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Context

PWI/AM2P unmagnetized Maxwellian plasma response

C O I I t e Xt 20 ne = 3.59e+01, Te = 1.00e+00

BepiColombo will arrive end of 2026 at Mercury gw
frequency [Hz] ' :
PWI/AM?2P antennas Mutual impedance : | |
measurements € 100
developped by LPC2E » to probe the plasma ‘ £ =] |
(uses MEFISTO Swedish surrounding Mercury ol — - L
antennas) (spectrum from modelisation) ™Y 2 &

Plasma frequency

i We deduce:
j Electron density n,
Electron temperature T,

+ if multiple electron populations exist
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Mutual Impedance

Measurement principle:
1. Current emitted by the emitting wires at a frequency w
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Mutual Impedance

Measurement principle:
1. Current emitted by the emitting wires at a frequency w
2. The signal is propagating through the plasma —> dielectric response
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Mutual Impedance

Measurement principle:

1. Current emitted by the emitting wires at a frequency w

2. The signal is propagating through the plasma = dielectric
3. We measure the potential seen by the receiving spheres
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Mutual Impedance

Measurement principle:
1. Current emitted by the emitting wires at a frequency w
2. The signal is propagating through the plasma = dielectric
3. We measure the potential seen by the receiving spheres
4. We calculate the mutual impedance H(w):
) AZ Vg, (w) - Vg, (w)

H(w) =
AZy VR,,0 = VR,,0

With PWI/AM?2P 3
onboard BepiColombo



Mutual Impedance
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Impedance

Measurement principle:
1. Current emitted by the emitting wires at a frequency w
2. The signal is propagating through the plasma = dielectric
3. We measure the potential seen by the receiving spheres
4. We calculate the mutual impedance H(w):
) AZ Vg, (®)— Vg, (o)

H(w) = =
AZy VR,,0 = VR,,0

At several frequencieS'
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Mutual Impedance

Measurement principle:
1. Current emitted by the emitting wires at a frequency w
2. The signal is propagating through the plasma = dielectric
3. We measure the potential seen by the receiving spheres
4. We calculate the mutual impedance H(w):
) AZ Vg, (®)— Vg, (o)
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H(w) =

At several frequencies:
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We deduce:
Electron density n,
Electron temperature T,

+ if multiple electron populations exist

reception spectrum [V2Hz™!]

reception [mV]

0.6 2.5 48 50  72.5 75.08 88 96 98 10° 106 107

time [us] frequency [Hz]

Fig. from P. Dazzi’s thesis (2025)
With PWI/AM?2P

onboard BepiColombo



Mutual Impedance

Impedance
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Spectrum shape depends on electron temperature
- inverse problem

Electron temperature T,

With PWI/AM?2P
onboard BepiColombo



Mutual Impedance

Historic of Mutual Impedance

Onboard satellites since 1978
Géométrie

Rocket sounding since 1969

Instrument

Géométrie

Sonde quadripolaire a
bord de la fusée French
FR-1 [Storey et al., 1969]

Exemple de données

Instrument

Sonde S-304 a bord de
GEOS-1 [Décréau et al.,
1978a]

| Exemple de données

Sonde quadripolaire
a bord de la fusée
DRAGON-3 [Beghin,
1971]

o b 3o sy vy bn

- —

|
|

Sonde ISOBPROBE-3 a
bord de ARCAD-3 [Be-
ghin et al., 1982]

Sonde CISASPE a bord
d'une fusée Véronique
[Chasseriaux et al., 1972]

Sonde a bord du satellite
Viking [Bahnsen et al.,
1986; Perraut et al., 1990]

Tables from N. Gilet’s thesis (2017)

Sonde PWA a bord du sa-
tellite HUYGENS [Hame-
lin et al., 2007]

AMPLITUDE SPECTRAL DENSITY

g
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Historic of Mutual Impedance

Recent space missions equiped with mutual impedance:

Instrument RPC-MIP, onboard Rosetta,
on 67P comet (up to 2016)

COSIMA GIADA

MIDAS s P ROSINA COPS

CONSERT

FIGURE 2.8 - La sonde a impédance mutuelle RPC-MIP a bord du satellite spatial Rosetta: sonde d’'un metre
de long possédant deux émetteurs E; et E; et deux récepteurs, R; et R, a ses extrémités. Adaptée de Troti-
gnon et al. [2007].

(Crédit : ESA/Science)

Figure from N. Gilet’s thesis (2017)



Mutual Impedance

Historic of Mutual Impedance

Recent space missions equiped with mutual impedance:

Instrument RPC-MIP, onboard Rosetta,
on 67P comet (up to 2016)

ROSINA DFMS

COSIMA GIADA

MIDAS . ROSINA COPS
MIRO CONSERT

RPC IES

ROSINA RTOF

FIGURE 2.8 — La sonde a impédance mutuelle RPC-MIP a bord du satellite spatial Rosetta: sonde d'un meétre
de long possédant deux émetteurs E; et E; et deux récepteurs, R; et R, a ses extrémités. Adaptée de Troti-
gnon et al. [2007].

RPC MAG

RPC LAP o

(Crédit : ESA/Science)

Figure from N. Gilet’s thesis (2017)

« PWI/WPT-1

Instrument PWI/AM2P, onboard BepiColombo,
soon around Mercury (in 2027)

» PWI/MEFISTO-2

MPPE/MEA

B MAST-MGF

MPPE/HEP-ion
MPPE/MIA MPPE/HEP-electron

MPPE/ENA

MAST-SC

MSASI

PWI/WPT-2 *

PWI/MEFISTO-1.

(Crédit : ESA/Science)

5



Mutual Impedance

/‘ﬁ

Historic of Mutual Impedance

Recent/future space missions equiped with mutual impedance:

Instrument RPWI/MIME, onboard JUICE,
around Jupiter and his moons (from 2031)

(Crédit : ESA/Science)
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Historic of Mutual Impedance

Recent/future space missions equiped with mutual impedance:

Instrument RPWI/MIME, onboard JUICE, Instrument DFP/Compliment, onboard Comet Interceptor,
around Jupiter and his moons (from 2031) through a pristine comet (launch ~2029)

comet interceptor . -
VISITING A PRISTINE COMET

(Crédit : ESA/Science)
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* Try to make a diagnostic of ions in some configurations!
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Objectives

* Diagnostic of electron populations

But also:
e Try to make a diagnostic of ions in some configurations!

Why?
* the response is dominated by electrons
* jons oscillate at lower frequencies

- frequencies not in the instrumental frequency range



Obijectives
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Prepare the BepiColombo future data

Objectives

* Diagnostic of electron populations

But also:
e Try to make a diagnostic of ions in some configurations!
Why'?
* the response is dominated by electrons
* jons oscillate at lower frequencies
- frequencies not in the instrumental frequency range
How:

We need to add the ion contribution in AM?P response model
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Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)



Modeling

Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov +

Poisson
equations

of e
{ a(x,v, H)+v.Vxf(x,v, 1)+ EE.va(x,v, t)=0

VE=2 f fxv,ndv
€0
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Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov + . ..
: Linearisation
Poisson —}

+ Fourier

equations

of

XV, 1) +V.Vx f (X, V, ) + —E.Vy f(x,V, 1) = 0
at el ) 4 X, ) ) me od Vv el ) -

VE=2 f fxv,ndv
€0




Modeling

Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov + Use Maxwellian

: Linearisation :
Poisson —} : velocity
, + Fourier :
equations function
g(xv D +v.Vxf(x,v, t)+iEV fxv,1)=0 f (v) = ( me )3/2 e—melvlzlszT
ot T TR T 0 21kgT,

VE=2 f fxv,ndv
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Modeling

Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov + : .. Use Maxwellian Calculate
) Linearisation : ) ;
Poisson : velocity dielectric
. + Fourier .
equations function e(k, w)
af(xv H)+v.Vxf(x,v, 1)+ ¢ EVyfxv,1)=0 f (v) = ( me )3/2 e—merIZ/ZkBT w2 v e%
o me " 2nksTe ek, ) =1- 'ff 5,4V
e k 2nv3 TV
VE=— f f&xv, t)dv th
€0




Modeling

Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically: Q 2 . [*esin(kr) dk
¢(w,r)=———_ lim
47ep T Im(w)—0Jo kr ¢g(w, k)
Vlasov + : o Use Maxwellian Calculate Calculate the
: Linearisation : . : :
Poisson : velocity dielectric wave potential
: + Fourier :
equations function ek, w) V/V,
3/2 v?
of e - _[_me —melvl212ksT w2 22,
at(x,v, D+v.VxfX,v, 1)+ meE.va(x,v, H=0 fo(v) (anBTe) e e,(k,w)=1— pef v e dv
e k? 2nvd, F-v
VE=— f fx,v, )dv th
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Modeling

Instrumental Response Modeling of Mutual Impedance

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically: Q 2 . [*esin(kr) dk
¢(w,r)=———_ lim f
47ep T Im(w)—0Jo kr ¢g(w, k)
Vlasov + : . Use Maxwellian Calculate Calculate the
Poisson —} Linearisation velocity dielectric wave potential
+ Fourier

equations function ek, w) V/V,

af( 1 +v.Vy f(x,v, 1)+ °EV fxv,1)=0 fow) ( Mme )3/2 oM |v|?/2kgT w2 v ez_:‘f'h

—(x,v, v.Vxf(x,V, —EVyfx Vv, 1) = = e t

ot me 0 2nkgT, g1k, w) =1~ pef ——dv
k? 2nvd F-U

th k

VE=2 f fxv,ndv
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Modeling

Instrumental Response

We measure: Vi(w)
which depends on: e(k, w)

odeling of Mutual Impedance

We need to calculate (k, w) theoretically:

Vlasov + . ..
: Linearisation
Poisson —}

: + Fourier
equations

of
ot

e
x,v, 1) +v.Vx f(x,v, 1) + ;E.va(x,v, t)=0
e

VE=2 f fxv,ndv
€0

Use Maxwellian
velocity
function

fo(w) =(

e

Calculate

dielectric
e(k, w)

Q 2 +toogin(kr) dk

)= ——= i
blw,7) 4n£0nlm(lurx§l—-0fo kr g;(w,k)

Calculate the

wave potential
V/V,

3/2
) e—merIZ/ZkBT

2 S

Whe v e
glk,w)=1—- ';f T B dv

k 2nvd, gV

4

We take into account
the spacecraft influence
(with DSCD code)



Modeling

Instrumental Response Modeling of Mutual Impedance

— Diagnostic of electron population:
currently working on simulations of the future data measured by BepiColombo:

Mercury [Pallu et al., to be submitted in July]

Mio’s orbits AM2P
magnetosphere

Ne VVO_ —» DSCD —» Mutual impedance
calculations spectrum

o &3 ¢

Self impedance

EMF calculations
spectrum



Modeling

Instrumental Response Modeling of Mutual Impedance

— Diagnostic of electron population:
currently working on simulations of the future data measured by BepiColombo:

Pall . mitted in Jul
Mercury N e [Pallu et al., to be submitted in July]
magnetosphere
VVO, DSCD Mutual impedance
calculations spectrum
IPIC3 D ———

Self impedance
spectrum

z [Ru]
y [Rul

[Ballerini et al., 2024]




Modeling

Instrumental Response Modeling of Mutual Impedance

— Diagnostic of electron population:
currently working on simulations of the future data measured by BepiColombo:

[Pallu et al., to be submitted in July]

Mio'’s orbits
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Modeling

Instrumental Response Modeling of Mutual Impedance

— Diagnostic of electron population:
currently working on simulations of the future data measured by BepiColombo:

AM2P

Vvo

—7 calculations B

.

EMF calculations ——




Modeling

Instrumental Response Modeling of Mutual Impedance

— Diagnostic of electron population: .
currently working on simulations of the future dd 23| [ e
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Objectives

Prepare the BepiColombo future data

* Diagnostic of electron populations

But also:
e Try to make a diagnostic of ions in some configurations!
Why'?
* the response is dominated by electrons
* jons oscillate at lower frequencies
- frequencies not in the instrumental frequency range
How:

We need to add the ion contribution in AM?P response model
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lon coigtribution

Instrumental Response I\jgaeling

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Calculate Calculate the
dielectric wave potential
ek, w) A%

Vlasov + . . Use Maxwellian
: Linearisation :

Poisson —} velocity

function

: + Fourier
equations

of

XV, 1) +V.Vx f (X, V, ) + —E.Vy f(x,V, 1) = 0
at el ) 4 X, ) ) me od Vv el ) -

VE=2 f fxv,ndv
€0
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lon coigtribution

Instrumental Response I\jgaeling

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov + Use Maxwellian Calculate Calculate the

. Linearisation :
Poisson —} velocity
function

wave potential
V/V,

dielectric

+ Fourier
e(k, w)

equations

of e
a(x,v, H)+v.Vxf(x,v, 1)+ EE.va(x,v, t)=0 @
VE=2 f fxv,ndv
€0

- Vlasov eq. for cold electrons and hot electrons

Also done for two maxwellian
distribution functions!
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lon coigtribution

Instrumental Response I\jgaeling with ions

We measure: Vi(w)
which depends on: e(k, w)

We need to calculate (k, w) theoretically:

Vlasov + Use Maxwellian Calculate Calculate the

. Linearisation :
Poisson —} velocity
function

wave potential
V/V,

dielectric

+ Fourier
e(k, w)

equations

of e
a(x,v, H)+v.Vxf(x,v, 1)+ EE.va(x,v, t)=0 @
VE=2 f fxv,ndv
€0

- Vlasov eq. for cold electrons and hot electrons

-> Use this code and adapt it for 2 populations:
- one electron population Also done for two maxwellian
- one ion population distribution functions!

11



lon coigtribution

Comparison of cases A‘(

2 Electron maxwellian:

Electron maxwellian:

2 Electron/ion maxwellian:

12



lon coigtribution

amplitude [dB]

phase [deg.]

Comparison of cases

Electron maxwellian:

e population with (T, n.)

Only Langmuir waves and f, visible

PWI/AM2P unmagnetized Maxwelgn plasma response

2 ne = 3.59e+01, Te = 1.00e+00

10 A

=10 1

—20 4

frequency [HZ]

150

100 A

50 A

102 103 104 10°
frequency [HZ]

Spectrum from modelisation

2 Electron maxwellian:

2 Electron/ion maxwellian:
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lon coigtribution

amplitude [dB]

phase [deg.]

Comparison of cases

Electron maxwellian:

e population with (T, n.)

Only Langmuir waves and f, visible

PWI/AM2P unmagnetized Maxwelgn plasma response

2 ne = 3.59e+01, Te = 1.00e+00

10 A

=10 1

—20 4

frequency [HZ]

150

100 A

50 A

102 103 104 10°
frequency [HZ]

Spectrum from modelisation

2 Electron maxwellian:

ey population with (Ty, ny)
ec population with (T, n¢)

These parameters were used:

1 =ny/nc
T=Ty/T.

\ 4

2 waves:
Langmuir and electron acoustic waves
\

09 —

03 —

0.1

\ i T T
Fig. fromu}V. Gilet’s thesist(2019) — (modelisation)

2 Electron/ion maxwellian:
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lon contribution

amplitude [dB]

phase [deg.]

=10 1

—20 4

150

100 A

50 A

Comparison of cases

Electron maxwellian:

e population with (T, n.)

Only Langmuir waves and f,, visible

PWI/AM2P unmagnetized Maxwelgn plasma response
2 ne = 3.59e+01, Te = 1.00e+00

10 A

frequency [HZ]

102 103 104 10°
frequency [HZ]

Spectrum from modelisation

2 Electron maxwellian:

ey population with (Ty, ny)
ec population with (T, n¢)

These parameters were used:

1 =ny/nc
T=Ty/T.

\ 4

2 waves:
Langmuir and electron acoustic waves

09 —

0.7 —

€05 —

03 —

01 —

\ i T T
Fig. fromu}V. Gilet’s thesist(2019) — (modelisation)

2 Electron/ion maxwellian:

e- population with (T, me)
ion population with (T;, m;)

We now use these parameterS:
M= mi/me
T= Ti/Te

\ 4

2 waves:
Langmuir and ion acoustic waves

1 1T,

—_ __I . __— e 7 -
lkyw) =1- 15 2'(Xi) = (5 Z'(Xi)

12



lon contribution

amplitude [dB]

phase [deg.]

Comparison of cases

Electron maxwellian:

e population with (T, n.)

Only Langmuir waves and f,, visible

PWI/AM2P unmagnetized Maxwelgn plasma response
2 ne = 3.59e+01, Te = 1.00e+00

10 A

=10 1

—20 4

frequency [HZ]

150

100 A

50 A

102 103 104 10°
frequency [HZ]

Spectrum from modelisation

2 Electron maxwellian:

ey population with (Ty, ny)
ec population with (T, n¢)

These parameters were used:

1 =ny/nc
T=Ty/T.

\ 4

2 waves:
Langmuir and electron acoustic waves

09 —

0.7 —

€05 —

03 —

01 —

\ i T T
Fig. fromu}V. Gilet’s thesist(2019) — (modelisation)

2 Electron/ion maxwellian:

e- population with (T, me)
ion population with (T;, m;)

We now use these parameterS:
M= mi/me
T= Ti/Te

\ 4

2 waves:
Langmuir and ion acoustic waves

1 1T,

—_ __I . __— e 7 -
lkyw) =1- 15 2'(Xi) = (5 Z'(Xi)

—> Possible in the solar wind with BepiColombo
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Doppler shift

IAW

>

Frequency faw

(lon acoustic wave frequency)

JT/

amplitude [dB]

fpi

frequency [HZz]

AM?2P freq. range

682 Hz

>freq
143 kHz
13



Doppler shift

%/ BepiColombo will go

in the solar wind
for a big part of its orbits:

- Magnetopause
Bow-shock

- 01
+ 03
:

Frequency faw

IAW .
(lon acoustic wave frequency)

fpi

>freq

682 Hz 143 kHz
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Doppler shift

JT/

The power of the Doppler shift

In the solar wind:

IAW

AM?2P freq. range

fpi

>freq
682 Hz 143 kHz
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Doppler shift

JT/

The power of the Doppler shift

In the solar wind:

>

Frequency seen > fj !

IAW

=N
o o o

amplitude [dB]

The spacecraft appears to be stationary, but
the plasma is flowing with the solar wind:

N e
o o

, — > I I frequency [HZz] I
w-o>w=w-—k-v
SW AM?2P freq. range

fpi

400 km/s

T Solar wind

~

>freq
682 Hz 143 kHz
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Doppler shift

The power of the Doppler shift A‘/

In the solar wind:

’ Frequency seen > fay | »
IAW

The spacecraft appears to be stationary, but
the plasma is flowing with the solar wind:

amplitude [dB]

, — > I I frequency [HZz] I
- =w-—K"-
@ @ w—k Vsw AM?2P freq. range

400km/s

Doppler shift
400 km/s

T Solar wind

fpe

~

>freq
682 Hz 143 kHz
13



Doppler shift

The power of the Doppler shift

IAW

~

A

400 km/s

)ﬁ/

The spacecraft appears to be stationary, but
the plasma is flowing with the solar wind:

-

w-ow =w-—k- Uy

Solar wind

- k and vg,y in the same direction
- k and vsy in the opposite direction
- k perpendiculary to vgy

—> Particular configurations that should be tested:
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Preli. Kesults

Preliminary results

Calculation of the dielectric €
for IAW without solar wind drift

ﬁﬁ
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Preli. Igesults

Preliminary results

e (Calculation of the dielectric ¢
for IAW without solar wind drift

The color map shows:
1/|€| as a function of normalized wavenumber kA,
and normalized frequency @ /wy,

Red peaks = plasma normal modes,
i.e. solutions of the dispersion relation e(kr 6) =0

lon acoustic wave dispersion relation
is located here

——
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Preli. Kesults

Preliminary results

e Calculation of the dielectric &
for IAW without solar wind drift

The color map shows:
1/|€| as a function of normalized wavenumber kA,
and normalized frequency @ /wy,

Red peaks = plasma normal modes,
i.e. solutions of the dispersion relation e(kr 6) =0

- Great agreement between:
- our calculations

- theory for k<<1
- simulation results from Whamp
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Conclusions
Conclusions:

 We have used a global kinetic simulation of mercury magnetosphere to
produce synthetic spectra that should be measured by BepiColombo/AM?P

* BepiColombo offers this unique opportunity to get ion measurements with
mutual impedance experiment

 We need to extend the current instrumental model in order to better predict
the signal that we will measure
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- Determine in which conditions these ions are visible in AM2P data

- Understand which signature they produce in a spectrum

- Evaluate which ion parameters could be constrained (T;, ?)
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