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— The science of the Plasma Observatory mission

Unveiling plasma energization 
and energy transport in the Earth’s 
magnetospheric system through 
multi-scale observations
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Science theme
Plasma Observatory

• Unveiling plasma energization and energy transport in the Earth’s 
Magnetospheric System through multi-scale observations. 

• ESA M7 candidate in competitive Phase A. Final selection in June 
2026. Launch 2037. M = medium = 750 million euro = 0.5 MMS 

• Targets two ESA Voyage 2050 themes for ESA-led M Mission: 

• Magnetospheric Systems 

• Plasma Cross-scale Coupling 

• ESA Science Study Team (SST): M.F. Marcucci (Lead), A. Retinò 
(coLead), T. Amano, Y. Khotyaintsev, C. Norgren, A. Simionescu, J. 
Soucek, J.Stawarz, F. Valentini 

• Large scientific community: 370+ researchers from 25 countries 
(17 in Europe) including US, Japan and China 

• Payload team including 10+ ESA countries with key US and 
Japanese contributions



Why Plasma Observatory?
Plasma is the main state of visible cosmic matter 
but fundamental plasma energization and energy 
transport processes are still not understood. These 
processes are inherently driven by coupling of 
plasma scales.

main

Earth’s magnetospheric 
system (Global Vlasov 
simulation)

Tycho supernova remnant shock 
Composite image. X-ray NASA/CSC/
RIKEN&GSF C/T. Optical: DSS

Strong plasma energization and 
energy transport produced by 

fundamental plasma processes!

Solar corona.  
Radiation emitted 

by energized 
particles in a solar 
flare. From Chen+, 

Science, 2015. 

Solar corona. Radiation emitted by energized 
particles in a solar flare. From Chen+, Science, 2015. 



The Earth’s Magnetospheric system

Courtesy M. Palmroth, 
Univ. Helsinki
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• Complex and highly dynamic with massive 
energy transport and particle energization 
occurring at boundaries and boundary layers

• Multi-scale processes within non-planar and 
non-stationary 3D structures governed by 
field-particle interactions.  

• Largest energization when fluid scales 
couples with smaller ion kinetic scales

• Essential to ultimately understand how our 
planet works. Contributing to the Space 
Weather comprehension and understanding 
of distant astrophysical plasma environments 
and laboratory plasmas 



The Earth’s Magnetospheric system

Parameter space covered by the Cluster satellites.

Courtesy of Colin Forsyth.
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occurring at boundaries and boundary layers

• Multi-scale processes within non-planar and 
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• Largest energization when fluid scales 
couples with smaller ion kinetic scales

• Essential to ultimately understand how our 
planet works. Contributing to the Space 
Weather comprehension and understanding 
of distant astrophysical plasma environments 
and laboratory plasmas 



Plasma Observatory vs. State-of-the art
Electron scale Ion scale Fluid scale

4-point measurements 
enable to study: 
• 1 scale at a time 
• 3D planar and stationary 

structures

7-point measurements 
required to study: 
• Coupling between ion 
and fluid scales in 3D 

• 3D non-planar and non-
stationary structures

Plasma 
Observatory 

will allow this!

Log scale



Science questions
Plasma energisation (Voyage 2050 theme: 
Plasma Cross-scale coupling) 

SQ1. How are particles energised in space 
plasmas? 

SQ1-1 At shocks? 
SQ1-2 During magnetic reconnection? 
SQ1-3 By waves and turbulent fluctuations? 
SQ1-4 In plasma jets? 
SQ1-5 How do different processes combine to 
energise particles?

Energy transport (Voyage 2060 theme: 
Magnetospheric Systems) 

SQ2. Which processes dominate energy transport and 
drive coupling between different regions of the Earth’s 
Magnetospheric System?

SQ2-1 How do plasma jets interact with the Earth’s 
dipole field in the transition region? 

SQ2-2 How do field-aligned currents connect different 
regions of the Magnetospheric System? 

SQ2-3 Which are the key plasma instabilities involved 
in energy transport? 

SQ2-4 How is energy flux partitioned in different 
energy transport processes?

See also: ESA Voyage 2050 White Papers by A. Retinò et al. and by J. Rae et al. 
D. Verscharen, …, A. Retinò, A. Simionescu et al., The Plasma Universe: A Coherent Science Theme for Voyage 2050, Front. Astron. Space Sci., 2021



Plasma Observatory: Mission profile

Ion inertial 
length

Ion 
gyroradius

Spacecraft 
separation during 

the  2 science 
phases

Year 1 
Year 2 
Year 3

Dayside key 
science 
regions

Orbit (baseline). Equatorial HEO 8 x 17 RE with 15° inclination 

Number of spacecraft. 7 identical smallsats.  

Constellation. Two nested tetrahedra sharing one corner. 

Mission nominal duration and phases. 3 Nominal Science 
Phases (NSPs) of 11 months duration.

Foreshock
Bowshock
Magnetosheath
Magnetopause
Transition region
Tail current sheet



Plasma Observatory: Mission profile

Ion inertial 
length

Ion 
gyroradius

Spacecraft 
separation during 

the  2 science 
phases

Year 1 
Year 2 
Year 3

Nightside key 
science 
regions

Foreshock
Bowshock
Magnetosheath
Magnetopause
Transition region
Tail current sheet

Orbit (baseline). Equatorial HEO 8 x 17 RE with 15° inclination 

Number of spacecraft. 7 identical smallsats.  

Constellation. Two nested tetrahedra sharing one corner. 

Mission nominal duration and phases. 3 Nominal Science 
Phases (NSPs) of 11 months duration.



Unresolved questions regarding multi-
scale physics of magnetic reconnection

Ion-electron coupling — 
e.g. Hall dynamics inside 

and outside of the 
diffusion regions

Energisation in dynamic and 
quasi-stationary structures — 

plasma jets, islands/flux ropes, 
magnetic bottles

Dependence on upstream conditions — temporal 
scales in the magnetosheath can be as low as 1s to a 

fraction of a second — we need multiple points to know 
the upstream and downstream simultaneously

Reconnection 
intermittency — onset 

and cessation, 
dissipation of islands

Reconnection in turbulence 
— What large-scale structures 

(boundary conditions) do 
magnetic reconnection have 

to adapt to



LETTER RESEARCH

field was BM ≈ 40 nT, compared to an anti-parallel field of |BL| ≈ 5 nT). 
Four-spacecraft timing analysis finds the thickness of the current sheet 
to be only 4 km (or 4 electron skin depths, de), determined from the 
crossing duration of 45 ms (between the vertical dashed lines in Fig. 3) 
and the convection speed of VN = 95 km s−1 of the current sheet.

Inside this electron-scale current sheet, both MMS 3 (left) and MMS 
1 (right) observed fast out-of-plane electron flows (VeM ≈ 900 km s−1; 
Fig. 3c, m) that produced the main current jM (Fig. 3d, n) and the 

associated reversal of BL (Fig. 3a, k). The speed VeM is comparable to the 
inflow electron-Alfvén speed of VAeL = 1,000 km s−1 based on BL ≈ 5 nT 
and an electron number density of 20 per cubic centimetre.

Coincident with the intense current layers, MMS 3 and MMS 1 
simultaneously observed oppositely directed electron jets in the 
outflow (L) direction, with ∆VeL ≈ + 250 km s−1 at MMS 3 (Fig. 3c) 
and ∆VeL ≈ −450 km s−1 at MMS 1 (Fig. 3m), relative to an external 
electron flow in the L direction of VeL ≈ + 150 km s−1. The speeds of 
these electron outflow jets were roughly 10–18 times the asymptotic 
ion-Alfvén speed (based on BL) of VAiL ≈ 25 km s−1. As expected for a 
reconnection geometry with inflow from both sides, the changes in BL 
for MMS 1 are correlated with those in VeL in the first part of the field 
change and anti-correlated in the second half, whereas for MMS 3 the 
reverse holds. An exception to this behaviour is that MMS 3, but not 
MMS 1, observed an electron jet with ∆VeL ≈ −300 km s−1 at the right 
edge of the current sheet that is opposite to the main ∆VeL jet (Fig. 3c). 
Simulations of standard reconnection with a strong guide field have 
shown such ∆VeL edge jet21. The lack of a reversed jet at the edge of the 
current sheet at MMS 1 is currently not understood.

The measurements of oppositely directed electron outflow jets at 
MMS 1 and MMS 3 are further supported by the higher-resolution 
(0.125 ms) measurements of the L component of the field-line velocity 
E × B/B2 (where E is the electric field and B is the magnetic field), 
which was negative at MMS 1 and positive at MMS 3 (except for a 
negative dip at the right edge, similar to that in VeL) (Fig. 3q, g). These 
(E × B/B2)L outflows were predominantly perpendicular to the mag-
netic field, owing to the large BM (Fig. 3a, k); EN (Fig. 3e, o), which is 
opposite at the two spacecraft, together with the dominant BM, drives 
the outflows. Crucially, MMS 3 was located 7.1 km in the + L direction 
relative to MMS 1 so that the observations are consistent with diverging 
jets from a reconnection X-line located between the two spacecraft as 
they pass through the reconnecting current sheet. There was no evi-
dence for ion jets (∆ViL) at the ion-Alfvén speed (Fig. 3b, l) within the 
thin current sheet. That ion jets are absent is not surprising, because the 
thickness of the current sheet was only 0.09di (or 0.08 ion gyroradius) 
and the observations were made within 7de of the X-line.

What is surprising, however, is that the electron-scale reconnecting  
current sheet was not embedded inside a much larger ion-scale  
current sheet, as would be expected (and observed) in standard recon-
nection1,18–20,22 (Fig. 1a). The absence of an outer ion-scale current 
sheet can be seen in Fig. 3a, k (see also Extended Data Fig. 1), which 
shows BL reaching its asymptotic values immediately outside the thin 
current sheet.

Both spacecraft detected well defined parallel electric fields 
(Fig. 3f, p), which implies that the ‘electron frozen-in condition’ 
(E′ = E + Ve × B = 0) was violated. Furthermore, j · E′ was positive 
(Fig. 3j, t) and dominated by j||E||, indicating non-ideal magnetic-to- 
particle energy conversion23 characteristic of the electron-diffusion  
region. However, unlike for standard reconnection, where most of the 
magnetic energy is converted into ion jetting and heating, here, half of 
the available magnetic energy per particle (half of 6 eV) in the inflow 
regions (me(VAeL)2, where me is the electron mass) goes into kinetic 
energy associated with ∆VeM and ∆VeL, which are 90% and 45% of 
VAeL, respectively. The remaining half (3 eV), if converted entirely into 
electron heating, would lead to an increase in electron temperature of 
(3 eV) × (γ−1)/γ ≈ 1 eV in the reconnecting current sheet24, where 
γ = 5/3 is the ratio of specific heats. Such a small temperature increase 
would not be discernible in the data (Fig. 3i, s).

Within the 21-min burst data intervals shown in Fig. 2a, there were 
34 other isolated current sheets with |j| > 2 µA m−2, which implies 
sub-ion-scale current-sheet widths. Surprisingly, the majority of these 
current sheets had low magnetic shears (that is, strong guide fields): 
23 of the 34 events had magnetic shear of less than 45°. All 34 sheets 
had a fast out-of-plane electron velocity VeM consistent with the large 
current density jM, but only 16 displayed clear super-ion-Alfvénic VeL 
jets that could be related to reconnection. In each of these cases, all 
four spacecraft detected VeL pointing in the same direction and were 

Standard magnetic reconnectiona

IDR EDR
Exhaust Alfvénic ion jet

Several di

di

Several de

Tens of di

X-line

MMS 3 MMS 1

Small-scale electron reconnectionb

c

N

L
M

Super-Alfvénic electron jets

Fig. 1 | Schematics contrasting standard magnetic reconnection in 
large-scale current sheets and electron-only reconnection in small-scale 
turbulence. The reconnection configurations in a and b are displayed in 
the current-sheet (LMN) coordinate system. a, In standard reconnection, 
the magnetic topology changes in the small electron-diffusion region 
(EDR) around the X-line, but most of the magnetic-to-particle energy 
conversion happens in the extended exhausts, with bi-directional ion 
jetting and heating. The width of the electron-diffusion region (along 
N) is of the order of the electron skin depth de, whereas its length 
along ± L could be up to an ion inertial length, di = 43de. The electron-
diffusion region is embedded in an ion-diffusion region (IDR), whereas the 
magnetohydrodynamic-scale reconnection exhaust can extend thousands 
of di (along L) away from the X-line5. b, Schematic of reconnection in an 
electron-scale current sheet involving only electrons, with no ion coupling. 
The entire current sheet is essentially the electron-diffusion region, having 
a single (electron) scale with embedded bi-directional super-ion-Alfvénic 
jets. MMS 1 and MMS 3 trajectories through the current sheet relative to the 
X-line are overlaid (dashed arrows), deduced on the basis of the directions of 
the electron jets observed on 2016 December 9 at around 09:03:54 ut (and 
shown in Fig. 3). MMS 1 and MMS 3 were on opposite sides of the X-line 
detecting bi-directional electron jets. The slanted spacecraft trajectories take 
into account the likely motion (in the spacecraft frame) of the X-line due 
to the presence of an external electron flow along + L of about 150 km s−1. 
c, Schematic showing the formation of multiple small (di-scale) magnetic 
structures and thin (de-scale) current sheets at their interfaces in turbulent 
plasmas, informed by turbulence simulations8,12.
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© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Electron-only reconnection 
Phan et al., 2018
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(in a constrained environment)
• Magnetic reconnection could 
account for 20% of turbulent 
dissipation in the 
magnetosheath (Stawarz et al., 
2022). 

• What large-scale structures 
(boundary conditions) do 
magnetic reconnection have to 
adapt to?

Reconnection in turbulence



Ion-electron coupling and temporal 
evolution
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Formation of reconnection jet 
fronts in an open system
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Ion-electron coupling and temporal 
evolution

Density 
cavity

Density 
pile-up

Dipolarization Front • E.g. Hall dynamics inside and outside of 
the diffusion regions 

• Here,  and  have the ‘wrong’ sign — 
what is the fluid/ion-scale structure of 
this region?
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Astro implication: advance significatively in our 
understanding of electron acceleration in reconnection 

regions. Relevant for solar and stellar flares.

Energetic electron acc. at X-points
• Energetic energisation is more common 

during unsteady magnetotail reconnection 
than steady magnetopause reconnection. 

• Is steady reconnection e%icient to 
accelerate energetic electrons and which 
are the acceleration mechanisms ? 

• MMS observations are essentially single 
point: ,  

• Cluster could only access a single scale, 
and often with insu%icient time resolution 

• Simultaneous 7-point measurements at 
ion and fluid scales required to resolve the 
large-scale conditions of acceleration 
while identifying the acceleration 
mechanisms at small scales.

ρenergetic
e ∼ Li

Energetic electron acceleration during magnetopause 
reconnection. Adapted from Fu et al., GRL, 2019



Electron energization at plasma jets
• Large-scale electron energization at jet 

fronts from adiabatic betatron and 
Fermi mechanisms. 

• Jet fronts can be very structured due to 
instabilities and can become turbulent. 
3D structures at ion kinetic scales, 
including reconnection sites, are also 
important sites of energization.

Cluster data [Fu+, Nature Physics, 2013]
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Spatio-temporal evolution of jet

MHD simulations 
[Lapenta+, GRL, 2019]

Jet structure

PIC simulations [Pritchett, JGR, 2016]

Qualitative evidence of Fermi and betatron 
mechanisms at fluid scales yet scale coupling

between fluid and ion kinetic scales not understood

Electron 
energization  in 
non-linear and 

non-stationary 3D  
structures at ion 

kinetic scales 
driven by 

dynamics at fluid 
scales.

Astro implication: advance 
significatively in our understanding 

of electron acceleration at jets. 
Relevant for solar and astro jets.

Image credit: 
NRAO/AUI



7 (almost) identical spacecraft
Spacecraft and payload

• Spinning (4s) 

• IEPC - thermal ion and electron 
plasma —  250 ms 

• Energetic particles — 4s 

• IMCA - mass-resolved ions — 2s 

• DC magnetic field — DC-128 Hz 
AC magnetic field — 1-8 kHz 

• DC 3D electric field — DC-2s 
AC 2D electric field — DC-100 kHz, 
with higher-freq. snapshots



!!!!!!!!!
!!!!!!!
!!!!!!

New PO members, especially young scientists, are welcome to help 
us for the Phase A study! Please spread the PO word and contact us: 
maria.marcucci@inaf.it, alessandro.retino@lpp.polytechnique.fr

Scientific organisation
PO thematic Working Groups to expand PO 
specific and crucial themes: 
• Numerical Simulations (A. Markku, D. Trotta) 
• Multi-Point Data Analysis Methods  

(G. Cozzani, A. Chasapis) 
• Plasma Astrophysics (O. Pezzi, L. Comisso) 
• Scientific synergies/Additional science  

(S. Benella, J.-L. Ripoll) 
• Ground-based observations (SST Contact: J. Rae) 
• Public Outreach (C. Forsyth) 
• Early Career Scientists

mailto:alessandro.retino@lpp.polytechnique.fr
mailto:alessandro.retino@lpp.polytechnique.fr
mailto:alessandro.retino@lpp.polytechnique.fr


PO will lead to transformative advances in both 
fundamental plasma and magnetospheric 

physics 

Targets two Voyage 2050 
themes “Magnetospheric 

Systems” and “Plasma 
Cross-scale Coupling”

Very large scientific 
community

Strong international science 
support from US, Japan and 

China

Key component of the current 
international framework towards a new 
era of magnetospheric physics in mid 

2030s (e.g. NASA, JAXA) 

Will leverage European current new 
space and smallsat technologies for 

science applications

Will form the next generation of 
European space plasma scientists 
and engineers after ESA pioneered 

multi-point measurements with 
Cluster

Next major quantitative leap 
needed after Cluster and MMS  

single-scale measurements

Important implications for 
planetary, solar and 

astrophysical plasmas
Strong payload team  

(10+ ESA countries, US, JP)


