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* Remote Sensing:
Stereo A &B, Solar Orbiter, Parker Solar Probe, ...

* In situ Large Scale Observations:
Earth L1 Point: WIND, ACE, SWFO
Earth’s Magnetosphere: THEMIS, ARTEMIS
Mars: ESCAPADE, M-MATISSE

« In Situ spacecraft formations:
CLUSTER
MMS
Multi-scale Spacecraft Observatories: HelioSwarm, Plasma Observatory
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« Launched in 2001 by ESA
* Deorbited in 2025
» 4 identical spacecraft flying in formation
» Inter-spacecraft separation:
10000km — 100km
* Plasma measurements:

lons & Electrons at 4 second resolution
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* Launched in 2015 by NASA
« Operating through 2037
» 4 identical spacecraft flying in formation
* Inter-spacecraft separation:
40km, down to 5km
* Plasma measurements:
lons at 120 ms & Electrons 30 ms resolution

 Axial Booms: 3-D electric field measurements
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* Launched in 2015 by NASA
» Operating through 2037

» 4 identical spacecraft flying in formation

» Inter-spacecraft separation:
40km, down to 5km

 Plasma measurements:

lons at 120 ms & Electrons 30 ms resolution e

 Axial Booms: 3-D electric field measurements
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* Launched in 2015 by NASA
« Operating through 2037 Cluster
» 4 identical spacecraft flying in formation
» Inter-spacecraft separation:
40km, down to 5km
* Plasma measurements:
lons at 120 ms & Electrons 30 ms resolution

MMS

 Axial Booms: 3-D electric field measurements

Smaller spacecraft separation requires higher time resolution

ado Boulder
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[Chasapis et al. ApJ 2017]
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Plasma in the heliosphere is often
characterized by strong turbulence:

et
==
=
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« Collisionless energy transfer
« Formation of intermittent structures
« Energization of particles

Understanding collisionless dissipation,
plasma heating & particle acceleration

M

Wrrwm mw« MMM
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Magnetic Field Increments @ SLASP

Plasma Flow

|AB,(t)| = |B(t) — B(t + 1)

Single-Spacecraft,

Flow-based increments:
Assumption of Taylor Hypothesis
Sampling in direction of plasma flow

Conversion of timeseries to spatial scales:

x = Vrow " T
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Plasma Flow

|AB,(t)| = |B(t) — B(t + 1)

Single-Spacecraft,

Flow-based increments:

» Assumption of Taylor Hypothesis

« Sampling in direction of plasma flow

Conversion of timeseries to spatial scales:

x = Viow T
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Partial Variance of Increments:
|AB(t)|

J <|AB(D)I? > ¢
(Greco et al. 2008,2009)
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Plasma Flow

|AB,(t)| = |B(t) — B(t + 1)

Single-Spacecraft,

Flow-based increments:

» Assumption of Taylor Hypothesis

« Sampling in direction of plasma flow

Conversion of timeseries to spatial scales:

x = Vrow " T
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Plasma Flow

|AB,(t)| = |B(t) — B(t + 1)

Single-Spacecraft, |ABij(t)| = |B,(¢t) — Bj(t)l
Flow-based increments:

» Assumption of Taylor Hypothesis
« Sampling in direction of plasma flow

_ Where 1,j=1:4 for
Multi-Spacecraft, each spacecraft

2-point increments:
« Scale fixed by spacecraft separation
» Direction of each spacecraft pair

(6 baselines for 4 spacecraft)

Conversion of timeseries to spatial scales:
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Plasma Flow

|AB,(t)| = |B(t) — B(t + 1)

Single-Spacecraft,

Flow-based increments:

» Assumption of Taylor Hypothesis

« Sampling in direction of plasma flow

|ABij(t)| = |B;(t) — Bj(t)l
. Where 1,j=1:4 for
Multi-Spacecraft, each spacecraft
2-point increments:
« Scale fixed by spacecraft separation

Direction of each spacecraft pair
(6 baselines for 4 spacecraft)

Conversion of timeseries to spatial scales:

X = Vsow * T ‘
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Partial Variance of Increments:

T i

J <|AB(D)I? > ¢
(Greco et al. 2008,2009)
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Current sheet crossing

Partial Variance of Increments: _ — ‘\‘ /:34
AB(t e e R e S R
PVI(t) = 4B
J< AB(O)[2 >
(Greco et al. 2008,2009) 7
Multi-spacecraft measurements allow,
multiple directions, no taylor hypothesis )
~ average within the spacecraft formation
Limited at a scale fixed by the spacecraft
Separatlon g% —mggmzﬁ'

2017-12-26 UTC
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Current sheet crossing

Timing method: Assume a plane | ‘ — ‘ |
crossing the 4 points at different times, = W ] A A —
solve a system of 4 linear equations for N N
Vs Ny Ny, N, R
T2 1 Ny t12 gl
"3 m ny = l13 7
T14 n. 14 5
= ,_h__; == : ———, - | | -7_1156;%4#_)?{_#
& &*

2017-12-26 UTC
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Current sheet crossing

Timing method: Assume a plane | ‘ _— ‘ w
crossing the 4 points at different times, =l 1 v —ne
solve a system of 4 linear equations for ;o S e
Vs Ny Ny, N, R
Vrow ]
& o '

''''''''

2017-12-26 UTC
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How is energy dissipated in collisonless turbulence?

Current sheet

linear

non-linear

A

waves in coherent structures:
- wave generation & damping
- secondary instabilities

coherent structures:
- reconnection

- scattering & acceleration
- trapping & betatron
- vortex dynamics

waves:
- cyclotron damping
- Landau damping
- stochastic heating

non-linear waves:

- steepened waves
- phase space holes
- nonlinear Landau
damping

>

localized

uniform
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Turbulent Dissipation

Current sheet
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Earth’s Magnetosheath:
Interface between the solar
wind and Earth’s magnetic
environment:

Highly dynamic region of
strong turbulence

MMS operates at optimal
conditions, large quantities [
of high-quality data available ™ _
for statistical analysis E

Heliospheric Space Plasma Physics School, 18-22 May 2026, L’Aquila



r Atmospheric and Space Physics

Electron temperature in
regions of strong current
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oraco Boulder

E.J in regions of
strong current

'|-e-D_PIC3D 4
| |-a-D_PIC 3D !

—e—D', MMS

J/o
Chasapis et al. ApJLett, 2018

Strong dissipation localized in
regions of strong current
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The statistical distribution of increments
can provide information about the
structure forming in turbulence

Intermittent structures (current sheets)
are associated with heavy tails of in the
distribution of increments of B
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Statistics of Increments
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The statistical distribution of increments 10°

can provide information about the Magnetosheath

structure forming in turbulence oB/B ~1 107!
§ 107

Intermittent structures (current sheets)
are associated with heavy tails of in the 107
distribution of increments of B

Solar wind

Observations show structures forming at 5B/B ~0.1 Lot

small scales

PDF
=
o
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0B, (0)

See Chhiber et al. JGR 2018 and
Bandyopadhyay et al. ApJ 2018
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T(s)
, 102 10t 10° 10t 10° 10’ Current sheets

KurtOSiS (Or flatness) iS a qualitative 10 % TTTI T T T T T T T T TTTm T T TTTmm E at Sub_'on Scales
measure of how heavy-tailed is a Magnetosheath .
statistical distribution 6B/B~1 | -
ZwE E
Scale Dependent Kurtosis is derived from - .
increments computed at different scales I .
. I I 012 %13 ¢14 023 424 O34
10 2I Ll _ll L C‘I L 1I Lo ZJ L 3l L .
. . . 10° 10 10 10 10 10 10
Multi-spacecraft increments are fixed at £(d,)
the separation of the spacecraft T(s)
Lo 10?10 10° 10" 10° 10°
Solar wind S | ' ' ' IE
4 C ]
k(D) = < (6B )™ >¢ 5B/B ~0.1 i :
= 5 i ]
100 =
x C -
i 012 #13 <©14 ©23 A24 O34 ]
See Chhlber et al JGR 2018 and 100 -2| |||||H|_1| ||||||||0| ||||||||1| ||\||||\2\ ||||||||3| R .
Bandyopadhyay et al. ApJ 2018 10 10 10 f(lgi) 10 10 10
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4-spacecraft formations enable study of energy transfer at a fixed scale
How do we observe multiple scales simultaneously?

Multiscale Spacecraft Observatories
HelioSwarm, Plasma Observatory, etc

In the meantime...

'''''''''
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Multi-Scale Observatories CIrs

4-spacecraft formations enable study of energy transfer at a fixed scale
How do we observe multiple scales simultaneously?

Multiscale Spacecraft Observatories
HelioSwarm, Plasma Observatory, etc

In the meantime...
MMS2 MMS1 NMMS3 MMS4

'''''''''
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MMS Colinear configuration _ ILﬂSP

The MMS spacecraft can be arranged in a colinear configuration

Vplasma I
We can observe temporal
MMS2 MMS1 MMS3 MMS4  evolution along the spacecraft
@- O O separation

l Vplasma

Cross-scale spatial structure in
the transverse direction
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. . MMS’ FIRST MINI-CAMPAIGN
1 to 5 hours of continuous burst data in the I8 dehd el ishion ool FR Sy

science objective: studying the solar wind in order to

SOIar Wlnd understand turbulence in plasmas — one of the least
understood topics in physics.

Separation ranged from 30km to 200km

/ '\n
- D Y U e
Spacecraft orientation perpendicular to SN ‘\;S/\\* A

solar wind flow

Campaign

Position !
Original \ = 15° Tilt Original
Position i Formation

5 hours of Solar
wind burst data

10 15
X GSE [Rg]
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Spacecraft configuration

. 1 to 5 hours of continuous burst data in the
MMS3

solar wind
«  Separation ranged from 30km to 200km
«  Spacecraft orientation perpendicular to
solar wind flow
____________________________________ X,GSE
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Spacecraft configuration
. 1 to 5 hours of continuous burst data in the

solar wind MMS3
«  Separation ranged from 30km to 200km
«  Spacecraft orientation perpendicular to
solar wind flow
Y GSE
Vsw "
=fa e A o5t

PVI Index
MMS2 - MMS3
200km

17:00 18:00 19:00 20:00 21:00
2019-02-24 UTC

Heliospheric Space Plasma Physics School, 18-22 May 2026, L’Aquila



: : : ¥~ 0
MMS colinear configuration  Cirs - LHSP

-0 " o O‘” ,WI~II wiuhd 1“#‘ q"
- = {

: S or 'R \ LINT |} W l
Angle between S/C Baseline = irbl #‘ na " 'w '
and Vg, ~90° 2 | {
Angle between Bgy, and Vg 4 T
approx. Parker spiral sof '
Angle between S/C baseline Bsw g,j g:
and Bg,, varies a lot Vsw "

2019-02-24 UTC
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0.05
Esw - 5/C baseline 1
«  Angle between S/C Baseline 0.04 Baw - Ve (Tavlor Hyp.) ."| |
and VSW ~900 B SW —p I|I II I_:'II I"'I .'II |I |'||I| |-|I
V i | |I I. il fl i/ | |
«  Angle between Bg,, and Vg, e L, 0o [ W
. !
approx. Parker spiral g .' ',
_ 0.02 . rﬁfu’l fl' -
«  Angle between S/C baseline \/1 un \ LIRS
and Bg,, varies a lot Rsc i L
B 0.01 wal \H\/\f .
. . SW I o '.IIUIJ.-‘
Multi-spacecraft analysis allows //,!f AN Y
M n n - D 1 1 L 1 1 1 1 1
for a direct investigation of the 3- 0 10 20 30 40 & 80 20 80 a0

D structure of the solar wind

angle [degrees]

S/C baseline samples wide range of directions over
5 hours
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MMS Colinear configuration
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» Direct measurement of intermittency parallel and perpendicular to B
* Increase observed perpendicular to magnetic field
* Non-Gaussian fluctuations peak at 65°

Increased
intermittency
perpendicular to B

Current sheets
predominantly

perpendicular to B -
Scale dependent kurtosis

Parallel to B (0-30 deg)

100F ‘ Perp to B (50-90 deg) ‘ 1 18 1

16 E E

14 i
12 E
5 of
g 8
O 102 A
=] \n |

« I [ —— MMST ,

Hy , Mt Multi-S/C \

103 f I & +o1 Multi-S/C Parallel ;

lw "h‘ 01 101 10101 | o1 Multi-S/C Perpendicular | |

. . Ml' UL 107" 10° 10° 102 10°

0 1 2 3 4 5 6 7 8 9

PVI Index Multi-S/C (MMSZ2 - MMS3 ~200km) 1A [dl 1

Maximum observed at ~ 65°

5r )_/\_—__

0 10 20 30 40 50 60 70 80 90
angle B - S/C baseline [degrees]

Chasapis et al. Apd 2020
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The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS2 MMS1 MMS3 MMS4

« Small to large separation during the tail season

Bowshock

MMS Orbit

Small separation
Magnetopause
Daw,
Magnetotail
Yus-k//

~10 km
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Variable separation - Talil

=

r Atmospheric and Space Physics

The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS2 MMS1 MMS3 MMS4

@- ® O @

« Small to large separation during the tail season

Bowshock

Magnetopause
Davh\
@ Magnetotail
\Du

MMS Orbit
Large separation

~10% km
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The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS2 MMS1 MMS3 MMS4

@- ® O @

« Small to large separation during the tail season

Bowshock

Magnetopause  Large to small separation during the following
dayside season

Magnetotail

w2
MMS Orbit
Large separation

~104 km
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Variable separation - Dayside C[r

The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS2 MMS1 MMS3 MMS4

« Small to large separation during the tail season

Bowshock

MMS Orbit m‘;% . Largg to small separation during the following
Small separation Davh\ dayside season
< ( Magnetotail

Dusk
~10 km k\
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Variable separation - Dayside C[r
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The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS2 MMS1 MMS3 MMS4

« Small to large separation during the tail season

Bowshock

MMS Orbit m‘;% . Largg to small se*pgratlon dur_lpg the following
Small separation \\ dayside season *with one trailing spacecraft
< ( Magnetotail

Dusk
~10 km k\

Space Physic
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The MMS spacecraft can be arranged in a colinear configuration

The spacecraft slowly drift apart, increasing the separation on each orbit

MMS1 MMS4
MMS3
MMS Orbit MMS2 _ _ _
tetrahedron formation « Small to large separation during the tail season
Bowshock
sanetopauss  Large to small separation during the following
dayside season *with one trailing spacecraft
Magnetotail
ok - Back to tetrahedron for the next phase
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FY24 - Year 9 FY25 - Year 10

L 2
& C 90‘3 & 9‘8

30 @ 0.3nP . . . B
L AT Stages 2-5: logarithmic spacing with
i s p@-237P .
2 A S varying scale along track up to ~10%km
HEENN s MMS4 MMS2 MMS1 MMS3
14 & i Drift apart
A S ® oo o—
-6 %024 92 Inbound: ~20,000km ~600 km ~2,000 km
-4 an | < > < > <— .
g -»{9B] invr=alE: < > < > < >
¢ e @) nmmiciniy Apogee: ~6,000km ~150 km  ~500 km
] Y.separation.in

dusk tail ) sep 19
/ "2024

Stage 6: MMS1-3 close triangle at ~80km,

while MMS4 trails by ~10%km
MMS1

{ .
. 6 \ y
¢ jan 24 Y
. ; L
o B (
\ . s S 0c 1
\ v ~ 5 K > { <
\ 1 :
ec R AR . 1
) P, 3 a2 \Y A Now 04
284 De¢ 1‘3\ o 52 ey O T R M - SO R iy o = W i 3 MMSZ
\ ovp@ NOWIOT | 1 | | 1T [ INJ | ~r=d=<i_] Det 1§
ot ] 4 MMS3
32 > . b )
T T T T 32
3129272523211917151311 9 7 5 3 1 -1-3-5-7-9-1F13-1517%19-2}-23-25-2729-3}33 3129272523211917151311 9 7 5 3 1 -1-3-5-7-9-1+-13-151719-2123252729-3133
X-GSE (Re) X-GSE (Re)

MMS4

Inbound: ~10,000-20,000 km

<

» ~30km
—

» Colinear Configuration: separation varying up to several thousand km
» Science opportunities: Tail, Flanks, Solar wind, Magnetosheath & Magnetopause:
» Multi-Scale observations of near-Earth space
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