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Solar wind: 
b~1, M>>1

magnetotail: 
b>>1, M≤1

Inner magnetosphere: 
b<<1, M<<1

solar flare: 
b≥1, M>1

Location and plasma parameters

Plasma b – ratio of plasma and magnetic field pressures
Mach number M – ratio of plasma bulk velocity and magnetosonic speed



The simplest current sheet configuration
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Self-consistent fields and plasma motion
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Nonlinear equations for electromagnetic fields

An example of solutions: 1D Harris CS An example of solutions: 2D Fadeev CS An example of solutions: 2D Kan CS 
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Cluster 2001-2004 

THEMIS 2008-2009 

ARTEMIS 2010 

Geotail 1993-1994 

Spacecraft missions and available datasets

r~18RE

r~10-30RE

r~50-200RE

THEMIS 2010-2017 

r~10-12RE

r~30-200RE

ARTEMIS 2011-2016 

r~55RE

MMS 2017 

r~30RE



Outline:

•Current sheet structure: distributions of currents and plasma, 
embedding, main gradients

•Current carriers in the magnetotail: electron and ion 
contributions

•Pressure balance: role of plasma anisotropy/nongyrotropy in 
current sheet balancing

• Electric fields: mechanisms of generation, typical amplitudes

•Current sheet thinning: pre-reconnection conditions in the 
magnetotail



Current sheet structure: thin current sheets

i~1000 kmRunov et al., 2006
Runov et al., 2006; Petrukovich et al. 2015; 
Vasko et al. 2015; Artemyev et al., 2016. 

Typical CS thickness is about 2000 km << RE

x



Current sheet structure: embedding

0N  Runov et al., 2006

Absence of significant density variation along z-axis

Magnetic field as a distance along z-axis: Bx/Blobe~z/LCS
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Electron and ion pressure gradients are mainly 
supported by temperature gradients



CS structure: observations vs. simple kinetic models

Harris CS model with 10-20% of cold background plasm
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Observed current sheets

• Lobes  are filled by rarified cold plasma, 
but CS boundaries are hot due to 
uniform temperature. 

• Plasma density profile is very close to the 
current density profile

• Lobes  and CS boundaries are filled by 
dense cold plasma. 

• Current density profile is embedded into 
plasma density profile



CS structure: what model can reproduce CS structure?

Kinetic models do not describe strong
temperature gradients for 2D (x,z) CS
configurations, but can reproduce embedded
current density profile

Hybrid simulations (MHD
electrons + kinetic ions) are
flexible enough to reproduce
both embedding and
temperature distributions.

see also Schindler & Birn 2002;
Sitnov et al., 2006; Zelenyi et al.
2011

observations

Birn et al. 2004

Yoon&SLui 2004

Sitnov et al. 2000
Zelenyi et al. 2000

Lu et al., 2016

see also Lin et al. 2015, Lu et al. 2016



Current carriers: absence of ion currents
Wang et al., 2012

Ti>>Te thus we
would expect to
observe strong
ion diamagnetic
currents.
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Examples of ion current observations in CSs

Runov et al., 2006

currents from 
B-gradients

Ion currents C4

Ion currents C1

jy/ene km/s

Israelevich et al., 2008

Artemyev et al., 2015

Comparison of B-
gradient currents
and ion currents
for subset of CSs



Current carriers: unexpectedly strong electron currents

Ion currents

electron currents

Ion currents

electron currents
electron currents

Ion currents

Geotail                                        Cluster                                               THEMIS

Three data sets show the same effect of strong
electron currents and weak ion currents. Plasma
(ion + electron) currents are close to B-gradient
currents derived from multispacecraft
measurements (Cluster) or from CS
oscillations/flapping (Geotail, THEMIS).

see also Vasko et al., 2015; Petrukovich et al.,
2015; Artemyev et al., 2016



Current carriers: observations vs. models
Conservation of total plasma momentum in volume V

total current

rate of total plasma momentum change

ion (+) and electron (-) currents

Hesse et al., 1998

factor ~m-/m+<<1 for ions. Thus, if
the total momentum is conserved

(M = 0), the change of the total

current J is mainly due to change

of the electron flow nv-

-v
y/

v T
i electron velocity, v-

ion velocity, v+

Dv=v+-v-

Pritchett et al., 1995

Increase of 
electron flow

Kinetic thin CS formation

CS thinning and intensification of jy~enDv 
current density in PIC simulation



Pressure balance: expected gradients 
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Pressure balance: statistical observations

22 nA/myj 
upper limit for jy at r~18RE

observed jy are much larger 
than expected values

Nakai et al. 1991;Shukhtina et al. 2004
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Pressure balance: electron anisotropy
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Field-aligned electron anisotropy helps balance
current sheet. For e=1 the entire current density
generated by curvature electron drifts (d/dx=0)

THEMIS observations

There is a significant population
of CSs with almost isotropic
electrons



Pressure balance: observations vs. models
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Burkhart et al., 1992

see also Eastwood 1972; Pritchett and 
Coroniti 1992; Ashour-Abdalla et al., 1994; 

PIC simulation of thin CS

distribution function of ions supporting pxz≠0

Artemyev & Zelenyi 2013
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Electric fields: Hall field in thin CS

Dominance of electron currents 
requires strong electric fields Ex, Ez
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Statistics of quiet CSs
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Cluster & THEMIS can provide reliable electric
field measurements only in CS (x,y) plane.
Therefore, observed electric fields can be
estimated only for strongly titled CS with z↔y



Electric fields: field-aligned field
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Electric fields: observations vs. models
Transverse electric field (Ex, Ez)

Lu et al., 2016

Ez>0

Ez<0

Hybrid simulations

PIC simulations

see also Pritchett 2005; Zelenyi et al. 2011;Schindler 
et al. 2012;

Birn & Hesse, 2014

Ez>0

Ez<0

Field-aligned electric field (EII)

eFII/Te

Egedal et al., 2013

PIC simulations

Artemyev et al., 2016
eEIIL/Ti

EII>0

EII>0

Analytical CS model



Current sheet dynamics: thinning 
McPherron et al. 1972 An example of thinning CS observed by THEMIS at x~-12RE

Bz decreases

Blobe increases

jy increases

LCS decreases



Current sheet dynamics: plasma cooling

An example of thinning CS observed by THEMIS; plasma data are collected around the equatorial plane

growth of the plasma density
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Electrons are 
cooling faster 
than ions!+



Current sheet dynamics: observations vs. model

• Current sheet thinning  is accompanied 
by (driven) pressure increase.

• Plasma entropy is conserved

Birn & Hesse 2014
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Conclusions:
1. CS embedding can be reproduced by simulations and analytical models

2. Temperature gradients well seen in observations, but are not included into
kinetic simulations

3. Thin CSs are characterized by strong electron currents (both in
observations and simulation)

4. Estimations suggest significant contribution of ion nongyrotropy (not yet
observed!) and electron anisotropy to the pressure balance

5. Strong transverse electric fields are seen in simulations, but more accurate
observations are required to estimate these field in the magnetotail

6. Models and observations of the electron anisotropy indicate on a finite
field-aligned field in the magnetotail (not yet observed!).

7. CS thinning is accompanied by plasma cooling, but this effect is not seen in
simulations.



EARTH MAGNETOTAIL CURRENT SHEET

Geotail,

Cluster,

THEMIS,

ARTEMIS

Predicted by models, but 

not yet observed

Well observed, but not 

yet modeled

• E
• EII

• pxz

• T
• T



Additional info



Current sheet dynamics: current density growth

jy nA/m2

Petrukovich et al., 2007

~ 1/y zj B

Artemyev et al., 2016

3/2~1/y zj B

-12RE -18RE

TCS properties:
- CS thinning is not uniform process: 

larger initial Bz in the near-Earth CS 
requires more significant Bz decrease 
during thinning

- Bz is smaller at larger r, whereas jy is 
larger at smaller r

Petrukovich et al., 2013

THEMIS 2015
Cluster 2001-2004
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Formation of thin C

Plasma pressure in
the neutral plane

=5/3

1999 JGR

2014 JGR

jy



Modern CS models

Sitnov & Schindler 2010 Sitnov & Merkin 2016

2D solution with magnetic “hump”

2D solution with included dipole!

Sitnov et al., 2007

2D solution with small population 
of nongyrotropic ions
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