamental
issues demanding comprehensive and rigorous investigation. The
problem of relativistic current sheets is among them. Modifica-
tions of thermal-inertia effect (Comisso & Asenjo 2014), and
electric energy (Yang 2017) to the early resistive Sweet—Parker
scaling laws (Lyutikov & Uzdensky 2003) have been made;
however, the former did not address the high magnetization
scenario, and the latter is restricted to resistive MHD. Particularly,
the macroscopic evolution of a current sheet to a Sweet—Parker
state is critical, as it helps us to understand the evolution into an
equilibrium current sheet, as well as serves as an evolving
background from which instabilities and other microprocesses
stem, a problem that remains unresolved in analytic theories of
relativistic regimes.

To be comprehensive, here we focus on the relativistic
Sweet—Parker current sheet. The scaling relation of the Sweet—
Parker current sheet with different magnetizations is addressed
in Section 2, taking into account the thermal-inertia effect. In
Section 3, pair processes such as annihilation, radiation, and
inverse Compton scattering are incorporated into the fluid
model. Section 4 focuses on the macroscopic evolution of the
current sheet in the absence of instabilities, with nonideal
effects taken into account; and the evolution of the current
sheet in general, with fixed length or constant width, are
discussed separately. Section 5 provides our conclusions. In
this paper we adopt the natural unit where the speed of light
¢ =1, and our discussions are in the context of special
relativity.

2. Relativistic Sweet—Parker Current Sheet

Sweet—Parker reconnection, where magnetic fields with
opposite directions are brought into contact by plasma flows
and reconnect to release free energy encoded in the magnetic
configuration, was the first proposed reconnection scenario due


https://orcid.org/0000-0001-7608-8625
https://orcid.org/0000-0001-7608-8625
https://orcid.org/0000-0001-7608-8625
mailto:sdyang@pku.edu.cn
http://astrothesaurus.org/uat/1261
http://astrothesaurus.org/uat/994
http://astrothesaurus.org/uat/1393
https://doi.org/10.3847/1538-4357/ab3394
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab3394&domain=pdf&date_stamp=2019-09-06
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ab3394&domain=pdf&date_stamp=2019-09-06

THE ASTROPHYSICAL JOURNAL, 882:101 (8pp), 2019 September 10

to its conciseness. It was also studied when reconnection was
extended to different plasma systems and relativistic regime,
where new effect influences can be explicitly estimated. Here,
therefore, we derive the Sweet—Parker-like scaling laws based
on Koide’s equations (Koide 2009). In a relativistic Sweet—
Parker current sheet, the inflow is magnetically dominated,
whereas the outflow is usually dominated by kinetic energy.
The proportion of thermal energy and bulk kinetic energy of
the outflow, however, depends on the detailed dynamics.
Ohm’s law contains irreversible dissipative terms as well as
reversible collisionless terms. The former leads to a preferred
conversion to bulk energy, and therefore a prominent increase
in the thermal inertia of the outflow, whereas domination of the
latter leads to particle acceleration, and manifests as relativistic
fast outflow. Relativistic jets, usually conjectured as produced
by reconnection, can have a Lorentz factor v ~ 2-10 in n
X-ray binary and 7y ~ 10-20 in an AGN (Miller-Jones et al.
2006), sometimes even reaching 400 or higher in some GRBs
(Vergani 2007). Assume thermalization to be described by
relativistically defined enthalpy & = mnHX(f), where m is the
electron mass, n is the proper particle number density, p is the
proper pressure, and p is the mass density. The Ohm’s law in
Koide’s paper (Koide 2009) can then be reduced to

nJt + La,[ﬁ(UﬂJ” + J“U”)] = U, Fm, (1)
49 |q

Here U is the four-velocity of the fluid, n is the resistivity,
q = ne the latent charge density with n as the particle density
of the plasma, and J is the four-velocity. Estimated in the rest
frame of the current layer where thermal inertia contributes as
O [WJFUY [q] ~ by, vouJ"/(Lg), the above equation gives

(0 + doucvout /LI = U,F, @)

where Vo, and v, are the three-velocity and Lorentz factor of
the outflow, respectively, L is the current sheet length, and the
skin depth is d = /h/(4¢?).

The proof is as follows: assume the proper densities of the
plasma upstream and downstream to be of the same order, which is
verified by Liu et al. (2015); in the absence of pair production, we
have the balance relation 7,7y, VinL = Hout Yy Vour 6. Under the
assumptions, this results in vj,L = ~y,,, 6, and in the limit where

plasma is thermalized, oy > hin, therefore ‘“;'"V‘“ <
The opposite limit where the enthalpy density outflow 15 not

RinYin Vin Hout You Vout

increased at all, h = = , and the thermal-inertia
contribution to the nonideal electric field is still of the same order,
modified by a factor 2. Assuming a steady-state uniform electric

Rout '\,ul Vout

field (n + dfl%m Vou)d = E, we can get the estimation E =
VinBo, where 6 ~ By /J.

The conservation properties between inflow and outflow
shall be employed, of which the most important are the energy
and momentum balance. For the energy flow

BiiVmL ~ hout Yout 0. 3)

Yang

And pressure balance across the current layer gives p ~ B?;
whereas the momentum equation is

1
V| h| UFUY + JHV | = —VFp + JFH, “)
29)°
along the current sheet in the x direction
0 (h’}/out Vout) - Xp’ (5)

which leads to hy v2, ~ p, where the magnetic field is
negligible and pressure balance accelerates the outflow.
Combining the two balance equations, we have

Y guVou ~ B2, (6)
from which
6/L ~ Vin /(’Youl Vout)- @)

Combined with the expressions for the electric field and that for
the current sheet width, the scaling relation can be expressed as

5 a2\
LY D ®)
L Lout Vout L?

For an outflow of order unity, and expressing the four-
Alfvén velocity as the square root of the inflow magnetic
energy by the outflow enthalpy, the scaling relation becomes

§/L ~ (S~1+ d?)1/2, )

where § = L./B2 h/n and d; = d/L. Here the inflow
magnetic energy is assumed to be mainly converted into bulk
kinetic energy, which is suggested by numerical simulations
showing prominent nonthermal particles. Concerning the
strength of nonideal terms, as discussed in Comisso & Asenjo
(2014), the thermal-inertia effect becomes relevant when
d*/L > 7, that is, the thermal-inertial layer width §; ~ d is
of the same order or larger than the resistive layer width
0y ~ S=1721 which depends on the thermal to electron rest
mass energy ratio and the resistive nonidealness of the plasma.

3. Sweet—Parker Current Sheet with Pair Processes

Although current research mainly focuses on collisionless
PIC simulations (Guo et al. 2014; Sironi & Spitkovsky 2014;
Liu et al. 2015) for reconnections in pair plasmas, theoretical
studies show that the mechanism for resistivity of pair plasmas
is essentially different from that of electron-ion plasmas
(Ruffini et al. 2010). In a wide range of parameters, electron-
ion plasmas can be seen as collisionless, and the mechanism for
resistivity is the Coulomb scattering described by a Rutherford
cross section. On the contrary, for pair plasmas, collisions are
always essential; even if the plasma itself can be considered
classical, interactions are described by quantum cross sections.
Unlike the classical case, the non-classical resistivity does not
decrease with temperature. Due to the significance of quantum
processes in pair plasmas, research is being conducted to
address radiation and inverse Compton scattering in reconnec-
tion (Werner et al. 2019; Zhang et al. 2018).

In astrophysical plasmas, pair production and annihilation are
ubiquitous processes (Lightman 1982; Arons 1983; Guilbert &
Stepney 1985) when thermal energy is relativistic or plasma
dynamics is drastic. Magnetic pair production (Erber 1966;
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Figure 1. Sweet—Parker current sheet.

Daugherty & Harding 1983), ¥B — e* + e, is the dominant
process of pair production for B > 10'2 G, where high-energy
photons interact with a magnetic field to create pairs. In
astrophysical environments, relativistic reconnection usually
results in pair production, which may then lead to emissions
(Beloborodov 2017) and give feedback on reconnection
(Uzdensky 2011). In highly magnetized plasmas with
B ~ 102G or higher, beams with a Lorentz factor of order
10° are thought to undergo pair creation, leading to a multiplicity
(the ratio of pair density to the ion density, normalized with
respect to the initial value) of 10? and even 10* for B ~ 10"* G
or higher (Arendt & Eilek 2002). In relativistic reconnection,
pair processes therefore will have significant effects on the large-
scale balance relations, as well as affect the dynamics through
Ohm’s law. In this section, to have an idea of the role played by
pair processes in reconnection, we study them in the Sweet—
Parker model.

The conservation laws change due to variation in lepton
number as well as energy losses upstream and downstream.
Given an upstream condition, self-consistent calculation of the
downstream parameters involves detailed dynamics, which is
beyond the scope of the present discussion. However, we can still
discuss the effects of the pair processes with phenomenological
models, understanding how the additional effects influence
reconnection. A simple model can be constructed as follows:
(1) the inflow and outflow plasmas far from the diffusion region
are assumed to be in thermal and pair equilibrium, with the
properties of the plasmas described by macroscopic parameters.
(2) The diffusion region, on the other hand, undergoes dynamic
evolution, resulting in thermal inequilibirum, pair processes, and
radiative processes. (3) The plasma parameters therefore change
from the inflow to the outflow, manifested by a changed particle
number density, enthalpy, and therefore thermal inertia and
resistivity. See Figure 1.

Adopting the description from previous fluid theories of
relativistic pair plasma (Gedalin 1996; Berezhiani et al. 2004),
the conservation laws of particle flux as well as energy
momentum flux can be modified, and the contributions of
Coulomb collision, annihilation, anomalous resistivity, and
Compton scattering are accounted for by the collisional
operator and therefore appear in the effective resistivity. The
particle flux conservation becomes

8,N" = —DN, (10)

where DN = DN + DN'@ is the particle number density
variation, where the first term results from pair production, and
the second term is due to annihilation.

On the other hand, the momentum relation is

0,T* = gN,F"" — DPH, an

Yang

where DPt = DP©Or 1+ pp@n 1 pppu . pplanu 4
DPME 4 DPME consists of the influence of Coulomb
collision DP@#, pair annihilation and production DP@#,
Compton scattering DP™# and anomalous resistivity DP@)#,
whose detailed expressions are

mgmy/
DPO" — N nng——"—0"“)F,y (u}' — ull
s'=s ms + my
DP@r = — N ningo“F
s'=—s
DP[ = —ayngnms(u!' — ul')
DP(an),u, — _Vgan)(ulvit _ Uéb), (12)

where the subscripts indicate the sum over different species. 7
is the number density in the rest frame, oy is the invariant cross

section, and Fyy = /(s - uy)?> — 1 is the invariant flux. The

anomalous resistivity is due to scattering on the turbulence and
9" s the corresponding collision frequency. Compton
scattering and pair photon-production are significant when
there’s a suitable photon background. When the radiative
background is strong, annihilation can be balanced by
photoproduction.

These different processes also have manifest influence on the
nonideal electric field, as reflected by the resistive term in
Ohm’s law where

Nete = 0O + 1@+ 0@ + ., (13)

where n© = X25©F is the Coulomb resistivity, n® =

noe?

. . . (an) .
o@F is from annihilation, n“Y = “— is due to
2npe nnpe-

. « . n7m
anomalous resistivity, and n, =

w20y comes from Compton
scattering, respectively. The resistivity is determined by
Coulomb collisions and annihilation cross sections in a dilute
plasma without a photon background; and in the opposite
situation, the resistivity is determined by the Compton
scattering cross section and photon density. In contrast, in the
pulsar magnetosphere, the pair plasma is almost collisionless
(Manchester & Taylor 1977).

Phenomenologically, the overall contributions of the new
terms can therefore be represented by an effective resistivity
and a net particle source. From particle conservation, upon
integration over the current sheet, with Gauss’ law and the
monotonicity of the third dimension,

nin’}/invinL - nout'}/outvout(S = /f DNdxdy- (14)

Following the discussions, pair processes can be included in
the model through lepton multiplicity M?, effective resistivity
Nese> and the density of energy loss Py, Where the parameters
are given by

1
B 1+ /ffDNdXdY/(nout'Youtvout 0) ’

Pross = // DP4V. (16)

M, 5)
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The conservation relations can therefore be reorganized as

’YinvinninL = 'Youlvoutnoul(s/Ml- (17)

In the absence of compression and expansion during the
process, assuming nonrelativistic inflow and relativistic out-
flow, Equation (17) can be simplified as

vinl = '70utvout5/Ml~ (18)
And the energy balance becomes
Bi%lvinL ~ (YoutMout + Ploss) 6. (19)

Again, the inflow is assumed to be dominated by magnetic
energy and the outflow is assumed to be dominated by kinetic
energy. In this model, even if the outflow plasma is not
thermalized at all, the possible multiplicity increase will
enhance the thermal inertia significantly. In fact, pair produc-
tion is an effective way of cooling, as is Compton scattering.
Hence, reconnection increases the enthalpy of the outflow
through two possible ways: (1) increasing thermal energy or (2)
increasing the number of pairs. The two ways are related to
different mechanisms for resistivity, where the latter is prone to
having larger Spitzer resistivity. Also, the proportion of
radiation in these two scenarios can be different, thus impacting
the observable effect.

With the effective resistivity 7. and the generalized Ohm’s
law, we can estimate the current

Nege + d*Yout Vour /L)IH = U, FH. (20)

From the momentum balance, taking into account the
momentum loss, which is integrated to be the energy loss,
we can obtain

(h’}/(z)utvoul + Ploss) Yout ~ B2 2D

Since the energy-loss term contributes both to the energy
balance as well as the momentum balance, the same relation is
obtained as in Section 2

0/L ~ vin / (Yout Vour)- (22)
Similarly, we get the scaling relation
2\1/2
é o | et + d_ . (23)
L Lout Vout L?

These discussions are for the assumed Sweet—Parker current
sheet, if achievable. Our results here show how the pair
processes may affect this process, while the detailed dynamics
and the proportion and magnitude of contribution from the pair
processes rely on concrete parameter regimes. In real scenarios,
pair processes are likely to lead to drastic dynamics, and as a
result, highly nonuniform density and resistivity profiles could
form, possibly leading to gravitational and rippling modes
(Priest & Forbes 2000), which further complicate the dynamics.

4. The Evolution of Relativistic Current Sheets

Generically, current sheets with smaller aspect ratios may
form and evolve into Sweet—Parker sheets when the momentum
balance is unable to sustain the initial aspect ratio and
instabilities are too slow to destroy the current sheet during
the evolution. This is an important process because many
phenomena may happen during the current sheet evolution

Yang

instead of after the Sweet—Parker equilibrium has already
established. The macroscopic evolution of a current sheet is
generic and has been observed in simulations where different
setups may lead to different paths, i.e., thinning of width in
Huang et al. (2017) and lengthening in Tenerani et al. (2016).
In this section, we address the problem of spontaneous current
sheet evolution in a relativistic regime, where different
scenarios, i.e., free-evolving, fixed length, or fixed width, shall
be explored.

Analytically, nonrelativistic spontaneous current sheet thin-
ning was addressed in Kulsrud (2005) with constant length.
The evolution of current sheet width there is investigated in an
MHD framework, employing the balance of heat production,
with ohmic heating and adiabatic heating, combined to give the
total pressure change

— f PdV + f E - JVdt = PV, (24)
which takes the form
L ds 8sp V-
—(—p—) - p(ﬂ) 8 = Aps, (25)
VA dt )

where Ogp is the width predicted by Sweet—Parker scaling given
fixed L. The thinning is therefore

62 — 6%p = (63 — O%p)e 2/, (26)

where 74 = L/vy is the Alfvén timescale characterizing the
process of current sheet thinning. Note that this timescale is set
by the macroscopic length of the system, due to the
macroscopic nature of the evolution.

Relativistically, contributions from new terms and the effect
of Lorentz transformation between the current sheet and
moving fluid element are expected. With the thermal inertia
effect included, ohmlc heatlng is replaced by nonideal heating

E-J, ie., (n+ youtvout) -, that is seen in the rest frame of
the plasma. When the plasma element travels relativistically
along the current sheet, the nonideal heating time should be
L/("yVour)- The plasma element or the nonideal heating rate
should be Lorentz-transformed to ensure consistency, and
either interpretation leads to the modification of gamma factor.
On the other hand, gamma modification is not needed for the
adiabatic heating time seen in the current sheet frame. The
differences between the relativistic and nonrelativistic expres-
sion in nonideal heating and the Sweet—Parker scaling

counteract and nonideal heating finally takes the form 692" —=PD.

Note that here égp is the width predicted for length L by the
relativistic Sweet—Parker scaling law.

In the constant length scenario, the equations then can be
reformulated as

2
d 0 Voul 0 SP Vout

dt L ¢ L

6. 27)

This looks the same as the nonrelativistic expression. Despite
the differences between the detailed expressions, the similarity
reveals the common nature of the relativistic and nonrelativistic
current sheet evolution. As discussed above, the Lorentz effect
is absorbed by the definition of relativistic Alfvén time, and
thermal inertia enters into dgp, which represents the expected
Sweet—Parker width for the initial length L. The first term on
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the rhs is the diffusive expansion, while the second term is a
decrease due to convection. For a given length, if a current
sheet is much wider than the Sweet—Parker current sheet, the
first term should be small, and the initial evolution is near ideal.
As thinning goes on, the first term begins to be important and
thinning slows down until the achievement of a Sweet—Parker
aspect ratio. The solution is

62 — 6%p = (63 — 63p)eout/L = (53 — §2,)e"2/7. (28)

When the outflow velocity is of order unity, the characteristic
time 7 in current sheet rest frame is therefore L in natural units.
In the collisionless limit, the final aspect ratio is set by the
electron skin depth.

However, this discussion is under the assumption of fixed
current sheet length, which is not necessarily the case. In the
absence of constraints, i.e., fixed end points, the adjustment of
the aspect ratio due to an inability to sustain a steady state can
be achieved both by current sheet width thinning and length
stretching, therefore a complete equation describing this kind of
current sheet evolution should be

i(fﬂd—‘s) + p(L + dz]/é“2 —p - i(ﬁd—L}

Vout 0 dt “Yout Vout Vour \ L dt
(29)

Given an initial condition, this equation describes the self-
consistent evolution of the current sheet width and length.
Transform it into

2
ldé 1dL _ n  d®wa _w (30)
S dt L dt '-)/outé2 62 L L

The rhs is the difference between the timescale of thinning and
lengthening, i.e., d(In(6/L))/dt. Evidently, initially for a
current sheet with an aspect ratio much larger than Sweet—
Parker, the first and second terms are negligible and, this
difference is therefore the negative inverse Alfvén time. When
the current sheet is near Sweet—Parker, the difference becomes
tiny and the evolution is slow.

Assuming fixed width instead, as is the case for channel
flows driven by magnetorotational instability (MRI) in
accretion disks (Goodman & Xu 1994; Pessah 2010), we
obtain the equation for the evolution of current sheet length:

dL L
+ n

E m — Vour(1 — d2/52) =0, (31)
out Yout

with the solution

L= [LO - Woutvoutéz(l - d2/62)/’)’]]67m/52"71m1
+ YoutVour 62 (1 — d?/6%) /n. (32)

Roughly, the timescale for thinning is the Alfvén timescale
(light traveling time), while that for lengthening is the
microscopic resistive time enhanced with the outflow Lorentz
factor, due to the time dilation of the comoving plasma. If the
microscale resistive time is to be equal to the macro-scale
Alfvén travel time, then §2/n ~ L/vy, which leads to the

Yang
scaling of the aspect ratio:
% ~St=s12 (33)

This is exactly the resistive Sweet—Parker scaling. And the
same result can be obtained by simply equaling Equation (30)
to 0.

Taking the collisional and the collisionless limits, we
get L = [Ly — %utvout62/17]e*”/’/éz%m + 'yomvnméz/n and L =
Vou (1 — d?/6?)t, respectively. Notably, in the collisionless limit
the evolution of current sheet length cannot be independent of
thinning without the entrance of other processes, as inertia here
tends to expand the length linearly. This is a clear demarcation
between the collisional and collisionless limit, because in the
collisionless limit d itself sets the Sweet—Parker layer width
instead of merely determining the aspect ratio. In the initial
phase, nr/6%,, < 1, lengthening takes the ideal form. Here
simple expansion leads to L = L + vat, which is linear growth
with speed v5. At each instant, stretching can be seen at the
instantaneous Alfvén speed, which varies as the length changes.
The ideal phases of thinning and stretching are important in a
near ideal current sheet with high Lundquist number and small
skin depth, which breaks up long before achieving a steady state.
This is the underlying reason for Alfvén time to be critical in the
analysis of plasmoid instability in forming a current sheet (Pucci
& Velli 2014; Huang et al. 2017).

Numerically, we can integrate the equations to get the time
evolution of the current sheet, where the initial aspect ratio is
assumed to be 1.

In the ideal evolution of the current sheet, from Figure 2,
stretching takes the linear form, the speed of which becomes %"

Combining dL/dt = v /2 with the ideal evolution equation for
the current sheet, we obtain for the width § = §ye "/ D),
Compared with the situation when either length or width is
fixed, the speeds of thinning and stretching both decrease, but
still on the order of Alfvén time.

With the inclusion of nonideal terms, the evolution is
modified; see Figures 3-5 for resistive, collisionless, and
semicollisional cases, respectively.

As analyzed, nonideal effects become important as the
current sheet aspect ratio increases. For nonideal plasmas,
nonideal terms will play a gradually important role and
eventually slow down the current sheet evolution, which
reaches an asymptotic steady state. For plasmas with small
nonideality, in the later stage of current sheet evolution,
instability may begin to play an important role, to the extent of
disrupting the current sheet before the Sweet—Parker state is
reached (Pucci & Velli 2014; Comisso et al. 2016; Uzdensky &
Loureiro 2016). The above picture therefore serves as a
macroscopic description for current sheet evolution in the
absence of instabilities and waves.

The evolution of a current sheet is presented in a pure
mathematical form, which naturally raises a question about the
particle density in the current sheet. At first glance, it may seem
that thinning will increase the particle density of the current
sheet, whereas stretching will decrease it. However, the current
sheet is not a closed system. For pure stretching at the speed of
Alfvén velocity, the outflow fails to carry plasmas out of the
current sheet, therefore the particle is increased and the density
is roughly conserved. For pure thinning, if the speed is fast, it
outweighs the inflow, therefore plasma is advected out on an
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Figure 2. Evolution of an ideal current sheet (CS). From top to bottom, the
images show the free-evolving, fixed length, and fixed width scenarios,
respectively (the initial Alfvén time is 100).

evolving timescale without enough of supplement. And in the
free-evolving case where thinning and stretching occur
simultaneously, the total area of the current sheet is roughly
conserved, as is the density. Therefore, the conserved particle
density is expected overall.

5. Summary

In this paper, the problem of a relativistic Sweet—Parker
current sheet is investigated for pair plasmas with resistivity
and thermal inertia, where the steady-state aspect ratio is found
tobe §/L ~ (S~' + d?)'/2, in which the Lundquist number S is
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Figure 3. Evolution of a resistive current sheet. From top to bottom, the images
show the free-evolving, fixed length, and fixed width scenarios, respectively
(the initial Alfvén time is 100).

defined with respect to the four-Alfvén velocity to be able to
describe the case with a highly relativistic outflow. This basic
Sweet—Parker scaling is further generalized to include the
influence of the ubiquitous pair processes, whose contributions
can be represented by effective resistivity and the change of
lepton multiplicity; the scaling relations, however, can no
longer be simply represented by an effective inflow Lundquist
number if there is considerable radiation energy loss.

An evolving current sheet is of more interest and is investigated
in the relativistic regime. Starting from imbalanced wide current
sheets, current sheet evolution is discussed in three situations, i.e.,
free-evolving, fixed length, or fixed width. In all cases, the initial
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Figure 4. Evolution of a collisionless current sheet. From top to bottom, the
images show the, free-evolving, fixed length, and fixed width scenarios,
respectively (the initial Alfvén time is 100).

evolution takes on an ideal MHD form when the current sheet
aspect ratio is much smaller than that of the Sweet—Parker steady
state. Thinning is exponential at the Alfvén timescale; stretching is
exponential at the instantaneous Alfvén speed, but the overall
stretching is at a constant value of Alfvén velocity. Free evolution
turns out to be thinning and stretching at the same time: both
reduce to half the rate when the other quantity is fixed. As the
aspect ratio approaches the Sweet—Parker state, both processes
slow down, and reach the Sweet—Parker state asymptotically in
the absence of instability and external forcing.

In real astrophysical scenarios, it remains an open question
which regimes allow a Sweet—Parker current sheet to be achieved,
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Figure 5. Evolution of a semicollisional current sheet. From top to bottom, the
images show the free-evolving, fixed length, and fixed width scenarios,
respectively (the initial Alfvén time is 100).

especially when pair processes play considerable roles. Determin-
ing this requires detailed magnetic configuration and plasma
dynamics. The problem of an evolving current sheet, on the other
hand, is basic for a clear understanding of fast reconnection,
where steady-state current sheets are always prescribed as the
starting point for instabilities (Guo et al. 2014; Liu et al. 2015;
Petropoulou et al. 2016), which is not true for near ideal plasma.
Nonrelativistically, in the high Lundquist number regime, the onset
of plasmoid instability shows up in an evolving current sheet
where different forms of current sheet evolution were assumed
analytically (Comisso et al. 2016; Uzdensky & Loureiro 2016) and
observed numerically (Tenerani et al. 2016; Huang et al. 2017).
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The investigation of current sheet evolution therefore can serve as
a basis for the study of relativistic plasmoid instability and other
problems situated in an evolving current sheet. Fast plasmoid
instability in an evolving current sheet is a possible underlying
mechanism for the impulsive reconnection and immense emission
observed in astrophysics (Thompson 1994; Beckwith et al. 2008;
Elenbaas et al. 2016). This will be addressed in subsequent papers.
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Figure 1 in Yang (2019) was inadvertently a duplicate of Figure 1 in Comisso & Asenjo (2014). The correct Figure 1 for Yang
(2019) is provided here.
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Figure 1. Sweet—Parker current sheet.
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