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Q: Large variation of O+ density in the quiet-time 
plasma sheet, what causes it?

• Two magnetospheric drivers for upflow and outflow:  

(1) Soft electron (<~100 eV) precipitation 

(2) Wave Poynting flux 

• Two plasma regimes in quiet-time plasma sheet:  

(1) Cold-dense plasma sheet (CDPS)  

(2) Hot plasma sheet (HPS) 

• The two drivers stronger in CDPS than HPS, leading to higher O+ density?

Show MMS-DMSP conjunction events

[Maggiolo et al., 2014]

Figures 1 and 2 show scatterplots of the H+ and O+ densities as well as of the O+/H+ density ratio in the
midtail region as defined byMouikis et al. [2010], respectively as a function of solar EUV flux and geomagnetic
activity. Each point represents a 1min median density value. Data have been sorted into two categories. The
blue points correspond to measurements taken near the equatorial plane inside the region analyzed by
Mouikis et al. [2010] while the red points correspond to measurements taken outside, at lower geocentric
distances, but on magnetic field lines mapping into this region. The blue and red solid lines represent the
corresponding linear regression fits of the logarithm of the densities and density ratio as a function of F10.7 or
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Figure 2. Scatterplot and fit of the Kp dependence of (left) the O+ density, (center) the H+ density, and (right) the O+ to H+

density ratio in the midtail region. From top to bottom: for F10.7≤ 100, for 100< F10.7≤ 150, and for F10.7> 150. Densities
measured inside the central plasma sheet are represented in red and densities measured in regions outside of but mapping
into the central tail plasma sheet in blue. The black lines show the fitting curves obtained byMouikis et al. [2010] for similar
solar EUV levels.
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Figure 1. Scatterplot and fit of the F10.7 dependence of (left) the O
+ density, (middle) the H+ density, and (right) the O+ to

H+ density ratio during periods of low geomagnetic activity (Kp≤ 2) in the midtail region. Densities measured inside the
central plasma sheet are represented in red and densities measured in regions outside of but mapping into the central tail
plasma sheet in blue. The black lines show the fitting curves obtained by Mouikis et al. [2010].
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
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corresponding to the two different times indicated by the vertical dotted lines in Figures 
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(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
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Figure 4. Event 1 on 14 September 2017. The MMS-3 observations of (a) magnetic field 
perturbations in the two perpendicular directions, !B⊥x and !B⊥y, (b) power spectrum of !B⊥y, 
(c) electric field perturbations in the two perpendicular directions, !E⊥x and !E⊥y, (d) power 
spectrum of !E⊥x, (e) electric field perturbations in the parallel direction, (f) power spectrum of 
parallel Poynting flux, and (g) the downward (red) and upward (blue) Poynting flux within the 
CDPS. Medium values of (h) PSD of !E⊥x and !B⊥y and (i) ratio of !E⊥x/!B⊥y/VA within 
01:30-02:00 UT. The red line in (i) is the KAW dispersion.
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(c) electric field perturbations in the two perpendicular directions, !E⊥x and !E⊥y, (d) power 
spectrum of !E⊥x, (e) electric field perturbations in the parallel direction, (f) power spectrum of 
parallel Poynting flux, and (g) the downward (red) and upward (blue) Poynting flux within the 
CDPS. Medium values of (h) PSD of !E⊥x and !B⊥y and (i) ratio of !E⊥x/!B⊥y/VA within 
01:30-02:00 UT. The red line in (i) is the KAW dispersion.
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Figure 5. Event 1 on 14 September 2017. The MMS-3 observations of power spectrum of (a) 
!B and (b) !E. The yellow curves  indicate  the  electron gyro frequencies.  Computed power 
spectrum of (c) eΦ and (d) eΦ/Te. The black line in (d) indicates eΦ/Te = 1.

• No ECH and whister-mode chorus waves to scatter soft electrons 

• Consider kinetic Alfvén wave (KAW) for soft electron precipitation 
electron pitch-angle change due to resonant with E|| of KAW 
Φ|| = E||/k|| ~ E⊥/k⊥ ~ E⊥/(ω/Vflow)
pitch angle change ∆α/αLC ~ √(eΦ/Te)  (1 if strong diffusion)
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Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

MMS-2, 00:48 to 00:51

0.01 0.1 1 10E (keV)100
101
102
103
104
105

co
un

t

H+

O+

MMS-2, 01:46 to 01:49

0.01 0.1 1 10E (keV)100
101
102
103
104
105

MMS-2, 02:23 to 02:26

0.01 0.1 1 10E (keV)100
101
102
103
104
105
106

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

00:30 00:50 01:10 01:30 01:50 02:10 02:30
UT (hh:mn)

10-4

10-3

10-2

N O
+  (c

m
-3
)

NO
+ NO

+ (> 2 keV)

MMS-3, 00:48 to 00:51

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

co
un

t

H+

O+

MMS-3, 01:46 to 01:49

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

MMS-3, 02:23 to 02:26

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105
106

CDPSHPS sheath
2017-09-14, MMS-2

(a)

(b)

(c)

(d)

(e)

(f) (g) (h)

2017-09-14, MMS-3

Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

H+ eflux

O+ eflux

NO+

MMS-2 
counts

MMS-3 
counts



00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

MMS-2, 00:48 to 00:51

0.01 0.1 1 10E (keV)100
101
102
103
104
105

co
un

t

H+

O+

MMS-2, 01:46 to 01:49

0.01 0.1 1 10E (keV)100
101
102
103
104
105

MMS-2, 02:23 to 02:26

0.01 0.1 1 10E (keV)100
101
102
103
104
105
106

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

00:30 00:50 01:10 01:30 01:50 02:10 02:30
UT (hh:mn)

10-4

10-3

10-2

N O
+  (c

m
-3
)

NO
+ NO

+ (> 2 keV)

MMS-3, 00:48 to 00:51

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

co
un

t

H+

O+

MMS-3, 01:46 to 01:49

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

MMS-3, 02:23 to 02:26

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105
106

CDPSHPS sheath
2017-09-14, MMS-2

(a)

(b)

(c)

(d)

(e)

(f) (g) (h)

2017-09-14, MMS-3

Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

MMS-2, 00:48 to 00:51

0.01 0.1 1 10E (keV)100
101
102
103
104
105

co
un

t

H+

O+

MMS-2, 01:46 to 01:49

0.01 0.1 1 10E (keV)100
101
102
103
104
105

MMS-2, 02:23 to 02:26

0.01 0.1 1 10E (keV)100
101
102
103
104
105
106

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

00:30 00:50 01:10 01:30 01:50 02:10 02:30
UT (hh:mn)

10-4

10-3

10-2

N O
+  (c

m
-3
)

NO
+ NO

+ (> 2 keV)

MMS-3, 00:48 to 00:51

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

co
un

t

H+

O+

MMS-3, 01:46 to 01:49

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

MMS-3, 02:23 to 02:26

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105
106

CDPSHPS sheath
2017-09-14, MMS-2

(a)

(b)

(c)

(d)

(e)

(f) (g) (h)

2017-09-14, MMS-3

Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
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Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.
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MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.
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Figure 9. Event 3 on 04 August 2017. The MMS-3 observations of (a) magnetic fields, (b) the 
downward (red) and upward (blue) Poynting flux within the CDPS, (c) ion and (d) electron 
energy fluxes, (e) ion and electron number densities, (f) ion bulk flows in the XGSM direction, 
(g) electron number fluxes integrated from 30 to 100 eV, (h) O+ energy fluxes, and (i) the O+ 
densities integrated over energies above 1 keV. Energy spectrum of (j) ion and (k) electron 
energy fluxes at three different times indicated by the vertical dotted lines in Figures 10a to 10i. 
(l) The accumulated H+ (blue curves) and O+ (red curves) counts within the 2-min interval 
indicated on the top of the plot.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.

00:30 00:50 01:10 01:30 01:50 02:10 02:30UT (hh:mn)

-4
-2
0
2
4

IM
F 

(n
T)

20170914, MMS-3 (X ~ -4, Y ~18 RE)

P1 (X~8, Y~ -56 RE) IMF By IMF Bz

00:30 00:50 01:10 01:30 01:50 02:10 02:30UT (hh:mn)

-20
-10

0
10
2030

B 
(n

T)

Bx By Bz B

00:30 00:50 01:10 01:30 01:50 02:10 02:30UT (hh:mn)1

10

N
 (c

m
-3
)

Ni Ne

00:30 00:50 01:10 01:30 01:50 02:10 02:30UT (hh:mn)10-2
10-1

100

T 
(k

eV
)

Ti Te

00:30 00:50 01:10 01:30 01:50 02:10 02:30UT (hh:mn)

-300
-200
-100

0
100

V x
 (k

m
/s

) Vx

00:30 00:50 01:10 01:30 01:50 02:10 02:30
UT (hh:mn)

107

108

109

(#
/(c

m
2 -s

-s
r)

soft electron # flux

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

ion 103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

electron 103104
105
106
107
108

ion 

0.01 0.1 1 10
E (keV)

104
105

106

107

108

ef
lu

x

02:25
(SH)

01:42
(CDPS)

00:50
(HPS)

ion 

0.01 0.1 1 10
E (keV)

104

105

106

107

108

electron 

0.01 0.1 1 10
E (keV)

105
106

107

108

109

ef
lu

x

02:25
(SH)

01:42
(CDPS)

00:50
(HPS)

CDPSHPS sheath
2017-09-14, MMS-3 (X ~ -4, Y ~18 RE) 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i) (j) 01:42
Fit

cold
hot

(k)

hot

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

 

Figure 1. Event 1 on 14 September 2017. (a) IMF from ARTEMIS. The MMS-3 observations 
of (b) magnetic fields, (c) ion energy fluxes, (d) electron energy fluxes, (e) ion and electron 
number densities, (f) ion and electron temperatures, (g) ion bulk flow in the XGSM direction, (h) 
electron number fluxes integrated from 30 to 100 eV. Energy spectrum of (i) ion and (k) 
electron energy fluxes at three different times indicated by the vertical dotted lines in Figures 
1a to 1h. The blue dotted line in (i) is the fit to the HPS. (j) Observed and fit ion energy fluxes 
at 01:42 UT.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.

00:54:00 00:55:00 00:56:00 00:57:00

10-1

100

101

00:54:00 00:55:00 00:56:00 00:57:00UT (hr:mn)

10-1

100

101

E 
(k

eV
) ion

104

105

106

00:54:00 00:55:00 00:56:00 00:57:00

10-1

100

101

00:54:00 00:55:00 00:56:00 00:57:00UT (hr:mn)

10-1

100

101

E 
(k

eV
)

electron 104
105
106
107
108

00:54:00 00:55:00 00:56:00 00:57:00UT (hh:mn)

107

108

e—
 #

 fl
ux

(#
/c

m
2 -s

-s
r)

soft electron # flux

00:54:00 00:55:00 00:56:00 00:57:00UT (hh:mn)

1.4×1010
1.6×1010
1.8×1010
2.0×1010
2.2×1010
2.4×1010

N O
+  (m

-3
)

NO
+

00:54:00 00:55:00 00:56:00 00:57:00UT (hh:mn)0.75
0.80
0.85
0.90
0.95

N O
+ /N

i

NO
+/Ni

00:54:00 00:55:00 00:56:00 00:57:00UT (hh:mn)-250
-200
-150
-100

-50
0

50

Vy
 (m

/s
) Vy

00:54:00 00:55:00 00:56:00 00:57:00UT (hh:mn)

-50
0

50
100
150
200
250

Vz
 (m

/s
) Vz

00:54:00 00:55:00 00:56:00 00:57:00
UT (hh:mn)

0
2×1012

4×1012

6×1012

Vz
*O

+  (1
/m

2 /s
)

Vz*O+

1.00 0.75 0.50 0.25 0.00 -0.25 -0.50 -0.75 -1.001.0

0.5

0.0

-0.5

-1.0

Vz*O+ (1/m2/s)

80o

70o

18

00

06

DMSP F18, N.H. pass
2017-09-14, 00:54-00:57 UT

DMSP

MMS

ion eflux (eV/(cm2-s-sr-eV)

0.1 1.0 10.0E (keV)

105

106

ef
lu

x

00:54:40
00:55:48

electron eflux (eV/(cm2-s-sr-eV)

0.1 1.0 10.0
E (keV)

105

106

107

108

ef
lu

x

00:54:40
00:55:48

(a)

(b)

(c)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

HPS polar capCDPS

(d)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

eV
/(c

m
2 -

s-
sr

-e
V)

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

MMS-2, 00:48 to 00:51

0.01 0.1 1 10E (keV)100
101
102
103
104
105

co
un

t

H+

O+

MMS-2, 01:46 to 01:49

0.01 0.1 1 10E (keV)100
101
102
103
104
105

MMS-2, 02:23 to 02:26

0.01 0.1 1 10E (keV)100
101
102
103
104
105
106

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

H+
103
104
105
106
107

00:30 00:50 01:10 01:30 01:50 02:10 02:300.01

0.10

1.00

10.00

00:30 00:50 01:10 01:30 01:50 02:10 02:302017-08-17, UT (hh:mn)10-2
10-1
100
101

E 
(k

eV
)

O+
102

103

00:30 00:50 01:10 01:30 01:50 02:10 02:30
UT (hh:mn)

10-4

10-3

10-2

N O
+  (c

m
-3
)

NO
+ NO

+ (> 2 keV)

MMS-3, 00:48 to 00:51

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

co
un

t

H+

O+

MMS-3, 01:46 to 01:49

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105

MMS-3, 02:23 to 02:26

0.01 0.1 1 10
E (keV)

100
101
102
103
104
105
106

CDPSHPS sheath
2017-09-14, MMS-2

(a)

(b)

(c)

(d)

(e)

(f) (g) (h)

2017-09-14, MMS-3

Figure 2. Event 1 on 14 September 2017. (a) H+ and (b) O+ energy fluxes observed by MMS-2. 
(c) H+ and (d) O+ energy fluxes observed by MMS-3. (e) the O+ densities integrated over all 
energies (blue line) and over the energies > 2 keV (red dots) observed by MMS-3. (f)-(h) The 
accumulated H+ (blue curves) and O+ (red curves) counts observed by MMS-2 (top) and 
MMS-3 (bottom) within the 3-min intervals (indicated on the top of each plot) at the three 
different times indicated by the vertical dotted lines in Figures 2a-2e.
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Figure 3. DMSP F-18 observations from 00:54 to 00:57 UT on 14 September 2017 for event 1. 
(a) The red line indicates the DMSP trajectory (the red and blue triangles indicate the location 
corresponding to the two different times indicated by the vertical dotted lines in Figures 
3d-3k.). The green star indicates the footprint of the MMS spacecraft. Energy spectrum of (b) 
ion and (c) electron energy fluxes at the two different times. Temporal profiles of (d) ion and 
(e) electron energy fluxes, (f) electron number fluxes integrated over 30 to 100 eV, (g) the O+ 
densities, (h) O+/ion density ratios, (i) sunward flows, (j) upward flows, and (k) the O+ upward 
fluxes.
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