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Introduction  30 

This file contains 2 texts, 8 figures and 1 table. Text S1 and Text S2 describe how current 31 
density is calculated from the view of particle motion and the magnetohydrodynamic 32 
equilibrium respectively. Figure S1 displays density, temperature and pressure 33 
distributions in the magnetic equatorial plane. Figure S2 shows data coverage of 34 
spacecraft. Figure S3 and Figure S7 provide more information from simulations. Figure 35 
S4 gives magnetic field records of two flybys and exhibits crosses of the boundary layer. 36 
Figure S5 and Figure S6 are current density distributions calculated in the two ways 37 
described by Text S1 and Text S2 respectively. Figure S8 is the averaged heliocentric 38 
distance distribution. Table S1 is the parameter details of the hybrid simulations shown in 39 
Figure S2. 40 
  41 
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Text S1. 42 

Calculation of current density from particle motion. The current density can also be 43 
calculated from the motions of charged particles. The total current density arising from 44 
the drift of charged particles in a static dipole field should consist of the current of the 45 
magnetic gradient drift (J∇), the current of the magnetic curvature drift (JR), and the 46 
magnetization current (JM) due to the gradient of the total magnetic moment and the 47 
inhomogeneous magnetic field—that is, J=J∇+JR+JM (Parks, 2004). The three types of 48 

current are calculated as𝑱 𝑩 𝛻𝐵 , 𝑱 ∥ ∥ 𝑩 ⋅ 𝛻 𝑩 𝑩, and 49 

𝑱 𝛻 𝑴 𝛻 𝑩 , respectively, where 𝜇 , 𝑊 𝑚𝑣50 

𝑘 𝑇 , 𝑊∥ 𝑚𝑣∥ 𝑘 𝑇 , (kB is Boltzmann’s constant), and 𝑣  and 𝑣∥  are the 51 

components of thermal velocity perpendicular and parallel to the magnetic field, 52 
respectively. The subscripts i and e represent ions and electrons respectively. Each type 53 
of current can be evaluated by the FIPS NTP dataset if both ions (assumed to be protons 54 
in the calculation) and electrons have the same density (N) and temperature (T). The 55 
contribution of each current component to the statistically derived eastward current by 56 
𝛻 𝑩 at the magnetic equatorial plane is shown in Figure S5. If the plasma pressure is 57 
isotropic, it can be proved that the sum of J∇+JR+JM equals the diamagnetic current 58 

𝑱 𝑩 ∇𝑃 (Parks, 2004). 59 
 60 
  61 
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Text S2 62 

Calculation of current density from Magnetohydrodynamic (MHD) theory. Following 63 
classic MHD theory, the current density in magnetohydrodynamic equilibrium can be 64 

derived generally as 𝑱 𝑩 ∇𝑃 𝑃∥ 𝑃 𝑩∙∇ 𝑩
, which is equivalent to the sum 65 

of J∇+JR+JM in terms of particle motions (Parks, 2004). If the plasma pressure is 66 

isotropic, the current density becomes 𝑱 𝑩 ∇𝑃 . In our calculation, the plasma 67 

pressure, P, was derived from the FIPS NTP dataset (Figure S6). 68 
 69 

70 



 

 

72 

Figur76 
magn77 
densi78 
respe79 

re S1. The dis
netic equator
ty, temperat

ectively. 

stributions of
rial plane (|z|<
ure and press

f proton num
<0.05 RM). a, 
sure derived 

mber density, 
b and c are t
from the FIPS
 

temperature
the average d
S NTP datase

 

e and pressur
distributions 
et (subsection

re in the 
of number 

n 2.2), 

 

5 



 

 

77 

Figur86 
data p87 
over t88 
respe89 
plane90 
magn91 
the m92 
solid 93 
magn94 

re S2. The ov
points, and th
the whole orb

ectively. c, d. 
e (|z|<0.05 RM)
netic field Bz c

magnetic field
lines in each 

netopause (Z

verview of the
he sampled m
biting period
The number 
) and meridia
component in
d Bx compone

panel denote
hong et al., 2

e distribution
magnetic field
d (23 March 2

density of da
an plane (|y|<
n the cut of t

ent in the cut 
e the nomina

2015), respect

n of spacecraf
d. a, b. The p
011–30 April

ata points in t
<0.05 RM), resp

he magnetic 
of the merid

al shape of th
tively.

ft’s trajectorie
projected traj
l 2015) in the
the cut of the
pectively. e. T
 equatorial p

dian plane. Th
he bow shock

es, the densit
ectories of M

e XY plane an
e magnetic e
The distributi

plane. f. The d
he magenta d
k (Winslow et

 

 

ty of sampled
MESSENGER 

d XZ plane, 
quatorial 
ion of the 

distribution o
dashed and 
t al., 2013) an

 

6 

d 

of 

nd 



 

 

87 

Figur91 
tabula92 
plane93 
distan94 

re S3. The sim
ated in Table

e. f–j. The dist
nces of 1.0–1

mulated distr
e S1. a–e. The
tributions of 
.2 RM. The for

ibutions of cu
e distribution
current dens

rmat for each

urrent densit
s of current d

sity in the sur
h case is the s

ty correspond
density in the
rface of a sph
ame as Figur

ding to the fiv
e magnetic eq

herical shell co
re 2.

 

ve cases 
quatorial 
overing radia

 

7 

al 
 



1
1
1
1

1

 

 

92 

Figur104 
trajec105 
by cya106 
interv107 
M2. T108 
series109 
decre110 
steep111 
boun112 
at the113 
time s114 
diama115 

 105 

re S4. The rec
ctories of the 
an and brow

vals of observ
The trajectorie
s of the magn
eases are shad
p fall of the fie

dary layer of 
e boundary la
series of the m
agnetic curre

corded magn
first and seco
n represent t

ved diamagn
es for both fly
netic field dur
ded. The cut 
eld strength o
diamagnetic

ayer can be ro
magnetic fiel

ent for M2 du

netic field by 
ond flybys pr
the trajectorie
etic decrease
ybys are near
ring the perio
figure zooms

of 29.0 nT ove
c decrease du
oughly estim
ld for M2. The

uring 08:44:37

 

MESSENGER 
rojected in th
es of flyby 1 (

es are bolded
rly in the mag
od of M1. The
s in the interv
er a radial dis

uring 19:10:38
ated as 𝑱~𝝁𝟎
e format is th
7–08:48:51 i

during the fi
he equatorial 
(M1) and flyb

d with magen
gnetic equato
e intervals of 
val when spa
stance of ΔL~
8–19:13:48. 

𝟎
𝟏 ∆𝑩/∆𝑳 

he same with 
s about 𝟏𝟖𝟓.

irst two flyby
plane. The li

by 2 (M2) resp
nta for M1 an
orial plane. b
significant d

acecraft expe
~94.7 km cros

The diamagn
 𝟐𝟒𝟒. 𝟏 𝒏𝑨 𝒎
b. The estim

. 𝟖 𝒏𝑨 𝒎 𝟐. 

ys. a. The 
nes colored 

pectively. The
d with red fo

b. The time 
iamagnetic 
rienced a 
ssing the 
netic current
𝒎 𝟐. c. The 
ated 

 

8 

e 
or 

 



1

1
1
1
1
1
1
1
1
1
1
1

 

 

106 

Figur117 
datas118 
𝜵 𝑩119 
densi120 
gradie121 
well a122 
Meth123 
derive124 
the sp125 
in the126 
mean127 

re S5. The cal
et, and the co

𝑩 in text. Both
ty in calculat
ent drift, 𝑱𝜵,𝝓

as the sum of
ods. e–h. The
ed by 𝜵 𝑩 
parse data co
e faraway bin
ningless there

lculated curre
orresponding
h proton and
tion. a–d. The
𝝓 (a), magnet
f 𝑱𝜵,𝝓 𝑱𝑹,𝝓

e ratio of eac
(Fig. 1) when

overage (Figu
s (distance b

ein. 

ent density fo
g contributio
 electron are

e azimuthal c
ic curvature d

𝑱𝑴,𝝓 (d). Th
h current den

n the both cu
ure S1) and th

eyond ~ 2 RM

or different d
ons to the stat
e assumed wit
components o
drift, 𝑱𝑹,𝝓 (b),
he definition 
nsity correspo
rrent densitie

he possible br
M), the calcula

 

drift motions 
tistically deri
th the same t
of current de
, the magnet
of each curre
ondingly sho
es are eastwa
reak of guidin
ated magneti

 

based on the
ved eastward
temperature

ensity carried
ization curre

ent can be fo
own in a–d to
ard in a bin. N
ng-center ap
ic drift curren

e FIPS NTP 
d current by 
 and number
 by magnetic
nt, 𝑱𝑴,𝝓 (c), a
und in 

o the Jϕ 
Note, due to 
pproximation
nt might be 

 

9 

r 
c 
as 

 



1

1

1

1
1
1
1
1
1
1
1
1

 

 

118 

Figur128 

press129 
𝑩

𝑩𝟐130 
𝑱𝜵𝒏, a131 
avera132 
temp133 
(e), an134 
and 𝑱135 
as Jϕ. 136 
eastw137 

129 

re S6. The co

ure gradient 

𝒌𝑩 𝑻𝛁𝒏 𝒏
and 𝑱𝜵𝑻, can b

ged by bins o
erature (d), a

nd 𝑱𝜵𝑷 (h). W

𝜵𝑷,𝝓 respecti
c, f, i. The rat

ward in a bin. 

ntributions o

to eastward 

𝒏𝛁𝑻 , the te

be evaluated 
of 0.1 RM ×0.1

and the proto
e label the az
ively, and lab
tios of 𝑱𝜵𝒏,𝝓/

of the density

current. Con

erms 
𝑩

𝑩𝟐 𝛁𝑷
separately u

1 RM ×0.1 RM. a
on pressure (g
zimuthal com

bel the azimut
/𝑱𝝓 (c), 𝑱𝜵𝑻,𝝓/

y gradient, te

sidering the 

𝑷, 
𝑩

𝑩𝟐 𝒌𝑩𝑻𝛁
sing the FIPS
a, d, g. The ra
g). b, e, h. Th

mponent of 𝑱𝜵

thal compon
/𝑱𝝓 (f), and 𝑱𝜵

mperature g

diamagnetic

𝛁𝒏, and 
𝑩

𝑩𝟐

S NTP data se
adial gradien
e azimuthal c

𝜵𝒏, 𝑱𝜵𝑻, and 𝑱
nent current d

𝜵𝑷,𝝓/𝑱𝝓 (i), if 

radient, and 

c current 𝑱

𝒌𝑩𝒏𝛁𝑻, lab

et. The param
nt of proton d
component o
𝑱𝜵𝑷 as 𝑱𝜵𝒏,𝝓, 𝑱
density derive
both current

1

the plasma 
𝑩

𝑩𝟐 𝛁𝑷

belled as 𝑱𝜵𝑷

meters were 
density (a), 
of 𝑱𝜵𝒏 (b), 𝑱𝜵𝑻
𝑱𝜵𝑻,𝝓, 
ed by 𝜵 𝑩
ts are 

 

10 

, 

𝑻 



1

1
1
1

1

1
1

 

 

130 

Figur135 
plane136 
Table137 

(𝑽𝒙𝒚138 

shock139 
 136 

re S7. The sim
e (|z|<0.05 R
e 1, respective

𝑽𝒙
𝟐 𝑽𝒚

𝟐)

k and magnet

mulated distr
RM). a, b, c. Th

ely. The strea

). Dashed and

topause, resp

ributions of p
he distributio
mlines of bu

d solid mage

pectively. 
 

proton bulk ve
on of proton b
lk velocity are

nta lines indi

elocity in the
bulk velocity
e colored by 

icate the nom

e magnetic eq
y of three case

the velocity 

minal shape o

1

quatorial 
es listed in 
magnitude 

of the bow 

 

11 

 



1

1

1
1
1

 

 

 137 

138 

Figur140 
(|z|<0141 
 141 

re S8. The dis
0.05 RM). The b

stribution of M
bins are color

MESSENGER’
red by the av

 

s orbits in the
verage helioc

e cut of the m
entric distan

magnetic equ
ce of spacecr

1

uatorial plane
raft, Rms.  

 

12 

e 



 
 

13 
 

Table S1. The input parameters of upstream solar wind for simulations. IMF Bx, IMF By and IMF 141 
Bz are the three components of the IMF along the x-axis, the y-axis, and the z-axis, respectively. 142 
IMF B is the magnitude of IMF. Vx is the flow speed of solar wind along the x-axis. N0 is the 143 
number density of proton in the solar wind. Pdyn is the dynamic pressure of the upstream solar 144 
wind. β is the plasma Beta. VCS is the sound speed in the solar wind. 145 

 Case 1 Case 2 Case 3 Case 4 Case 5 
IMF Bx (nT) +17.55 +17.55 +17.55 +17.85 +17.85 
IMF By (nT) 0 0 0 +2.31 -2.31 
IMF Bz (nT) +4.00 +4.00 +4.00 0 0 
IMF B (nT) 18.00 18.00 18.00 18.00 18.00 
Vx (km/s) -370 -600 -370 -370 -370 
N0 (#/cm3) 30.00 30.00 78.89 30.00 30.00 
Pdyn (nPa) 6.82 17.93 17.93 6.82 6.82 

β 0.90 0.90 2.37 0.90 0.90 
VCS (km/s) 62.29 62.29 62.29 62.29 62.29 
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