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Abstract: Simulation results from a global magnetohydrodynamic (MHD) model are used to examine whether the bow shock has an
indentation and characterize its formation conditions, as well as its physical mechanism. The bow shock is identified by an increase in
plasma density of the solar wind, and the indentation of the bow shock is determined by the shock flaring angle. It is shown that when
the interplanetary magnetic field (IMF) is southward and the Alfvén Mach number (Mα) of solar wind is high (> 5), the bow shock
indentation can be clearly determined. The reason is that the outflow region of magnetic reconnection (MR) that occurs in the low
latitude area under southward IMF blocks the original flow in the magnetosheath around the magnetopause, forming a high-speed zone
and a low-speed zone that are upstream and downstream of each other. This structure hinders the surrounding flow in the
magnetosheath, and the bow shock behind the structure widens and forms an indentation. When Mα is low, the magnetosheath is thicker
and the disturbing effect of the MR outflow region is less obvious. Under northward IMF, MR occurs at high latitudes, and the outflow
region formed by reconnection does not block the flow inside the magnetosheath, thus the indentation is harder to form. The study of
the conditions and formation process of the bow shock indentation will help to improve the accuracy of bow shock models.
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1.  Introduction
Solar wind plasma can be regarded as a magnetic fluid with infin-

ite conductivity, and it surrounds the Earth's magnetic field, which

forms  the  magnetosphere.  In  order  to  produce  a  circumfluence

around the Earth's magnetosphere, the super-Alfvenic solar wind

has to reduce its velocity, generating a bow shock upstream of the

magnetopause. The  shape  and  size  of  the  bow  shock  are  con-

trolled by many factors, such as the upstream solar wind paramet-

ers,  the  flow  inside  the  magnetosheath,  and  the  position  of  the

magnetopause (e.g., Farris and Russell, 1994; Verigin et al., 2001a,

2001b; Chao JK et  al.,  2002; Chapman and Cairns,  2003; Dmitriev

et  al.,  2003; Merka et  al.,  2005; Lu JY  et  al.,  2019a).  The upstream

solar  wind  parameters  include  solar  wind  dynamic  pressure  (Pd),

Mach number, and the direction and intensity of the IMF. In addi-

tion, many studies have developed bow shock models using glob-

al  MHD  simulations  or  satellite  observation  data  (e.g., Spreiter  et

al.,  1966; Fairfield,  1971; Formisano,  1979; Němeček  and

Šafránková, 1991; Farris and Russell,  1994; Cairns and Lyon, 1995;

Peredo et al., 1995; Chapman and Cairns, 2003; Lu JY et al., 2019a).

The  north-south  component  of  the  IMF  (Bz) has  an  important  in-

fluence on the bow shock.  For  example,  when IMF is  southward,

the  solar  wind–magnetosphere  generates  energy  coupling

through MR on the dayside (Song P  et  al.,  2001), resulting in  en-

ergy  and  particle  injection  into  the  cusp  of  the  magnetosphere

(Gonzalez  et  al.,  1994). Lu  JY  et  al.  (2019b) found  that  the  high

magnetosheath density  flows  downstream  along  the  magneto-

pause  and  there  are  open  magnetic  field  lines  at  both  high  and

low  latitudes  of  the  magnetopause,  when  the  IMF  turns  from

north  to  south.  The  solar  wind  azimuthal  and  northward/south-

ward flows are  significant  dynamic  drivers  of  the  cusp (Zong QG

et  al.,  2004).  In  addition,  MR  at  the  high-latitude  magnetopause

can result in some regions where solar wind enters into the Earth’s

high-latitude  magnetopause  tailward  of  the  cusps  (Shi  QQ  et  al.,

2013). Zong  QG  et  al.  (2018) also investigate  the  electron  diffu-

sion  region  of  MR  in  the  high-latitude  magnetopause  when  the

IMF is  northward.  When  southward  IMF  increases,  the  reconnec-

tion rate will increase and the magnetopause will be closer to the

Earth (e.g., Xiong M et al., 2009; Wang J et al., 2018). Also, under a

southward IMF,  the position of  the subsolar  bow shock does not

change  significantly,  but  the  flaring  angle  of  the  bow  shock  will

increase  with Bz magnitude  (Hu  HP  et  al.,  2015).  For  northward

IMF,  MR  will  occur  at  high  latitudes  (Song  P  et  al.,  1999).  During
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northward  IMF,  plasmas  of  the  solar  wind  can  transport  to  the

magnetosphere via high-latitude dual-lobe reconnection (Shi QQ

et al., 2009). With increasing northward IMF (Bz), the subsolar bow

shock  moves  further  away  from  the  Earth  and  the  flaring  angle

also increases (Hu HP et al., 2015).

The  east-west  (By)  and  radial  (Bx) components  of  the  IMF  are  im-
portant  factors  that  affect  the  bow  shock  position.  The  eastward
direction of the IMF (By > 0) will affect the position of the subsolar
bow  shock,  and  the  cross-section  of  the  bow  shock  tail  will  be
elongated  in  the  direction  perpendicular  to  the  IMF  (Wang  M  et
al., 2016, 2018). The influence of IMF Bx on the bow shock is mainly
on  the  shock  asymmetry  (Cowley,  1981).  When  the  IMF  contains
both By and Bx,  IMF Bx will  cause  north-south  asymmetry  of  the
bow shock in the meridional plane. As IMF Bx increases (magneto-
sonic Mach number becomes larger), the northern part of the bow
shock moves closer to the Earth, while the situation in the south-
ern hemisphere is just the opposite (Wang J et al., 2020).

In addition to the effects  of  IMF components, Pd and Mach num-
ber influence on the bow shock also plays an important role. Most
studies  have  shown  that  when Pd increases,  the  subsolar  bow
shock moves  toward  Earth,  and  the  shock's  flaring  angle  de-
creases accordingly (e.g., Chao JK et al.,  2002; Jelínek et al.,  2012;
Shi  QQ  et  al.,  2014).  However,  some  also  suggest  that Pd cannot
describe the structure of the bow shock tail very well (Dmitriev et
al.,  2003).  In addition, most studies posit that the size of the bow
shock will decrease as the fast magnetosonic Mach number (Mms)
increases (e.g., Farris and Russell, 1994; Verigin et al., 2001a; Chao
JK et al., 2002). In contrast, Merka et al. (2005) propose that the de-
crease in the Mα can cause the bow shock to expand outward.

The dipole tilt  angle is another factor that affects the bow shock.
For  example,  using  observation  data, Merka  and  Szabo  et  al.
(2004) find that under average solar wind conditions when the di-
pole  tilt  angle  changes  from  positive  to  negative,  the  magnetic
tail  of  the  bow  shock  between  10  and  15RE (the  radius  of  the
Earth)  shifts  about  3.8RE in  the  north-south direction. Lu  JY  et  al.
(2017) statistically  analyzed  observational  data  of  the  bow  shock
and found that the distance of the subsolar bow shock increases
with the dipole tilt angle; this trend is more obvious when the di-
pole tilt angle is negative. Moreover, it was also found that an in-
crease  of  the  dipole  tilt  angle  leads  to  a  decrease  in  the  flaring
angle  of  the  bow  shock  tail.  When  the  dipole  tilt  angle  changes
from negative to positive,  the bow shock shifts  Earthward. Wang
M et  al.  (2015) further  pointed out  that  an increase of  the dipole
tilt  angle  will  lead to  increased distance between the bow shock
and the north-south asymmetry. Subsequently, Lu JY et al. (2019a)
developed a three-dimensional asymmetric bow shock model in-
corporating the dipole tilt angle.

Finally, some  studies  maintain  that  the  bow  shock  is  closely  re-
lated to the magnetopause (e.g., Farris  and Russell,  1994; Verigin
et al., 2001a). The shock stands further away from a blunt obstacle
than it does from a sharp obstacle, and the thickness of the mag-
netosheath decreases accordingly.  These works use the radius of
curvature  of  the  magnetopause and the subsolar  magnetopause
distance as the main parameters for their bow shock model (e.g.,
Farris  and  Russell,  1994; Cairns  and  Lyon,  1995). Since  the  mag-

netopause has a  clear  cusp,  it  is  natural  to speculate a  similar  in-

dentation in the bow shock corresponding to the cusp; a statistic-

al  study  of  observational  data  by Jelínek  et  al.  (2008) suggested

such  an  indentation.  However,  whether  this  indentation  exists,

how and under what kinds of  conditions it  is  generated,  and the

indentation size are all unclear. The purpose of this work is to use

global  three-dimensional  MHD  simulations  to  verify  the  bow

shock indentation  under  different  solar  wind  conditions  and  ex-

plain  the  generation  mechanism.  Section  2  introduces  the  MHD

data  used  in  the  article  and  the  method  to  determine  the  bow

shock configuration.  Section  3  introduces  the  process  for  verify-

ing the existence of the bow shock indentation and the reason for

its formation. Section 4 gives the conclusion and summary. 

2.  Data and Model
The  Space  Weather  Modeling  Frame  (SWMF)  is  a  physical  model

established  by  the  University  of  Michigan  and  has  been  widely

used in  various  processes  of  the  interaction  between  the  inter-

planetary solar wind and a planetary magnetosphere (Tóth et al.,

2005). Numerous  validation  studies  of  SWMF  have  been  per-

formed (e.g., Song P et al., 1999; Gombosi et al., 2000; Kabin et al.,

2004; Tóth et  al.,  2007; Rae et  al.,  2010).  We also  used the SWMF

model  to  study  many  phenomena  such  as  the  magnetopause

model (e.g., Lu JY et al., 2011, 2013; Liu ZQ et al., 2012, 2015), mag-

netopause energy transmission (Jing H et al.,  2014),  and the bow

shock model (e.g., Wang M et al., 2015, 2016). In the current study,

two sets of MHD data are used to profile the bow shock under dif-

ferent IMF conditions, as shown in Table 1. The computational do-

main of data group A is chosen as −70RE ≤ X ≤ 20RE, −60RE ≤ (Y, Z)

≤ 60RE in GSM coordinates. The grid size of data group A is as fol-

lows : 0.3125RE in the area where −25RE ≤ X ≤ 12.5RE and −30RE ≤
(Y, Z) ≤ 30RE;  0.625RE in  the  area  where  −40RE ≤ X ≤ 20RE and

−45RE≤ (Y, Z) ≤ 45RE; and 1.25RE in other areas. The computational

domain of data group B is defined by −40RE ≤ X ≤ 20RE, −40RE ≤ (Y,

Z) ≤ 40RE in  GSM coordinates.  The grid size of  data group B is  as

follows: 0.25RE in the area where −5RE ≤ X ≤ 15RE and −20RE ≤ (Y, Z)

Table 1.   The grouping information of MHD data.

Group Data group A Data group B

IMF Bx (nT) 0 0

IMF By (nT) 0 0

IMF Bz (nT) ±5, ±10 −2.5, −5, −7.5, −10,
−15, −20, −25

Pd (nPa) 1, 3, 5 2

Density (amu/cm3) 5, 7.1745, 11.9574 6

Vx (km/s) −345.795 −450

Vy (km/s) 0 0

Vz (km/s) 0 0

Dipole tilt angle
(rad) 0 0

Coordinate system GSM GSM

Computational
domain

Computational
domain 1

Computational
domain 2
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≤ 20RE and 0.5RE in  other  areas.  Note  that  the  dipole  tilt  angle  is

zero in this work.

The  effective  determination  of  the  bow  shock  is  the  basis  of  the

entire study. During the process of the solar wind passing through

the  bow  shock  and  entering  the  magnetosheath,  the  solar  wind

plasma density  and  magnetic  field  strength  are  significantly  in-

creased,  while  the  solar  wind speed will  decrease.  Therefore,  the

following identification methods are used in this work:

(1) Perform linear interpolation on the original data so that resolu-

tion in the YZ plane is constant under the same X value;

(2)  Take a slice parallel  to the ZY plane for  each value of X.  Then,

the slice is divided into four regions, where the direction of the in-

dex in one region is  different from those in other regions,  depic-

ted by the arrow in Figure 1. In each indexing process, we denote

the  bow  shock  as  the  location  where  the  plasma  density  slope

reaches its first extreme value;

(3) Finally, perform step (2) for all slices.

Figure  2 shows  the  position  of  the  bow  shock  obtained  by  the

above method under IMF Bz = −5 nT and Pd = 1 nPa. Figure 2a de-

picts  the  position  of  the  bow  shock  in  three  dimensions.

Figure 2b, 2c,  and 2d show the position of  the bow shock in  the

XY, XZ,  and YZ planes  (black  point),  where  the  background  color

indicates the plasma density. It can be found in Figure 2 that there

is sparse data near the subsolar bow shock, due to the data resol-

ution  and  indexing  method.  However,  this  work  focuses  on  the

bow shock indentation and the sparse region does not affect our

results. 
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Figure 1.   Bow shock slice parallel to the ZY plane. The arrow

indicates the direction of indexing. The black spots are the location of

the bow shock at x = −45RE for Bz = −5 nT and Pd = 1 nPa.
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Figure 2.   The identified bow shock for Bz = −5 nT and Pd = 1 nPa. (a) the three-dimensional shape of the bow shock, and plasma density contour

plot of the (b) equatorial bow shock, (c) meridional bow shock, and (d) bow shock cross-section at X = 0RE. The black spots mark the bow shock

and the black circle in (c) indicates the indentation site.
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3.  Results
Following the bow shock determination method, it can be clearly

identified  in Figure  2c where the  black  circle  represents  the  in-

dentation sites. In order to show the bow shock indentation more

clearly, we first parameterized the configuration of the bow shock.

It has been demonstrated that the parabola formula suggested by

Shue JH et al. (1997) is well-suited to describe the magnetopause

and bow shock (e.g., Shue JH et al., 1997; Lu JY et al., 2019a). This

formula is as follows:

r = r0( 2
1 + cosθ

)α, (1)

θ = cos−1 (Xr ) , (2)

r =
√
X2 + Y2 + Z2, (3)

r
θ

r0

α

r0

where,  is  the distance from the bow shock to the center  of  the

Earth,  is  the angle between the position of  the bow shock and

the  line  between  the  sun  and  the  Earth,  is  the  distance  of  the

subsolar  bow  shock,  and  is  the  flaring  angle  parameter  of  the

bow  shock.  (X, Y, Z)  is  the  position  of  the  bow  shock  in  the  GSM

coordinate system. In addition, the flaring parameter (α) indicates

the level of shock flaring, where a decrease of α indicates that the

bow shock contracts to the interior. The flaring angle parameter α
of each point on the bow shock surface can be calculated by the

coordinates  (X, Y, Z)  and  can  be  obtained  in  the  MHD  data.

When  solar  wind  conditions  are  the  same,  the  shape  of  the  bow

shock  is  stable  and α is  the  same  in  each  position  of  the  bow

shock without  any  indentation.  However,  if  there  is  an  indenta-

tion, the flaring in the indentation region will be smaller than that

in other areas due to the indentation. Therefore, through the dis-

tribution of α, the indentation can be clearly observed.

First,  we  need  to  smooth  the  bow  shock  data  for  the YZ plane.

Second,  we  identify  the  suitable  position  of  the  subsolar  bow

shock.  Since  the  index  method  usually  cannot  identify  the  exact

location of the subsolar bow shock, we have to use another meth-

od, i.e. finding the first extreme of the plasma density slope on the

negative X-axis.  Then,  the α of  each position is  calculated by  the

above formula, and Figure 3 displays the calculation results.

Figure  3a and 3c are  the  distribution  of α in the  northern  hemi-

sphere under Bz = 10 nT and Pd = 3 nPa. From Figure 3a, it can be

found  that α increases  with  the  absolute  value  of Y. Figure  3c

shows  that α slightly  decreases  with X at  the  magnetic  tail  and

steeply increases with X near the subsolar point. Figure 3b and 3d

are  the  distribution  of α in  the  northern  hemisphere  under Bz =

−10  nT  and Pd =  3  nPa.  Comparing Figure  3b and 3a,  there  is  a

very obvious minimum area in the dayside bow shock. In addition,

the  trend  of α in Figure  3d is  different  from  that  in Figure  3c.

Figure 3d shows that there is a steeply decreasing region near X =

8RE, caused by the minimum value region in Figure 3b (e.g. the in-

dentation of the bow shock). Next, we find that the indentation of

the  northern  hemisphere  is  symmetrical  to  that  in  the  southern

hemisphere, so we don’t need to specifically study the the latter.

In addition, a similar comparison is performed for bow shocks un-

der other interplanetary conditions, and it is found that the steep

and  large  decrease  of α is  suitable  to  identify  the  indentation.

Table 2 denotes the minimum of α for each interplanetary condi-

tion. In this work, we use the following definition to identify a bow

shock  indentation:  the  indentation  occurs  when  the  difference
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Figure 3.   The calculated α for Bz = 10 nT, Pd = 3 nPa (left) and Bz = −10 nT, Pd = 3 nPa (right). The background color represents α of the northern

hemisphere in (a) and (b). (c) and (d) show variation of α with X in the northern hemisphere when Y = 0.
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between  the  minimum  and  the  average α (0 ≤ X ≤ 5)  is  greater

than 0.3.

By performing the above method for all MHD data, the results are

shown in Table 2. The results of data group A show the bow shock

indentation will occur when the IMF is southward, but there is no

indentation under Bz = −10 nT and Pd = 1 nPa. This may be related

to  the  value  of Mα.  Consequently, Mα of  various  interplanetary

conditions is calculated, and the results show that Mα is lowest in

data group A when the indentation does not exist. In order to en-

hance  the  accuracy  of  this  conclusion,  the  same  calculation  for

data  group  A  is  performed  on  data  group  B.  The  conclusion  of

data group B indicates that  the indentation will  exist  when Mα is

greater than  5.  From  the  statistical  results  of  the  bow  shock  in-

dentation, it can be found that the indentation can be clearly ob-

served when the IMF is southward and Mα is high (> 5).

√(VX)2 + (VZ)2
How  is  this  bow  shock  indentation  generated? Figures  4 and 5

show the XZ plane under Bz = −5 nT and Pd = 1 nPa, where the ar-

row  in Figure  4 represents  the  flow  direction  while  the  curve  in

Figure  5 represents the  magnetic  field  lines.  The  colored  back-

ground represents |Vtotal| which is , and the right pan-

el of Figures 4 and 5 is an enlargement of the black frame on the

left side of each figure, respectively. In the black frame of Figure 4,

it  can be found that there is  a  region of  extreme velocity plasma

near X = 8RE and Z = 7RE (marked with an asterisk), and the mag-

Table 2.   The calculated results of Mα for various conditions.

Data group A Data group B

IMF Bz (nT) Pd (nPa) Mα Minimum of α Indentation IMF Bz(nT) Pd (nPa) Mα Minimum of α Indentation

10 1 3.54 0.50 No −2.5 2 20.19 0.19 Exist

10 3 6.13 0.63 No −5 2 10.09 0.45 Exist

10 5 7.92 0.42 No −7.5 2 6.73 0.57 Exist

5 1 7.08 0.63 No −10 2 5.04 0.65 Exist

5 3 12.27 0.51 No −15 2 3.36 0.97 No

5 5 15.84 0.60 No −20 2 2.52 0.93 No

−10 1 3.54 0.88 No −25 2 2.02 1.03 No

−10 3 6.13 0.58 Exist

−10 5 7.92 0.41 Exist

−5 1 7.08 0.27 Exist

−5 3 12.27 0.41 Exist

−5 5 15.84 0.47 Exist
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netic  field  lines  in Figure  5 illustrate  that  this  phenomenon  is
caused  by  the  outflow  region  of  the  MR  (marked  with  a  black
circle).  In  the  absence  of  a  disturbance,  the  plasma  slows  down
along  the  flow  direction  at  low  latitudes  of  the  magnetosheath,
while the plasma becomes faster along the flow direction in other
regions  of  the  magnetosheath.  However,  the  high-speed  plasma
in  the  outflow  region  formed  by  MR  disturbs  the  flow  inside  the
magnetosheath,  forming  a  high-speed  zone  (red  frame)  and  a
low-speed zone (blue frame) that are upstream and downstream
of  each  other  (Figure  4).  As  shown  in Figure  5,  the  reconnection
site  is  marked  with  a  black  circle  and  it  occurs  near  the  subsolar
point of  the  magnetopause.  Obviously,  this  is  magnetopause  re-
connection and the plasma of the outflow region is faster than the
downstream plasma. Therefore, the high-speed zone is caused by
high-speed  plasma  in  the  outflow  region  of  MR.  The  low-speed
zone is downstream of the high-speed zone and the plasma of the
low-speed zone is not affected by the outflow region.

The  structure  is  composed  of  a  low-speed  and  high-speed  zone,

which are upstream and downstream of each other,  respectively;

this plays a blocking role in the flow of the magnetosheath. When

the  particles  of  one  region  are  faster  than  downstream,  the

plasma in the two regions is squeezed. Next, part of the upstream

particles  flow  from  the  side  and  the  other  part  of  the  upstream

particles accumulate in this structure. This process is similar to the

impact of the solar wind on the Earth's magnetosphere, since the

particles  flowing  from  the  side  can  widen  the  bow  shock.

However,  the  bow  shock  in  front  of  this  special  structure  isn’t

widened.  Therefore,  an  indentation  is  formed  at  the  junction  of

the widened and non-widened bow shock. Figure 6 is a schemat-

ic diagram which explains the formation process of the shock in-

dentation.  When  solar  wind  plasma  passes  through  the  bow

shock,  the  flow direction and velocity  of  the  plasma will  change.

The velocity  is  the  smallest  near  the  subsolar  bow  shock  and  in-

creases  along  the  flow  direction,  while  the  distribution  of  the

plasma  density  in  the  magnetosheath  is  exactly  the  opposite:

plasma density is the highest near the subsolar bow shock and de-
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Figure 5.   The plasma speed and magnetic field lines in the meridional plane under Bz = −5 nT and Pd = 1 nPa (Mα = 7.08), in the same format as

Figure 4.

(a) (b)

 
Figure 6.   Schematic diagram of the indentation formation: (a) and (b) are before and after the formation of indentation, respectively. The blue

line represents the position of the magnetopause. The red and yellow lines are the position of the bow shock. The arrows show the flow direction

and its length represents the flow velocity. The red ellipse is the high-speed zone, and the blue ellipse is the low-velocity zone.
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creases with distance. Figure 6a shows the bow shock, magneto-

pause,  and plasma flows before the formation of  the high-speed

zone  and  the  low-speed  zone. Figure  6b shows  that  the  original

bow shock (red curve) begins to widen (yellow curve) due to the

influence of the low-speed zone and high-speed zone. In addition,

this structure will  cause distortion of the magnetic field lines and

accumulation of plasma in this area.

Figure  7 shows  the  plasma  density  and  the  flow  direction  in  the

XZ plane  under Bz =  −5  nT  and Pd = 1  nPa.  The  colored  back-

ground indicates the density, and the arrow is the flow direction.

In  addition,  the  right  panel  of Figure  7 is  an  enlargement  of  the

black frame in the left  panel of Figure 7.  The position and size of

the red (blue) frames are the same in Figures. 3, 4, and 7. It can be

found that there is a density accumulation, and the magnetic field

lines are also distorted in this area. Thus we can confirm that the

structure  composed  of  the  low-speed  and  high-speed  regions  is

the direct cause of the indentation.

√(VX)2 + (VZ)2

The conclusion of  the bow shock indentation is  as  follows:  when

the IMF is  southward and the Mα is high (> 5),  the bow shock in-

dentation can be clearly  determined.  Then,  we further  check  the

simulation  results  for  other  solar  wind  conditions  and  find  that

there  is  no  indentation  during  northward  IMF  and  at  low Mα.

Figure 8 (Figure 9) shows the distribution of the plasma speed and

flow direction (the magnetic field lines) in the XZ plane under Bz =

5 nT and Pd = 1 nPa. The colored background displays |Vtotal| which

is , and the right panel of Figure 8 (Figure 9) is an en-
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Figure 7.   The density of plasma and flow direction in the meridional plane under Bz = −5 nT and Pd = 1 nPa (Mα = 7.08), in the same format as

Figure 4.
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Figure 8.   The plasma speed and flow direction in the meridional plane under Bz = 5 nT and Pd = 1 nPa (Mα = 7.08), in the same format as Figure 4.

Earth and Planetary Physics       doi: 10.26464/epp2021033 265

 

 
Qu BH and Lu JY et al.: Formation of bow shock indentation

 



largement  of  the  black  frame  in  the  left  panel  of Figure  8

(Figure 9). From the distribution of magnetic field lines in Figure 9,

it can  be  found  that  MR  will  occur  at  high  latitudes,  and  an  ex-

treme  velocity  area  is  also  formed  in  the  outflow  region.  In  the

black frame in Figure 9, there are two extreme speed regions near

(X = 0, Z = 10) and (X = 3, Z = 11). The former is related to the up-

flow particles  above the polar  region,  and the latter  is  caused by

the outflow region of MR. It can be seen from Figure 8 that the ve-

locity  of  plasma  is  faster  than  upstream  in  the  magnetosheath,

which means that the outflow region of the high-latitude MR does

not  block  the  flow  of  the  magnetosheath.  Moreover,  there  is  no

high-speed  zone  and  low-speed  zone  that  are  upstream  and

downstream of each other in the magnetosheath. This also leads

to  the  phenomenon  that  the  indentation  exists  when  the  IMF  is

southward,  but  not  under  the  northward  IMF.  Comparing  the

plasma flow of the northward IMF with the southward IMF, it can
be found that MR position has a great influence on bow shock in-
dentation.

√(VX)2 + (VZ)2
A similar process is performed with low Mα. Figure 10 (Figure 11)
illustrates the plasma speed and flow direction (the magnetic field
lines) in the XZ plane under the southward IMF and low Mα (equal
3.54).  The  colored  background  denotes  |Vtotal|  (|Vtotal|  =

) and the right panel of Figure 10 (Figure 11) is an en-

largement  of  the  black  frame  in  the  left  panel  of Figure  10
(Figure 11).  It  can be found that there is  an extreme value of  the
flow velocity near (X = 8, Z = 5.5) in Figure 10. As shown in Figure
11,  the  extreme  value  area  of  the  flow  velocity  is  caused  by  the
outflow  region  of  MR.  In Figure  10,  we  also  find  the  high-speed
zone  (red  frame)  and  low-speed  zone  (blue  frame)  are  upstream
and  downstream  of  each  other.  The  reason  for  the  formation  of
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Figure 9.   The plasma speed and magnetic field lines in the meridional plane under Bz = 5 nT and Pd = 1 nPa, in the same format as Figure 5.
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Figure 10.   The plasma speed and flow direction in the meridional plane when IMF is southward and the Alfvén Mach number is 3.54, in the

same format as Figure 4.
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this high-speed zone includes two aspects: high-speed plasma in

the outflow  region  of  MR  and  the  thickening  of  the  mag-

netosheath  at  low Mα.  Comparing Figure  10 with Figure  4,  it  is

found  that  the  structure  composed  of  the  high-speed  zone  and

the  low-speed  zone  is  relatively  weak  (the  difference  of  plasma

speed  between  the  high-speed  zone  and  the  low-speed  zone  is

small and the range is small), when Mα is low. In addition, the posi-

tion of this structure in Figure 10 is more biased toward the mag-

netopause, and the thickness of the magnetosheath will  increase

when Mα becomes lower.  Because of these factors,  the hindering

effect  of  this  structure becomes smaller,  resulting in the absence

of a bow shock indentation. 

4.  Summary and Conclusions
The  aim  of  the  present  research  is  to  examine  whether  the  bow

shock  has  an  indentation,  and  identify  the  formation  conditions

and physical mechanism of the bow shock indentation in the sim-

ulation  results  of  the  MHD  model.  The  first  extreme  of  plasma

density  slope  is  used  as  the  criterion  for  position  of  the  bow

shock. Based on the formula of the magnetopause model by Shue

JH et al. (1997), the parameters that can describe the flaring angle

of  the  bow  shock  are  obtained.  The  steep  and  large  decrease  of

the flaring angle at low latitudes of the dayside is used as the cri-

terion for determining the indentation. According to these criter-

ia, the  bow  shock  indentation  under  different  solar  wind  condi-

tions  is  analyzed  statistically,  and  the  formation  processes  of  the

bow shock indentation is studied. The results show that:

(1)  The  bow  shock  indentation  corresponding  to  the  cusp  exists

when  the  IMF  is  southward  and  the  Alfvén  Mach  number  of  the

solar wind is high (> 5). The high-speed plasma in the outflow re-

gion of  MR  occurring  at  low  latitudes  of  the  dayside  magneto-

pause disturbs the original flow in the magnetosheath around the

magnetopause,  and  forms  a  high-speed  zone  and  a  low-speed

zone that are upstream and downstream of each other. This struc-

ture acts as a hindrance, causing the bow shock behind the struc-
ture  to  widen  and  form  an  indentation  within  the  original  bow
shock.
(2)  When  the  IMF  is  southward  and  the  Alfvén  Mach  number  is
low (< 3.5),  the outflow region of MR that occurs at low latitudes
does not  have  a  serious  impact  on  the  flow  inside  the  mag-
netosheath.  In  addition,  the  magnetosheath  is  thicker  when  the
Alfvén Mach number is low. These two factors form a high-speed
zone and low-speed zone with less hindrance, such that the bow
shock indentation does not appear.
(3)  When  the  IMF  is  northward,  MR  occurs  at  high  latitudes  and
the outflow  region  does  not  block  the  original  flow  of  the  mag-
netosheath, thus there is no shock indentation.

This  work  confirms  the  existence  of  the  bow  shock  indentation
through  the  simulation  results  of  the  MHD  model,  and  explains
the physical mechanism of this indentation. Note that the simula-
tion results are limited to zero dipole tilt and this conclusion may
need to be validated using future observations. 
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