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Abstract: The ion-to-electron temperature ratio is a good indicator of the processes involved in solar wind plasma entering and being
transported inside Earth’s plasma sheet. In this study, we have demonstrated that patchy magnetic reconnection has the potential to
preserve the ion-to-electron temperature ratio under certain conditions. If the charged particles are non-adiabatically accelerated no
more than once in a single reconnection, the temperature ratio would be preserved; on the other hand, this ratio would not be preserved
if they are accelerated multiple times. Consequently, under a northward interplanetary magnetic field (IMF) condition, the reconnection
in the nonlinear phase of the Kelvin–Helmholtz instability is the dominant process for solar-originated plasma entering the Earth’s
magnetosphere, and the ion-to-electron temperature ratio is preserved inside the plasma sheet. When the direction of the IMF is
southward, the reflection of electrons from the magnetic mirror point, and subsequent multiple non-adiabatic accelerations at the
reconnection site, are the primary reasons for the observed low ion-to-electron temperature ratio close to the Earth at midnight. While
reconnections that occur in the night-side far tail might preserve the ratio, turbulence on the boundaries of the bursty bulk flows (BBFs)
could change the ratio in the far tail through the violation of the frozen-in condition of the ions. The plateau in the contour of the
calculated ion-to-electron temperature ratio in the down tail distance between 40 and 60 Earth radii may explain the strong correlation
between the ion and electron temperatures in the outer central plasma sheet, which has not been clearly understood till date.

Keywords: plasma sheet; ion-to-electron temperature ratio; patchy magnetic reconnection; non-adiabatic acceleration; bursty bulk
flows; far tail

 
 

1.  Introduction
The terrestrial magnetosphere acts as an impediment to the solar

wind. Theoretically, the terrestrial magnetosphere should not con-

tain solar  plasma;  however,  it  is  actually  the  habitat  of  hot  tenu-

ous solar-originated  plasma.  Significant  research  has  been  con-

ducted to determine how solar wind plasma enters the magneto-

sphere and how it is transported, once it is inside.

Ti/Te
Among the  parameters  that  are  sensitive  to  the  processes  in-

volved in the entry and transport of solar plasma, the ion-to-elec-

tron  temperature  ratio  ( )  is  one  of  the  most  important,  and

the preservation or variation of this ratio is  a key indicator of the

mechanism involved.

Ti/Te = 7.2

Ti/Te ≈ 3

Re

An analysis  of  the  Active  Magnetospheric  Particle  Tracer  Ex-

plorers/Ion Release Module (AMPTE/IRM) data by Baumjohann et

al.  (1989) indicated  that  the  ion  and  electron  temperatures  were

highly correlated ( ) in the outer central plasma sheet. In

a case study using Cluster data, Lavraud et al. (2009) found that a

low ion-to-electron temperature ratio ( ) was preserved, as

the plasma  entered  the  magnetosphere.  A  statistical  investiga-

tion of Time History of Events and Macroscale Interactions during

Substorms (THEMIS) data (Wang CP et al., 2012) showed that bey-

ond  a  distance  of  40  Earth  radii  ( )  in  the  tail,  the Ti/Te ratio re-

mained  approximately  constant  from  the  magnetosheath  to  the

cool plasma sheet.

Ti/TeOn  the  other  hand, Slavin  et  al.  (1985) found  that  the Ti/Te ratio

varied with the downtail distance. Their results indicated that 
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was 7.8 over 30−60 , 6.7 over 60−100 , 4.8 over 100−210 , and
5.7  beyond  210 . Wang  CP  et  al.  (2012) also analyzed  the  de-
pendence  of  the Ti/Te ratio  on  the  local  time  and  radial  distance
from the  Earth,  and  found  that  the  ratio  varied  from  approxim-
ately 6−10, when the plasma sheet was relatively cool (i.e., during
a  northward  IMF)  to  approximately  2−5  when  it  was  relatively
warm  (i.e.,  during  a  higher  auroral  electrojet  (AE) value).  In  addi-
tion, based on a comparison of the specific entropies of the warm
plasma between the distant-  and near-Earth tails, Wang CP et  al.
(2012) suggested  that  non-adiabatic  processes  energized  the
electrons more than the ions, which would lead to a lower ratio of
the warm plasma near the Earth at midnight compared to that in
the distant tail.

The purpose of the present study is to ascertain whether there is a
mechanism that preserves the Ti/Te ratio during the process of sol-
ar  wind  plasma  entering  into,  and  being  transported  within  the
plasma sheet.  Because adiabatic processes preserve the ratio,  we
concentrate only on non-adiabatic  processes.  We have identified
a mechanism that influences the above phenomenon and also de-
termined the factors that can alter this ratio. The remainder of this
paper is organized as follows. In Section 2, a process, which largely
influences the entry of solar-originated plasma into the magneto-
sphere, is  proposed. In Section 3,  we explore the factors that can
change  the  aforementioned  ratio  in  the  plasma  sheet.  Finally,  a
discussion is provided in Section 4, followed by a summary in Sec-
tion 5. 

2.  Entry of Charged Particles into the Magnetosphere
Before conducting a detailed examination of every possible entry
process,  we first  consider  the variation of  the Ti/Te ratio from the
upstream  solar  wind  to  the  magnetosheath,  and  subsequently
from the magnetosheath to the magnetosphere.

Firstly, the ultimate source of energy of a charged particle, regard-
less  of  whether  it  is  in  the  magnetosheath  or  magnetosphere,  is
the solar wind and not the magnetosheath or magnetosphere.

If the mass of a proton is the same as that of an electron, the Ti/Te

ratio would always be preserved as solar-originated particles pass
the  bow  shock  and  later  on  enter  the  magnetosphere.  However,
the mass of a proton is two orders of magnitude larger than that
of  an  electron;  hence,  protons  are  the  predominant  carriers  of
mass, momentum, and energy of the solar wind.

The deflection of solar wind by the magnetopause forces the pro-
tons to transfer fractional  bulk flow energy to thermal energy,  as
well as to magnetic energy. More importantly, some bulk flow en-
ergy of the protons even gets transferred to thermal energy of the
electrons  via  a  complicated  wave  particle  interaction.  The  last
statement is supported by the fact that because protons carry sig-
nificantly more  kinetic  energy  in  the  bulk  flow  than  do  the  elec-
trons,  the Ti/Te ratio  after  the  bow  shock  should  rise  to  a  high
value (dozens); however, observations have shown that this value
remains at the order of 5−12 (Paschmann et al., 1993; Phan et al.,
1994).  The  underlying  physics  behind  this  energy  transfer  from
protons to electrons could be that the more thermally active elec-
trons have a greater mobility to satisfy the electric neutrality.

For further  entry  of  solar-originated  particles  into  the  magneto-

sphere, the Ti/Te ratio would face two tendencies. First,  when the
magnetosheath particles enter the magnetosphere, the Ti/Te ratio
would  increase  because  the  energy  in  the  bulk  flow  is  further
transferred to thermal energy (the magnetosphere is a rest refer-
ence  frame  relative  to  the  solar  wind).  Second,  the Ti/Te ratio
would decrease if  particles  receive much more energy than their
magnetosheath values because in  the magnetospheric  reference
frame, the equilibrium state requires an energy balance between
protons and electrons.

Under a southward IMF condition,  it  is  commonly acknowledged

that  the  magnetic  reconnections  on  the  dayside  magnetopause

and in the night-side magnetotail  play dominant roles in loading

the solar wind plasma into the plasma sheet.

Under  a  northward  IMF  condition,  this  situation  is  considerably

subtle.  The  entry  process  is  unclear  and this  issue  is  currently  an

active area of research.

The entry processes of the magnetosheath particles into the mag-

netosphere may be divided into three categories. Here, the mag-

netosphere refers  to the part  of  the magnetosphere,  where both

ends of a magnetic field line are connected to the Earth (forming a

closed  magnetic  flux  tube),  and  the  entry  refers  to  the  particles

crossing the magnetopause. The first category is a direct embed-

ding of a portion of a magnetosheath magnetic flux tube into the

magnetosphere.  The  second  category  is  the  magnetosheath-

charged particle  crossing  the  magnetic  field  line  from  the  mag-

netosheath  to  the  magnetosphere.  Finally,  the  third  category  is

the conjugate (related to the equator) reconnections of the mag-

netosheath magnetic flux tube with the closed magnetic flux tube

of  the  magnetosphere,  thus  replacing  a  portion  of  the  closed

magnetic  flux  tube  of  the  magnetosphere  with  a  portion  of  the

magnetosheath magnetic flux tube.

The  current  prevailing  mechanisms  describing  the  entry  of  the
solar  plasma  into  the  plasma  sheet  under  a  northward  IMF  are
double-cusp or double-lobe reconnection (the third category), the
Kelvin-Helmholtz  instability  (the  third  category),  kinetic  Alfvén
waves (the second category), and impulsive penetration (the first
category) (Wing et al., 2014). Although these mechanisms can ex-
plain the observed plasma density in the plasma sheet, no theor-
etical studies on the observed Ti/Te ratio have been conducted.

In addition, the Ti/Te ratio, which is preserved (observationally) as

the particles  cross  the magnetopause,  we also use another  para-

meter, namely the specific entropy, to narrow down the selection.

The specific entropy is defined as follows.

s = p/ργ, (1)

p ρ γ

s

where  is the thermal pressure;  is the density; and  is the poly-

tropic index. For an adiabatic process, the specific entropy is pre-

served.  However,  observations  (Johnson  and  Wing,  2009)  have

shown that the specific  entropy increases by two to three orders

of magnitude,  accompanying the crossing of  the magnetopause.

The  parameter  (an  intensive  quantity)  is  closely  related  to  the

total  entropy  (an  extensive  quantity).  Here,  the  total  entropy  is

defined as

S = pVγ, (2)
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Vwhere  is the  volume of  the  unit  magnetic  flux  tube.  Substitut-
ing density with mass per unit volume in Equation (1), we obtain

s = p/(M/V)γ = pVγ/Mγ = S/Mγ, (3)

where M is the mass contained in the volume of the unit magnet-
ic flux tube. Thus, for an adiabatic process, the total entropy is pre-
served, which for ions is

Si = piV
γ, (4)

pi = nkTiwhere subscript i represents the ions. Substituting  (where
n is the number density of ions and k is Boltzmann’s constant) in-
to Equation (4), we obtain

Si = nkTiV
γ. (5)

The total entropy of the electrons is

Se = peV
γ, (6)

pe = nkTewhere subscript e represents the electrons. Substituting 
into Equation (6), we obtain:

Se = nkTeV
γ. (7)

From Equations (5) and (7), it is clear that for an adiabatic process,
the preservation of the total entropies of both ions and electrons
leads to the preservation of the Ti/Te ratio. It should be noted that
the reverse may not  be true;  that  is,  the preservation of  the Ti/Te

ratio does not imply an adiabatic process.

The preservation of the Ti/Te ratio and the increment of the specif-
ic  entropy  by  two  to  three  orders  of  magnitude  accompanying
the crossing  of  the  magnetopause  impose  two  very  strong  con-
straints  on  the  candidate  entry  process.  The  qualified  process
should be a non-adiabatic process, which preserves the Ti/Te ratio.
In addition, this process should accelerate the particles dramatic-
ally, which  in  turn,  significantly  heats  the  cool  dense  mag-
netosheath particles to hot tenuous magnetospheric particles.

Now,  let  us  examine  the  entry  processes  of  the  plasma  one  by
one.  Firstly,  we  consider  the  impulsive  penetration  (Echim  and
Lemaire,  2000).  An  impulsive  entry  of  magnetosheath  plasma
blobs can  occur  if  the  magnetosheath  irregularities  have  suffi-
cient  momentum  to  cross  the  magnetopause.  At  this  moment,
both ends of the embedded flux tube are still connected with the
IMF, and not with the Earth. The magnetic moment is conserved,
which is defined as

μ =
mv2

⊥/2

B
, (8)

m v⊥where  is  the  mass  of  a  particle;  is  the  thermal  speed of  the
particle perpendicular to the magnetic field; and B is the magnet-
ic field. Equation (8) can be rewritten as follows:

μ =
m(VVV − uuu)2⊥/2

BBB
(9)

uuuwhere V is the velocity of a particle and  is the bulk velocity of the
penetrating irregular magnetosheath plasma blob; then, the pro-
cess can  be  easily  understood.  From  Equation  (9),  the  conserva-
tion  of  the  magnetic  moment  of  the  electrons  and  ions  requires
the reduction of u, as the magnetosheath plasma blob penetrates
deep into the magnetosphere with an increasing magnetic field B.

The irregularities  are  slowed  down  adiabatically  as  a  con-

sequence  of  the  conservation  of  the  magnetic  moments  of  the

electrons  and  ions.  Expressing  the  conservation  of  the  magnetic

moment explicitly, for the ions we obtain

μi,sheath =
miv

2
i,⊥,sheath/2

Bsheath
=
kTi,⊥,sheath
Bsheath

= μi,sphere =
kTi,⊥,sphere
Bsphere

, (10)

and for the electrons,

μe,sheath =
mev

2
e,⊥,sheath/2

Bsheath
=
kTe,⊥,sheath
Bsheath

= μe,sphere =
kTe,⊥,sphere
Bsphere

.

(11)

Dividing Equation (10) by Equation (11), we obtain

Ti,⊥,sheath
Te,⊥,sheath

=
Ti,⊥,sphere
Te,⊥,sphere

. (12)

This mechanism has the advantage of preserving the ion-to-elec-

tron  perpendicular  temperature  ratio  as  the  ions  and  electrons

pass  through  the  magnetopause.  Although  the  ion-to-electron

perpendicular temperature ratio  is  preserved,  the adiabatic  char-

acteristic  of  the  impulsive  penetration  is  not  consistent  with  the

increment of  the  specific  entropy,  which  is  a  non-adiabatic  re-

quirement of the candidate process.

Secondly, we consider kinetic Alfvén waves (Hasegawa and Mima,

1978; Johnson and Cheng,  1997; Izutsu et  al.,  2012). Larger  amp-

litude Alfvén waves can excite the ions to cross the magnetic field

lines as  diffusion.  This  process  can  heat  the  plasma  to  the  mag-

netospheric  temperature.  The diffusion process is  determined by

the following equation:

∂ni
∂t

= ∂
∂x

Di,⊥
∂ni
∂x

, (13)

ni Di,⊥where  is  the  number  density  of  ions  and  is  the  diffusion

coefficient of  ions,  which  in  the  kinetic  Alfvén  waves,  is  propor-

tional to the energy as

Di,⊥ ∝ Ti. (14)

Te ≈ Ti

However,  the  diffusion  coefficient  is  energy-dependent,  but  not

mass  dependent.  Electric  neutrality  requires  that  electrons  catch

up with the protons. Equation (14) indicates that they will need to

obtain an equal amount of energy ( ) to do so. This may viol-

ate the preservation of the Ti/Te ratio.  Even the electrons coming

from the ionosphere cannot guarantee the preservation of the ra-

tio.

Re

Thirdly, we  consider  the  double-cusp  or  double-lobe  reconnec-
tion (Song P and Russell,  1992). This process replaces the portion
of  the  closed  magnetic  flux  tube  of  the  magnetosphere  beyond
the northern  and  southern  cusps  with  a  portion  of  the  mag-
netosheath magnetic flux tube. The distance between the conjug-
ate northern and southern reconnection sites can be estimated to
be of the order of 20 ; the duration of the reconnection is estim-
ated to be of the order of one min (Onsager et al., 2001); and the
accelerated electron energy is of the order of 20 eV (Lavraud et al.,
2006).  From  the  appendix,  we  know  that  this  mechanism  has  a
great  probability  of  preserving  the Ti/Te ratio because  the  travel-
ing time  (50  s)  of  the  energized  electrons  between  the  conjug-
ated reconnection sites is approximately the same as the duration
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of the reconnection. Because of the convergence of the magnetic
field lines toward the cusps and high latitude of the reconnection
sites,  a  major  portion of  the original  magnetospheric  flux tube is
replaced  by  the  magnetosheath  magnetic  flux  tube,  and  the
particles  contained  inside  the  post-reconnected  flux  tube  are
mostly  magntosheath-originated.  From  Equation  (2),  it  is  clear
that the conjugate reconnections at the cusp or lobe do not signi-
ficantly  increase  the  total  entropy  (Johnson  and  Wing,  2009).
Thus,  from  Equation  (3),  the  specific  entropy  of  the  plasma  does
not increase  to  the  magnetospheric  value  across  the  magneto-
pause.  The  double-cusp  reconnection  plays  the  role  of  replacing
the magnetospheric  flux tube with the magnetosheath flux tube
and the particles within.

Re

Finally, we turn to the Kelvin-Helmholtz instability (Otto and Fair-
field,  2000; Nykyri  et  al.,  2006; Li  W  et  al.,  2016).  Contrary  to  the
double-cusp  reconnections,  which  take  place  at  high  latitudes,
the conjugate  reconnections  in  the  nonlinear  phase  of  the  in-
stability  occur  at  low  latitudes,  and  replace  the  portion  of  the
magnetospheric flux tube near the equator with a portion of the
magnetosheath  flux  tube.  Only  a  minor  volume  of  the  original
magnetospheric flux  tube  is  replaced.  Because  of  the  conver-
gence  of  the  magnetic  field  lines  toward  both  northern  and
southern cusps, a closed magnetospheric magnetic flux tube has
significantly larger cross section near the equator than that at the
cusp, and the conjugate reconnection sites near the equator have
significantly  longer  “X”  line  extension  than  those  at  the  cusps.
Consequently,  more particles are involved in the reconnection in
the nonlinear phase of the Kelvin-Helmholtz instability than those
in  the  double-cusp  or  double-lobe  reconnection.  The  conjugate
reconnections  in  the  nonlinear  phase  of  the  instability  have  the
potential  to  increase  the  specific  entropy  of  the  plasma  to  the
magnetospheric level. The distance between the conjugate north-
ern and southern reconnection sites can be estimated to be of the
order of  4 ;  the duration of  the reconnection is  estimated to be
of  the  order  of  10  s  (Faganello  et  al.,  2012);  and  the  accelerated
electron energy is of the order of 20 eV (Nykyri et al., 2006). From
the appendix, we know that this mechanism has a large probabil-
ity of preserving the Ti/Te ratio because the traveling time (9.6 s) of
the  energized  electrons  between  the  conjugated  reconnection
sites is of the same order as the duration of the reconnection.

From the  above  analysis,  we  arrive  at  the  following  understand-
ing: The impulsive penetration would satisfy the first constraint of
the preservation of the Ti/Te ratio, but not the second constraint of
the  increment  of  the  specific  entropy.  The  kinetic  Alfvén  waves
could not satisfy the first constraint of the preservation of the Ti/Te

ratio; however, it has the potential to raise the specific entropy of
the plasma to the magnetospheric value of the second constraint.
The double-cusp or double-lobe reconnection has the potential to
preserve the Ti/Te ratio of the first constraint; however, it does not
have the ability to raise the specific entropy to the magnetospher-
ic level  of  the  second  constraint.  Only  the  Kelvin-Helmholtz  in-
stability  has  the  potential  to  satisfy  both  the  constraints  of  the
preservation  of  the  temperature  ratio  and  the  increment  of  the
specific entropy.

Based on the above discussion, we chose the Kelvin-Helmholtz in-
stability  as  the  dominant  entry  mechanism  of  solar-originated

plasma, followed  by  the  double-cusp  or  double-lobe  reconnec-
tion, kinetic Alfvén waves, and impulsive penetration. 

3.  Transport of Charged Particles within the Plasma

Sheet
The factors  that  may affect  the Ti/Te ratio in the plasma sheet in-
clude  the  ionosphere,  patchy  tail  reconnection,  and  bursty  bulk
flows (BBFs).

7.93×106 cm−2sec−1sr−1

Re
cm−3

The ionosphere  could  serve  as  an  energy  sink  for  the  magneto-
spheric  particles.  For  the  study  of  the Ti/Te ratio,  which  requires
the exchange of fractional particles between the magnetosphere
and ionosphere in a short time (in approximately 20 min), this ef-
fect  is  negligible  because  the  number  flux  of  the  precipitation
particles is  too small  to accomplish this task.  For example,  taking
the precipitation number flux as  (Hardy et
al.,  1989),  a flux tube extending to 20  down tail  with a number
density of 0.3  will take about 140 h to be replaced. Thus, the
ionosphere should be treated only as a reflector of the magneto-
spheric particles in the present investigation.

cm−3

Bz = −5 nT Dst = −80 nT

To  investigate  the  effect  of  patchy  tail  reconnection  on  the Ti/Te

ratio in  the  plasma  sheet,  we  apply  Equation  (A32)  for  the  mag-
netospheric model.  The  Tsyganenko  (96)  magnetospheric  mag-
netic field model (Tsyganenko, 1995) and Tsyganenko tail plasma
sheet model (Tsyganenko and Mukai, 2003) are used for the mag-
netic  field  and  plasma,  respectively,  where  the  input  parameters
are:  a  solar  wind  density  of  6 ;  velocity  of  380  km/s;  IMF

, and .

x1

xhalf

xfinal

xe

x2

x1

xhalf

xfinal

 

x1 x1 = 2xhalf
xhalf

xfinal

x2 x2 = 2xfinal x1

xfinal xhalf
xe xfinal

Figure 1.   Schematic diagram showing patchy magnetic

reconnections and the related positions. A flux tube, whose Ti/Te ratio

is under investigation and is originally extending to  ( ), is

cut by a reconnection taking place at , and has its final position at

. A series of neighboring background medium flux tubes (with

their y values slightly different from those of the one under

investigation), originally extending between  ( ) and , are

cut by a series of reconnections taking place between  and ,

and have their final positions between  and .
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x1

2L

Figure  1 schematically  illustrates  the  procedure  followed  in  our

calculation. From the magnetic field model, the equatorial point 

is first located. Then, the magnetic field line passing through this

point is traced, and the length  of this field line from the equat-

orial point to the ionosphere is recorded. The plasma data on this

field line are determined using the tail plasma sheet model.

xhalf

xfinal

Assume that  a  patchy  magnetic  reconnection  occurs  at  the  mid-

point  of this field line (Borovsky et al., 1998). The cut flux tube

moves earthward as a BBF. The total entropy of the earthward half

of the cut flux tube is  calculated and compared with the entrop-

ies of the equatorial plane points with the same y value. The earth-

ward motion would stop at a location where the total entropy of

the background plasma is the same as the entropy of the cut flux

tube.  The x value of  the  matched  point  would  be  the  final  posi-

tion  of  the  post-reconnected  flux  tube  (Chen  CX  and  Wolf,

1999).

EEE
Δt

Bz

EEE Δt
Bz

Figure 2 shows a representative calculation. For the reconnection,

the electric field  was set to 5 mV/m; the time duration of the re-

connection  was set to 60 s; and the z-directional magnetic field

 was set to 1.0 nT. As can be seen from the equations in the ap-

pendix,  these  quantities  are  not  independent  of  each  other.  We

also experimented with other values of  from 4 to 10 mV/m, 

from  40  to  80  s,  and  from  0.5  to  1.0  nT,  and  the  results  are

similar.

Re Re

Re
Re

Re cm−3

1.2 × 106 Re

The domain of  our  calculation (x:  10−80 , y:  −20 to  20 ) is  lim-

ited  by  the  domain  of  the  Tsyganenko  tail  plasma  sheet  model,

which is valid for 10−50  down the Earth’s tail. For simplicity, we

linearly  interpolated  the  equatorial  plasma  data  between  50

and 220  down the tail with a plasma number density of 0.3 

and an electron temperature of  K  at  220  (Slavin et  al.,

1985).

BBB

The  magnetic  field  strength  at  the  midpoint  of  each  pre-recon-

nected  field  line  is  represented  as  in the  calculation.  The  elec-

tron temperature was set  to be one-sixth of  the ion temperature

(i.e.,  close  to  the  ratio  in  the  magnetosheath  (Wang  CP  et  al.,

2012)) in each pre-reconnected field line.

Re

Re

The calculated Ti/Te ratio in the equatorial plane earthward of 60

is  comparable to that reported by Chen CX and Wang CP (2019).

In particular, the closer the position is to the Earth, the lower was

the ratio. Furthermore, the ratio is slightly higher at dawn or dusk

than at midnight. It is noteworthy that the Ti/Te ratio is preserved

tailward of 60  because of the large distance between the recon-

nection site and the ionosphere.

BBFs  may  affect  the Ti/Te ratio  through  the  turbulence  on  their

boundaries.  Following the treatment of Chen CX (2013), we con-

sider the viscosity as

μ = 1
3
(ρUi λ) , (15)

ρ Ui

λ
where  is the mass density;  is the mean thermal speed defined

by  Equation  (A15);  and  is  the  mean  free  path  length,  which  in

the collisionless Earth’s magnetosphere can be taken as

λ = 2ai. (16)

aiThe gyroradius  is defined by Equation (A1). As the ions possess

a significantly larger gyroradius than do the electrons, the contri-

bution to viscosity is mainly from the ions.

In a collision-less environment, the mean free path is meaningful

only when  wave–particle  interactions  are  involved.  In  the  pres-

ence of  a  magnetic  field,  the farthest  distance a  charged particle

can  move  in  a  cross-magnetic  field  direction  is  twice  that  of  its

gyroradius.

xhalf xfinalAssume  that  a  newly  cut  flux  tube  moves  from  to ,  and

the motion in  the zeroth-order  approximation is  adiabatic.  Then,

the relation can be written as

pfinalV
5/3
final = phalfV

5/3
half, (17)

Vwhere  is  the  upper  half  volume  of  the  flux  tube  above  the

equatorial  plane  with  a  unit  magnetic  flux.  Equation  (17)  states

the conservation of total entropy.

Although there are two flanks of the fast flow exposed to the sur-

rounding  medium,  only  one  half  of  the  friction-producing  heat

flux  enters  the  flux  tube  of  the  fast  flow  because  the  flanks  are

20

10

0

-20

-10

0 20 40 60 80

X (Re)

Y
 (

R
e
)

Ti /Te

 
Figure 2.   Contours of the calculated Ti/Te ratio on the equatorial plane with only the influence of the electric field being considered.
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hotter than either the medium or the fast flow (scattering of ions
by turbulent electric field). For simplicity, the heat flux is assumed
to be split between the medium and the flux tube of the fast flow.
Because the  turbulent  electric  fields  (induced  by  the  cross  mag-
netic field motion of flow) basically transfer the plasma bulk flow
energy to thermal energy, and our expression for particle energy
(from a microscopic point of view) does not distinguish between
the bulk  flow  energy  (a  macroscopic  quantity)  and  thermal  en-
ergy,  the  electron  energy  does  not  change  within  the  flux  tube.
Thus, the role of electrons in the turbulence is negligible.  In con-
trast,  because  of  their  much  larger  gyroradii  (easily  crossing  the
boundaries  of  the  BBFs),  the  ions  receive  and/or  give  energy  to
the  surrounding  medium  through  the  turbulent  electric  fields.
Thus, the heat flux is only distributed among the ions, as only the
ions scattered by the turbulent electric field, are the carriers of the
heat flux, and the energy exchange between ions and electrons is
inefficient (otherwise, the Ti/Te ratio would approach one).

The  friction-producing  heat  flux  affects  the  newly  reconnected
flux tube  in  two  ways.  The  first  is  the  heat  that  this  flux  tube  re-
ceives  from  the  fast  flows  passing  by  (in  this  step  of  calculation,
the  flux  tube  we  are  concerned  with  is  treated  as  a  medium),
which can be expressed as

Wfri1 = μ
∂u
∂y

(xe − xfinal)DzDx, (18)

u
xe

x2

xfinal Dz

Dx

xe xfinal

where  is the speed of fast flow; y is pointed in the cross tail direc-
tion;  (shown  in Figure  1)  is  the  earthward  stop  position  of  a
passing  by  fast  flow  (a  flux  tube  that  originally  extends  to )
formed  (reconnected)  at ;  is  the z-directional effective  di-
mension for  friction;  and  is  the x-directional  dimension of  fast
flow. It is noteworthy that Equation (18) accounts for the contribu-
tion  from  a  series  of  fast  flows,  whose  final  positions  occupy
points between  and .

ρ = nmiSubstituting ,  and  Equations  (15)  and  (16)  into  Equation
(18), we obtain

Wfri1 = 1
3
nfinalmi

16KTi,final
πeBfinal

U
Dy

(xe − xfinal)DzDx, (19)

U
km/s Dy

where  is  the typical  speed of  the BBFs,  which is  approximately
400  and  is the length scale of the variation of the fast flow
in y-direction.

xhalf xfinal

The second  is  the  heat  that  a  flux  tube  transfers  to  the  back-
ground medium at a distance from  to , which can be ex-
pressed as

Wfri2 = 1
3
nfhmi

16KTi,fh
πeBfh

U
Dy

(xfinal − xhalf)DzDx, (20)

fh xhalf
xfinal

where subscript  represents the middle point between  and
.

xfinal
xhalf
xe

xfinal
xe

xfinal
xfinal

Three  points  are  critical  here:  (i)  point , at  which  we  are  cur-
rently interested in the ratio; (ii) point , where the flux tube of
our interest comes from; and (iii) point , which is the earthward
position  that  a  newly  reconnected  (at  point )  flux  tube  can
reach. A flow with its stop position earthward of  would be gen-
erated earthward of  and thus, would not contribute any heat
to point ; similarly, the flux tube whose Ti/Te ratio we are inter-

xhalfested in,  would not  distribute any heat  to  points  tailward of 
because our flux tube was created earthward of those points.

Dy

Dy = 3Re
3Re × 3Re Dx 3Re Dz 2Re

We  assume  that  is  of  the  order  of  the  cross  tail  width  of  the
BBFs ( ). The equatorial cross-section of the fast flow is set
to ;  is set to ; and  is set to .

xfinalThe Ti/Te ratio at  can be estimated as

Ti,final
Te,final

=

3
2
pi,finalVfinal +Wfri1 −Wfri2

3
2
pe,finalVfinal

, (21)

Substituting Equation (17) into Equation (21), we obtain

Ti,final
Te,final

=

3
2
pi,halfVhalf(Vhalf/Vfinal)2/3 +Wfri1 −Wfri2

3
2
pe,halfVhalf(Vhalf/Vfinal)2/3

. (22)

p = nkTSubstituting , and Equations (A21, A22, A24, and A28) into
Equation (22), we obtain:

Ti,final
Te,final

=
(Wi + ΔWi)DyDxBhalf (Vhalf/Vfinal)2/3 +Wfri1 −Wfri2(We + ΔWe)DyDxBhalf(Vhalf/Vfinal)2/3

, (23)

Wi + ΔWi We + ΔWewhere  and  are  estimated  in  a  volume  of  one
unit magnetic flux.

Re

Figure  3 shows the  influence of  turbulence alone.  It  can be seen
that  earthward  of  60 ,  turbulence  has  an  insignificant  influence
on the Ti/Te ratio.  The  reason for  this  can be  seen from Equation
(23), wherein the ratio of the heat induced by friction to the total
energy of the particles is an inverse function of the magnetic field
strength  on  the  equatorial  plane.  The  closer  a  position  is  to  the
Earth, the less the turbulence contributes to the total energy.

Figure  4 demonstrates  the  distribution  of  the Ti/Te ratio  with  all
the influencing factors  included.  The tendency of  the increase of
the ratio from far tail to midtail is consistent with the observation
by Slavin et al. (1985).

Re

It  is  interesting  to  notice  that  there  is  a  plateau  in  the  down  tail
distance  over  40−60 .  This  may  explain  the  high  correlation
between  the  ion  and  electron  temperatures  in  the  outer  central
plasma sheet, as reported by Baumjohann et al. (1989). The patchy
reconnection  and  turbulence  may  counteract  each  other  in  this
region.

When the IMF is northward, rare magnetic reconnections occur in-
side the plasma sheet. In this case, the Ti/Te ratio will be preserved.
This conclusion is consistent with the observed cool plasma distri-
bution in the third panel of Fig. 6(b, c) of Wang CP et al. (2012). 

4.  Discussion
Prima facie,  it  appears that all  the physical processes in the mag-
netosphere  are  involved  in  the  variation  or  preservation  of  the
Ti/Te ratio.  However,  the number of  dominant processes that can
affect the temperature ratio is very limited because the candidate
processes  should  be  “powerful  enough”.  The  observation-based
statistical Ti/Te ratio is a function of the geomagnetic activity level.
The  time  scale  of  the  variation  of  the  observational  temperature
ratio is of the order of a few tens of min (for example, of the order
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of  the  duration of  the  BBFs).  By  the  term “powerful  enough”,  we

imply that a process should have power to change, on an average,

a  significant  fraction  of  the  energy  of  every  particle  inside  a  flux

tube in a short time which is comparable to the time scale of the

variation of the observational temperature ratio. Thus, many pro-
cesses  can  be  ignored  based  on  this  criterion,  and  only  some
powerful processes  qualify  on  this  basis.  Consequently,  an  ap-
proximation can be made to keep only the lowest order as long as
a characteristic  of  the  preservation  or  variation  of  the  temperat-
ure ratio can be demonstrated.

Our study demonstrated that patchy magnetic reconnection plays
a role in the preservation or variation of the Ti/Te ratio during sol-
ar wind  plasma  entry  into  the  plasma  sheet  under  both  south-
ward and northward IMF conditions.

Re

A  significant  difference  between  the  present  study  and  those  of
Onsager  et  al.  (1991) and Schriver  et  al.  (1998) is our  considera-
tion  of  the  electric  field,  experienced  by  the  charged  particles  in
the plasma sheet. In our study, the electric field is not assumed to
be  constant  and  steady,  but  is  enhanced  in  some  local  channels
(with varying lengths from the Earth) and short-lived. (there exist
some electric fields, which are imposed on both the magnetic re-
connection site and resulting BBF (with a typical width of 2−3 ).
In our calculation, the electric field is applied to the reconnection
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Figure 3.   Contours of the calculated Ti/Te ratio on the equatorial plane with only the influence of turbulence being considered.
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Figure 4.   Contours of the calculated Ti/Te ratio on the equatorial plane with influences of both the electric field and turbulence being

considered.
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Figure 5.   Schematic diagram depicting the left part of the X-line. The

oblique magnetic field lines are in the xz-plane and the x-axis

indicates the neutral sheet. The area between the line labeled “e” and

the neutral sheet represents the non-adiabatic motion domain for the

electrons, and the area between the line labeled “i” and the neutral

sheet represents the non-adiabatic motion domain for the ions.
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site explicitly, as described in the sixth paragraph of Section 3. The
electric  field  applied  to  the  BBF  is  given  only  implicitly  because
the earthward motion of  the BBF implies  that  there is  an electric
field inside the flow channel.) In addition, there are turbulent elec-
tric fields on the boundaries of these channels, which are also giv-
en implicitly through an effective friction. The acceleration of the
charged particles in such a spatially and temporally short and tur-
bulent  electric  field  is  fundamentally  different  from  that  under  a
uniform and steady electric field.

Re

The location  of  a  reconnection  site,  or  more  precisely,  the  dis-
tance from a reconnection site to the magnetic mirror point, plays
a crucial role in the preservation or variation of the Ti/Te ratio. The
non-preservation  of  this  ratio  comes  from  terms  higher  than  the
second one on the right-hand side of  Equations (A24)  and (A28).
In  other  words,  this  ratio  is  preserved,  when  the  effective  time
duration  of  reconnection  is  less  than  the  sum  of  the  half-cyclo-
tron period and round-trip travel time from the reconnection site
to  the  magnetic  mirror  point  for  both  the  accelerated  ions  and
electrons. Because the mass of an electron is significantly less than
that of an ion, the cyclotron period is correspondingly less for the
electrons than it is for the ions, as can be seen from Equations (A4)
and (A8). For the observed Ti/Te ratio around the magnetosphere,
the  electrons  have  a  much  higher  thermal  speed  than  the  ions.
Consequently,  the  round-trip  travel  time  from  the  reconnection
site to the mirror point and back is significantly less for electrons
than  it  is  for  the  ions,  as  can  be  seen  from  Equations  (A25)  and
(A29).  In  the  region  earthward  of  60 ,  the  ions  experience  non-
adiabatic  acceleration  no  more  than  once,  while  most  electrons
experience  non-adiabatic  acceleration  more  than  once,  which
leads to a lower ratio than that of the magnetosheath.

Re Re

In  our  calculation,  note  that  the  convection  is  accomplished
mainly (60%−100%) by BBFs (Angelopoulos et al., 1994), and BBFs
are produced  by  magnetic  reconnections.  In  this  simplified  pic-
ture, for plasma to be transported from the far tail (approximately
100  and beyond) to the near-Earth tail  (approximately 6−10 ),
more than one magnetic reconnections on the same flux tube are
required.  For example,  a flux tube extending to (208.0,  0.0)  is  cut
by a reconnection at point (102.9, 0.0), approaching its final posi-
tion (79.9, 0.0). In another example, a flux tube extending to (48.0,
0.0) is cut by a reconnection at point (24.0,  0.0),  with a final posi-
tion of (10.2,  0.0).  Only when the total entropy (defined by Equa-
tion (2))  of  the  flux  tube is  reduced,  is  it  possible  for  the  cut  flux
tube to move earthward.

Globally,  the  decrease  in  the Ti/Te ratio  down  the  far  tail  is  a
demonstration of the violation of frozen-in condition of the ions.
Typically,  ions  with  a  larger  gyroradius  than  electrons  are  more
significantly affected  by  a  turbulent  electric  field  than  the  elec-
trons. They would not stay in the same earthward fast moving flux
tube to experience the same magnetic compression as electrons,
resulting in a decrease in the Ti/Te ratio.

The contours of the Ti/Te ratio on the equatorial plane in our calcu-
lation are closely related to the southward IMF condition. For the
northward  IMF,  the  situation  is  subtle  because  there  are  only  a
few  reconnections  and  probably  a  few  fast  flows  in  the  plasma
sheet. In such a case, the path of charged particles from the flanks

of  the  magnetosphere  to  the  midnight  remains  uncertain.  One

possible mechanism proposed is eddy diffusion from the flank to
the  midnight  (Wang  CP  et  al.,  2010). In  this  study,  we  have  con-

sidered another  mechanism,  whereby  the  plasma  would  prob-

ably be dragged tailward along the flanks over some distance by
the  neighboring  flow  in  the  magnetosheath.  In  this  tailward

movement, the Ti/Te ratio is preserved, and specific entropy is in-

creased.  Panel  3  of  Fig.  3e  of Wang CP et  al.  (2012) may support
this point of view because the decrease in the specific entropy of

the  ions  indicates  the  energy  lost  from  the  flow  just  outside  the

magnetopause.  After  the  magnetic  tension  is  built,  the  flux  tube
turns  into  midnight  and  subsequently  moves  earthward  (this

scenario is similar to that proposed by Song P et al. (1999)). In the

turning  and  earthward  motion,  both  the Ti/Te ratio  and  specific
entropy are  preserved  because  they  are  basically  adiabatic  pro-

cesses.

The  fact  that  the Ti/Te ratio  of  our  calculation  is  not  higher  than
that  of  the magnetosheath appears  to support  the view that  the

evolution of the warm plasma agrees with the second tendency of

the general consideration in Section 2, while the Ti/Te ratio of the
cooler plasma is preserved after the crossing.

It is noteworthy that the Speiser orbit is a special type of non-adia-

batic trajectory in the current sheet. There are other types of non-
adiabatic  trajectories,  such as  cucumber and ring types (Büchner

and  Zelenyi,  1989).  During  the  period  of  a  patchy  reconnection,

the geometry of the magnetic field at the reconnection site would
change  dramatically  from  the  normal  condition;  consequently,

the  distribution  of  charged  particles  among  different  trajectory

types would also change. We think that in this period, the Speiser
orbit is the dominant one. 

5.  Summary
In  this  study,  we  have  applied  equations  derived  for  the  energy

gain  of  both  the  ions  and  electrons  in  a  magnetic  reconnection

site (and/or  on  the  boundaries  of  the  resulting  BBF)  to  the  pro-
cesses  involved  in  solar-originated  particles  entering  and  being

transported in  the plasma sheet  in  geo-magnetotail.  The conclu-

sions drawn from this study are as follows:

(1)  Patchy  magnetic  reconnection  may  preserve  the Ti/Te ratio  if

charged particles are non-adiabatically accelerated no more than

once in a single reconnection; on the other hand, multiple occur-
rences of  non-adiabatic  accelerations  vary  this  ratio.  The  ob-

served lower Ti/Te ratio near the Earth under a southward IMF con-

firms  that  the  electrons  reflected  back  from  the  magnetic  mirror
point experience multiple non-adiabatic accelerations.

(2)  The Kelvin–Helmholtz  instability  is  identified as  the dominant

process  for  solar-originated  plasma  entering  the  magnetosphere
under a northward IMF. Consequently, the Ti/Te ratio is preserved

in  the  plasma  sheet,  which  is  consistent  with  the  results  of  the

statistical investigation.
(3) The turbulence on the boundaries of BBF affects the Ti/Te ratio

in  the  far  tail  through  the  violation  of  frozen-in  condition  of  the

ions.  The  calculated Ti/Te ratio decreases  with  the  down-tail  dis-
tance, which is consistent with the observations.

(4)  The  plateau  in  the  contour  of  the  estimated Ti/Te ratio  in  the
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Redown tail distance between 40 and 60  may explain the hitherto

unresolved issue of the high correlation between the ion and elec-

tron temperatures in the outer central plasma sheet. 
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Appendix A 

Influence of a Patchy Magnetic Reconnection on the Ion-

to-Electron Temperature Ratio

We will investigate the role of magnetic reconnection in the Ti/Te

ratio. More  precisely,  we  will  investigate  patchy  magnetic  recon-

nection  (i.e.,  short  time  duration  and  short  X-line  length)  in  this

context.

Figure 5 shows the left side of the X-line. In the following explana-

tion, we will concentrate on the upper half of this picture in more

detail.

EEE
Δx Δy

Δt
n BBB

Ti
Te

BBB

The electric field is represented by ; the x-extension of the cross

section of the flux tube is ; the X-line length is  (Nakamura et

al.,  2004; Chen CX 2013); the time duration of reconnection is ;

the number density  is ;  the magnetic  field is ;  and the ion and

electron temperatures in the pre-reconnected flux tube are  and

,  respectively.  If  we assume that the z-extension of  the domain

of  the  non-adiabatic  motion  of  the  ions  (i.e.,  the  order  of  ion

gyroradius in the magnetic field  owing to the meandering mo-

tion around the neutral sheet in the yz-plane (Hill, 1975)) is

ai =
miUi

eBBB
, (A1)

mi Ui

e

where  is the mass of the proton;  is the mean thermal speed

of the proton; and  is the electric charge of the electron. Assum-

ing that  the z-extension of  the  domain of  the  non-adiabatic  mo-

tion of the electrons (i.e., the order of electron gyroradius) is

ae =
meUe

eBBB
, (A2)

me Uewhere  is the mass of the electron and  is the mean thermal

speed  of  electrons.  Then,  the  total  number  of  ions  passing

through  the  domain  of  the  non-adiabatic  motion  of  the  ions

should be

ΔNi = nΔxΔyai
Δt
τi
, (A3)

where

τi =
πri
Ui

(A4)

is the time an ion will stay in the domain of the non-adiabatic mo-

tion of the ions, or the half-ion cyclotron (in the xy-plane) period,

and

ri =
miUi
eBz

(A5)

Bzis  the  ion  gyroradius  in  the  finite z-directional  magnetic  field, .

Substituting Equations (A1), (A4), and (A5) into (A3), we obtain:

ΔNi = nΔxΔyΔt
Ui
π
Bz
B
. (A6)

Likewise, the  total  number  of  electrons  passing  through  the  do-

main of the non-adiabatic motion of the electrons should be

ΔNe = nΔxΔyae
Δt
τe

, (A7)

where

τe =
πre
Ue

(A8)

is the time an electron will stay in the domain of the non-adiabat-

ic motion of the electron or the half-electron cyclotron (in the xy-

plane) period, and

re =
meUe
eBz

(A9)

Bz

is the electron gyroradius in the finite z-directional magnetic field

. Substituting Equations (A2), (A8), and (A9) into (A7), we obtain

ΔNe = nΔxΔyΔt
Ue
π

Bz
B
. (A10)

However,  the  particles  have an equal  chance of  passing through

the upper or lower portions of the flux tube. For simplicity, we as-

sume  that  the  particles  move  back  to  their  original  location  (the

same argument  applies  to  the lower  part  of  the X-line).  Each ion

will  have  an  energy  increment  through  the  domain  of  the  non-

adiabatic motion of

Δwi = 2riEe, (A11)

and each electron will have an energy increment through the do-

main of the non-adiabatic motion of

Δwe = 2reEe. (A12)

The  total  energy  increment  of  the  ions  through  the  domain  of

non-adiabatic motion will be

ΔWi = ΔNiΔwi. (A13)

Substituting Equations (A5), (A6), and (A11) into (A13), we obtain

ΔWi = 2nΔxΔyΔtE
miU

2
i

πB , (A14)

where

Ui =
√

8kTi
πmi

(A15)

kand  is  Boltzmann’s  constant.  Substituting  Equation  (A15)  into

(A14), we obtain:

ΔWi = 16nΔxΔyΔtE
kTi
π2B

. (A16)

The total  energy increment of  the electrons through the domain

of non-adiabatic motion is

ΔWe = ΔNeΔwe. (A17)

Substituting Equations  (A9),  (A10),  and  (A12)  into  (A17),  we  ob-
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tain:

ΔWe = 2nΔxΔyΔtE
meU

2
e

πB , (A18)

where

Ue =
√

8kTe
πme

. (A19)

Substituting Equation (A19) into (A18), we obtain

ΔWe = 16nΔxΔyΔtE
kTe
π2B

. (A20)

NLet the total number of ions or electrons be  in the upper part of

the flux tube. Then, the total energy of the ions before reconnec-

tion is

Wi =
3
2
NkTi, (A21)

and the total energy of the electrons before reconnection is

We = 3
2
NkTe. (A22)

The Ti/Te ratio in the flux tube after reconnection will then be

Ti,a
Te,a

=
Wi + ΔWi

We + ΔWe
=

3
2
NkTi + 16nΔxΔyΔtE

kTi
π2B

3
2
NkTe + 16nΔxΔyΔtE

kTe
π2B

=
Ti
Te

, (A23)

awhere subscript  represents the time after reconnection.

An examination of Equation (A23) is necessary to understand the

preservation  or  variation  of  the Ti/Te ratio. Equation  (A23)  indic-

ates  that  the Ti/Te ratio is  preserved  after  a  patchy  magnetic  re-

connection.  However,  this  is  only  true when the temperatures  of

both the ions and electrons in Equations (A16) and (A20) are con-

stant  during  the  patchy  reconnection.  This  condition  does  not

hold once the accelerated particles return to the same domain of

the non-adiabatic motion from the mirror point. In this case, Equa-

tion (A16) becomes:

ΔWi = 16nΔxΔyE k
π2B

(Tiτi + Titi,roundtrip,1 + Ti,1τi + Ti,1ti,roundtrip,2 +⋯) ,
(A24)

where

ti,roundtrip,l = 2
L

Ui,l
(A25)

Lis  the round-trip traveling time of the ions at distance  from the

reconnection site to the mirror point, and

Ui,l =

√
8kTi,l
πmi

, (A26)

where

Ti,l = Ti,(l−1) + 4ri,(l−1)Ee
3k

, (A27)

l land subscript  represents the th time non-adiabatic acceleration.

Likewise, Equation (A20) becomes

ΔWe = 16nΔxΔyE k
π2B

(Teτe + Tete,roundtrip,1 + Te,1τe + Te,1te,roundtrip,2 +⋯)
(A28)

where

te,roundtrip,l = 2
L

Ue,l
(A29)

is the round-trip time of the electron and

Ue,l =

√
8kTe,l
πme

, (A30)

where

Te,l = Te,(l−1) + 4re,(l−1)Ee
3k

. (A31)

Then, the Ti/Te ratio will be

Ti,a
Te,a

=
Wi + ΔWi

We + ΔWe
≠

Ti
Te

. (A32)

n
Δx Δy

n Δx,
Δy

It  should  be  noted  that  because  the  number  density , x-exten-
sion of the cross section of the flux tube , and X-line length 
appear both explicitly or implicitly in the numerator and denom-
inator of  Equations (A23)  and (A32),  the Ti/Te ratios calculated by
these two equations are independent of the quantities ,  and

.

Here, charged particles are the particles inside a closed magnetic
flux  tube  that  undergoes  magnetic  reconnection.  Some  particles
may not have the opportunity to reach the reconnection site and
be accelerated  if  the  reconnection  time  is  too  short  or  the  dis-
tance  between  the  location  of  the  particle  and  the  reconnection
site is too large.
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