
A  S U M M A RY  O F  R E S U LT S  F R O M  
Y E A R  1  O F  T H E  M A G N E T O S P H E R I C  
M U LT I S C A L E  ( M M S )  M I S S I O N
PA U L  C A S S A K  
W E S T  V I R G I N I A  U N I V E R S I T Y  

J I M  B U R C H  
S O U T H W E S T  R E S E A R C H  I N S T I T U T E  

T O M  M O O R E  
N A S A  G O D D A R D  S PA C E  F L I G H T  
C E N T E R  

R O Y  T O R B E RT  
U N I V E R S I T Y  O F  N E W  H A M P S H I R E  

TA I  P H A N  
U N I V E R S I T Y  O F  C A L I F O R N I A ,  
B E R K E L E Y  

2 0 1 6  J O I N T  C E D A R / G E M  
W O R K S H O P  
J U N E  2 3 ,  2 0 1 6



M M S
• A NASA Solar-Terrestrial Probe mission 

• Mission is basic science using 
magnetosphere as a laboratory  

• Developed to study small scale 
physics of magnetic reconnection 

• Four spacecraft in tetrahedral formation 

• Similar in flavor to Cluster 

• Smaller spacecraft separation 

• Higher time resolution 

• In development since early 2000s 

• Launched at KSC, March 12, 2015

R E F E R E N C E S  -   
B U R C H  E T  A L . ,  S PA C E  
   S C I .  R E V. ,  1 9 9 ,  5  ( 2 0 1 6 )  
M O O R E  E T  A L . ,  J A S T P,   
   9 9 ,  3 2  ( 2 0 1 3 )



M I S S I O N  B A S I C S
• Reconnection occurs both on the dayside  

and nightside; MMS will study both 

• Phase I — dayside 

• Phase II — magnetotail 

• The orbit 

• Nearly ecliptic, highly elliptic, precessing 

• Phase I divided into 2 phases 1A and 1B, 
separated by 1X 

• Phase 1A is complete, Phase 1B starts 9/16 

• Phase 1X is “bonus” science that can be 
done between the two dayside phases 

• Data analyzed on board and  
by Scientist-In-The-Loop 

• Only the most compelling data is downloaded 



M A G N E T I C  
R E C O N N E C T I O N
• Magnetic field lines with oppositely directed 

component come together and effectively break 

• Field line tension drives outflow,  
plasma jets go out at Alfvén speed 

• New field lines brought in, process repeats 

• Crucial aspect of space weather both in solar 
atmosphere and magnetosphere 

• Breaking of field lines requires dissipation,  
which occurs at small (electron) scales 

• Extremely difficult to probe,  
even in lab and simulations

R E F E R E N C E S  -   
C A S S A K ,  S PA C E  W E AT H E R ,  1 4 ,  1 8 6  ( 2 0 1 6 )  
G O N Z A L E Z  A N D  PA R K E R ,  M A G N E T I C  R E C O N N E C T I O N :   
     C O N C E P T S  A N D  A P P L I C AT I O N S ,  S P R I N G E R  ( 2 0 1 6 )



C H A L L E N G E S  I
• Resolving spatial scales 

• Dissipation occurs at electron  
gyroscales and below 

• Magnetopause — ~1 km 

• Magnetotail — ~10 km 

• Solution — tight formation 

• Spacecraft separation as low as 10 km 

• Uses GPS signals from below to coordinate 

• Resolving time scales 

• Magnetopause motion ~100 km/s 

• Implies a need of ~0.01 s = ~10 ms resolution 
through magnetopause electron layer 

• Solution — higher cadence than ever before
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R E F E R E N C E S  -  2 1  PA P E R S  I N  S PA C E  S C I .  R E V. ,  1 9 9 ,  1 - 7 4 7  ( 2 0 1 6 )

Fields — 3D electric and magnetic field measurements at <1 ms time resolution (DC) and waves to 6 kHz (B) and 100 kHz (E) 
Fast plasma — Full sky viewing of plasma electrons and ions at 32 energies (10 eV to 30 keV): electrons in 30 ms, ions in 150 ms 
Energetic particles — Full-sky viewing of ion and electron energetic particles (20 – 500 keV) with composition 

HPCA — Composition-resolved 3D ion distributions (1 eV - 40 keV) for H+, He++, He+, and O+; full sky at 10 s 
ASPOC — Maintain S/C potential to ≤ 4 V using ion emitter

M M S  I N S T R U M E N TAT I O N



C H A L L E N G E S  I I
• Identifying the reconnection site in 

observations 

• In-plane field is zero (!) at X-line 

• Outflow flow is zero,  
inflow is too small to measure 

• Locations where field and flow 
are small are not unique to 
reconnection! 

• Solution — need context; signatures 
from multiple plasma parameters, 
including field and particle data,  
and multiple spacecraft
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P O T E N T I A L  
S I G N AT U R E S
1) Magnetic field strength |B| goes to zero 

2) Outflow jet reversal 

3) Intense currents (electrons faster than ions) 

4) Electron heating in region near where |B| goes to zero 

5) Electron frozen-in breaks down 

6) Increase in perpendicular energy flux where |B| = 0 

7) Crescent-shaped distribution function on magnetospheric side,  
ring closer to where |B| = 0 (Hesse et al., GRL, 2014) 

8) Crescent direction changes from perpendicular to B  
to parallel to B, consistent with magnetic field opening up 

9) Energetic electrons appear at electron scales where |B| = 0
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A L L  O F  T H E S E  W E R E  S E E N  I N  
M M S  D ATA  F O R  A  S I N G L E  E V E N T  

( B U R C H  E T  A L . ,  S C I E N C E ,  3 5 2 ,  
1 1 8 9 ,  2 0 1 6 )
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Fig. 2. Locations of the four MMS spacecraft during the magnetopause crossing investigated 
in this study. (A) Ecliptic-plane projection of MMS orbit in geocentric-solar-ecliptic (GSE) 
coordinates on 2015 October 16. The beige area is the MMS region of interest where burst-mode 
data are taken. Hours of the day are noted along the orbit. (B) MMS tetrahedral formation in GSE 
coordinates (X toward Sun, Z perpendicular to ecliptic plane, Y toward dusk). 
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Fig. 1. Summary data in GSM (geocentric solar magnetospheric) coordinates from MMS1 on October 16, 
2015. The GSM coordinate system has X toward the Sun, Z the projection of the Earth’s magnetic dipole axis 
(positive North) onto the plane perpendicular to X, and Y completing the right-hand system (approximately 
toward dusk). (A) Magnetic field vector. (B) Magnetic field magnitude. (C) Ion energy-time spectrogram in 
energy flux (eV cm−2 sr−1 s−1). (D) Electron energy-time spectrogram in energy flux (eV cm−2 sr−1 s−1). (E) Ion 
density. (F) Ion velocity vector. (G) Electric field vector. 
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• A — location of MMS on October 16-17, 2015 

• Below — 6 hours of data: magnetic field (a) components 
and (b) magnitude, (c) ion and (d) electron energy 
spectrograms, (e) ion density, (f) ion bulk flow components, 
and (g) electric field components for this time period 

• B — MMS formation at 13:07:00 UTC

U P S H O T:    
M A N Y  M A G N E T O PA U S E   
     C R O S S I N G S  
C R O S S I N G  AT  2 0 1 5  O C T  1 6   
     I S  PA R T I C U L A R LY   
     I N T E R E S T I N G



Z O O M  I N  N E A R  1 3 0 7  U T
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Fig. 3. Summary data for two magnetopause crossings of MMS2 on 2015 October 16. The crossings 
are shown by the vertical blue dashed lines. Boundary-normal coordinates (L, M, N) are used with N normal 
to the boundary and away from the Earth, L perpendicular to N and in the plane of reconnection (nearly 
along the magnetospheric magnetic-field direction), and M normal to the L, N plane (generally westward). 
These directions were determined from a minimum variance analysis of the magnetic field data between 
13:05:40 and 13:06:09 UT. The (x, y, z) GSE components of the L, M and N axes are: L = (0.3665, –0.1201, 
0.9226) GSE, M = (0.5694, –0.7553, –0.3245) GSE, and N = (0.7358, 0.6443, –0.2084) GSE. Panel data 
include: (A) magnetic-field vectors, (B) energy-time spectrogram of ion energy flux, (C) energy-time 
spectrogram of electron energy flux, (D) total plasma density, (E) ion flow velocity vectors, (F) magnitudes 
of electron and ion convection velocities, (G) current computed from velocity moments of ions and 
electrons, (H) current computed from ∇ × B, (I) parallel and perpendicular (to B) electron temperatures, 
and (J) electric-field vectors. In the very low-density region to the left of the first vertical blue dashed line 
spacecraft charging effects on plasma moment calculations may affect the data. The diagram to the right is 
the result of a numerical plasma simulation (Movie 1) using parameters from the magnetopause crossing 
centered on 13:07 UT. Spatial coordinates in the diagram are shown both in km and in ion diffusion lengths, 
L(di). Color scale indicates JM current density. 
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U P S H O T:   
E X C E L L E N T  
C O N T E X T  F O R   
A  D I F F U S I O N  
R E G I O N  

1 )  | B |  ~  0  
2 )  J E T   
    R E V E R S A L  
3 )  I N T E N S E   
    E L E C T R O N   
    F L O W  
3 * )  J  F R O M   
    ∇  X  B  A N D   
    ∑N E V   
    N E A R LY   
    I D E N T I C A L  
4 )  E L E C T R O N   
    H E AT I N G  
    W H E R E   
    | B |  =  0

• 2 minutes of data from MMS2 near 2015 Oct 16, 1305 - 1307 UT 

• At 1306, there is a crossing with a distinct southward ion jet 

• At 1307, there is a crossing with a jet reversal



Z O O M E D  I N  
 E V E N  M O R E !
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• 3 seconds (!) of data from 
MMS2 near 2015 Oct 16 1307

U P S H O T:  O V E R W H E L M I N G  
E V I D E N C E  

5 )  E L E C T R O N  F R O Z E N - I N   
    B R E A K S  D O W N  
5 * )  C A L I B R AT I O N  S O  G O O D  
    T H AT  E  A N D  - V E X  B   
    U S U A L LY  A G R E E  
6 )  I N C R E A S E  I N  P E R P E N D I C U L A R   
    E N E R G Y  F L U X  W H E R E  | B |  =  0  
6 * )  D I R E C T  M E A S U R E M E N T   
    O F  J  •  E  I N  D I F F U S I O N  
    R E G I O N  ( ~ 1 5  N W / M 3)  
7 )  C R E S C E N T- S H A P E D   
    D I S T R I B U T I O N  F U N C T I O N   
    O N  M A G N E T O S P H E R I C   
    S I D E ,  R I N G  C L O S E R  T O  
    W H E R E  | B |  =  0



S PA C E C R A F T  
C O M PA R I S O N
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• Same 3 seconds of data 
from all four MMS spacecraft

U P S H O T:  O V E R W H E L M I N G  
E V I D E N C E  

8 )  C R E S C E N T  D I R E C T I O N   
    C H A N G E S  F R O M   
    P E R P E N D I C U L A R  T O  B   
    T O  PA R A L L E L  T O  B ,   
    C O N S I S T E N T  W I T H   
    M A G N E T I C  F I E L D   
    O P E N I N G  U P



E N E R G E T I C  
E L E C T R O N S
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Fig. 6. Energetic electron data measured by FEEPS. (Top) Pitch-angle vs. time 
spectrogram of energy flux carried by ~50-keV electrons. (Bottom) Magnetic vectors in 
GSM coordinates and magnetic field magnitude. 
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U P S H O T:  E N E R G E T I C  
E L E C T R O N S  O B S E R V E D  

9 )  E N E R G E T I C  E L E C T R O N S   
    A P P E A R  AT  E L E C T R O N   
    S C A L E S  W H E R E  | B |  =  0  

Conclusion - MMS got  
very close to an electron  

diffusion region



O T H E R  M M S  S T U D I E S

• Special issue of GRL 

• Submission deadline 
was April 15 

• 65 (!) papers 

• A few papers in other 
journals 

• 3 PRL, 3 JGR,  
some under review

• Sample results (32 of them!) 

• Measurement of terms in generalized Ohm’s law (Torbert GRL) 

• Diffusion region on flanks with guide field 4 (Eriksson PRL);  
near subsolar region with guide field 1 (Phan/Burch GRL) 

• Mirroring electrons in exhaust (Lavraud GRL) 

• Strong parallel electric field (Ergun PRL/GRL, Goodrich GRL),  
wave emission and nonlinear structures (Mozer PRL,  
Le Contel GRL, Zhou GRL, Gershman GRL, Wilder GRL),  
current filaments in exhaust (Phan GRL, Graham GRL) 

• Reconnection during Kelvin-Helmholtz on flanks (Eriksson GRL, Li GRL) 

• FTEs (Eastwood GRL, Farrugia GRL, Hasegawa GRL) 

• Location of reconnection (Trattner GRL, Kitamura GRL, Petrinec GRL) 

• Electron escape from magnetosphere (Mauk GRL),  
electron acceleration (Chen GRL, Jaynes GRL, Baker GRL),  
ion acceleration (Wang GRL) 

• Ionospheric context (Anderson GRL), microinjections (Fennell GRL) 

• Theory - crescent distributions (Bessho GRL, Shay GRL, Price GRL)



C O N C L U S I O N S
• MMS studying electron scale physics during reconnection 

• Successful identification of a crossing very  
near to a dayside reconnection X-line 

• Measuring reconnection rate and electron  
pressure gradient is still a challenge 

• On the horizon: 
Phase 1X, “bonus” science during near-tail pass  
Phase 1B, second pass at the dayside, coming up  
Phase 2, focusing on the nightside, is next year  

• Data publicly available at  
https://lasp.colorado.edu/mms/sdc/public/

A M A Z I N G  F E AT U R E S  O F  M M S  

3 0  M S  E L E C T R O N  C A D E N C E ,  
    1 5 0  M S  F O R  I O N S  
E  A N D  - V E  X  B  M E A S U R E D   
    I N D E P E N D E N T LY  
J  M E A S U R E D  T H R O U G H   
    ∇  X  B  A N D  ∑N E V   
D I R E C T  M E A S U R E M E N T   
    O F  J  •  E


