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Abstract

Widely employed to model collisionless plasma phenomena occurring naturally in Earth’s magnetic environment, throughout the

heliosphere, and in laboratory fusion devices, the Vlasov equation self-consistently describes the fundamental kinetic dynamics

of plasma particles as they are accelerated through phase space via electric and magnetic forces. The Fast Plasma Investiga-

tion (FPI) onboard NASA’s Magnetospheric Multiscale (MMS) four-spacecraft mission sufficiently resolves the seven spatial,

temporal, and velocity-space dimensions of phase space needed to directly observe terms in the Vlasov equation, as recently

demonstrated by Shuster et al. [2021] in the context of electron-scale current layers at the reconnecting magnetopause. These

results motivate novel exploration of the types of distinct kinetic signatures in [?]fe/[?]t, v[?][?]fe, and (F/me)[?][?]vfe which

are associated with the magnetic reconnection process, where F = -e(E + v×B) represents the Lorentz force on an electron,

and fe specifies the electron phase space density. We apply this approach to characterize the structure of the velocity-space

gradient terms in the electron Vlasov equation measured by MMS. Discussion of the uncertainties which arise when computing

the velocity-space gradients of the FPI phase space densities is presented, along with initial validation of the (F/me)[?][?]vfe

measurements by comparison to the [?]fe/[?]t and v[?][?]fe terms. Successful measurement of the force term (F/me)[?][?]vfe in

the Vlasov equation suggests a new technique for inferring spatial gradients from single spacecraft measurements which may be

applied to improve the spatial resolution of the electron pressure divergence [?][?]Pe necessary to understand the microphysics

of the electron diffusion region of magnetic reconnection. Reference: Shuster, J. R., et al. (2021), Structures in the terms of

the Vlasov equation observed at Earth’s magnetosphere, Nature Physics, doi:10.1038/s41567-021-01280-6.
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BACKG528ND
[VIDEO] hWWpV://UeV.cloXdinaU\.com/amX]e-inWeUacWiYe/Yideo/Xpload/Yc_aXWo/Y1638818428/agX-fm2021/9B-F6-2A-9D-

4D-04-23-0F-2D-C9-A6-C4-E0-99-DA-4A/Video/12901_TXUbXlenWMagneWoVheaWh_appleWY_mp4d16.mp4
NASA's Magnetospheric MXltiscale (MMS) foXU-VpacecUafW miVVion haV UecenWl\ deWecWed YeU\ Whin, elecWUon VpaWial-
Vcale cXUUenW la\eUV embedded ZiWhin EaUWh'V da\Vide magneWopaXVe, Whe boXndaU\ beWZeen Whe WXUbXlenW magneWoVheaWh
(gold) and inneU magneWoVpheUe (blXe) UegionV depicWed in Whe aboYe moYie [YideR cUediW: ConcepWXal AnimaWion:
E[ploUing TXUbXlenW Space AUoXnd EaUWh (hWWpV://VYV.gVfc.naVa.goY/12901)]. 

WiWhin WheVe Whin, aV\mmeWUic elecWUon-Vcale cXUUenW la\eUV, Whe elecWUon YelociW\ diVWUibXWion VomeWimeV e[hibiWV a
diVceUnible cUeVcenW-Vhaped VWUXcWXUe in YelociW\ Vpace (aV illXVWUaWed aboYe), eVpeciall\ Zhen WheUe iV a VWUong elecWUon
WempeUaWXUe gUadienW acUoVV Whe la\eU [ShXVWeU eW al., 2019 (hWWpV://doi.oUg/10.1029/2019GL083549)] [ShXVWeU eW al.,
2021 (hWWpV://doi.oUg/10.1063/5.0069559)].

IPage cUediW: NASA aUWiVW'V UendiWion of MMS (hWWpV://ZZZ.naVa.goY/conWenW/goddaUd/mmV-in-Vpace-concepW).

 

Fast Plasma InYestigation (FPI)

https://svs.gsfc.nasa.gov/12901
https://doi.org/10.1029/2019GL083549
https://doi.org/10.1063/5.0069559
https://www.nasa.gov/content/goddard/mms-in-space-concept
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WiWh Whe XnpUecedenWed VpaWioWempoUal UeVolXWion offeUed b\ Whe MMS miVVion'V FaVW PlaVma InYeVWigaWion (FPI)
[PRllRck eW al., 2016 (hWWpV://doi.oUg/10.1007/V11214-016-0245-4)], Vpace VcienWiVWV can noZ VWXd\ Whe kineWic pUopeUWieV
of ion and elecWUon YelociW\ diVWUibXWionV in UemaUkable deWail. The 64 dXal ion VpecWUomeWeUV (DIS) and dXal elecWUon
VpecWUomeWeUV (DES) of Whe FPI inVWUXmenW VXiWe meaVXUe fXll 3D plaVma diVWUibXWionV aW Wime cadenceV of 150 mV foU
ionV and 30 mV foU elecWUonV, UeVpecWiYel\. TheVe Uapid meaVXUemenW VpeedV, combined ZiWh Whe UecoUd-bUeaking cloVe
fl\ing foUmaWion of Whe foXU MMS obVeUYaWoUieV, enableV Whe diUecW meaVXUemenW of WeUmV in Whe VlaVoY eqXaWion foU Whe
fiUVW Wime in Whe hiVWoU\ of plaVma ph\VicV UeVeaUch [ShXVWeU eW al., 2021, NaWXUe Ph\VicV (hWWpV://doi.oUg/10.1038/V41567-
021-01280-6)]. 

One of Whe man\ DXal ElecWUon SpecWUomeWeU (DES) XniWV onboaUd Whe MMS VpacecUafW WeWUahedUon.

Image cUediW: [CRlliQVRQ eW al., 2012 (hWWpV://doi.oUg/10.1063/1.3687021), FigXUe 1]. 

 

https://doi.org/10.1007/s11214-016-0245-4
https://doi.org/10.1038/s41567-021-01280-6
https://doi.org/10.1063/1.3687021
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ME7H2D2L2G<
Electron VlasoY EqXation

In WhiV iPoVWeU, Ze focXV on Whe elecWUon VlaVoY eqXaWion:
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FoU qXaVi-VWead\-VWaWe cXUUenW la\eUV moYing qXickl\ paVW Whe MMS VpacecUafW, Whe folloZing appUo[imaWion iV Yalid:

ZheUe  iV Whe conYecWiYe deUiYaWiYe (i.e., a Wime deUiYaWiYe meaVXUed in a fUame moYing aW YelociW\  UelaWiYe
Wo Whe VpacecUafW fUame), and ZheUe  iV Whe VWUXcWXUe YelociW\. ConVeqXenWl\, Whe Wime deUiYaWiYe WeUm 
 meaVXUed in Whe MMS fUame iV mXch VmalleU Whan Whe VpaWial gUadienW WeUm  (ZheUe heUe  iV Whe YelociW\-
Vpace cooUdinaWe) WhUoXghoXW moVW of Whe elecWUon'V YelociW\ Vpace. ThiV iV becaXVe Whe Vpeed of Whe VWUXcWXUe moYing
paVW Whe VpacecUafW  (W\picall\ aboXW 50 Wo 100 km/V) iV VignificanWl\ leVV Whan Whe elecWUon WheUmal YelociW\ 
 (W\picall\ on Whe oUdeU of 1,000 Wo 5,000 km/V) foU a W\pical magneWoVheaWh elecWUon: . TheUefoUe, Whe
folloZing appUo[imaWionV can be made:

ZheUe again Whe VWUXcWXUe YelociW\  iV noW Wo be confXVed ZiWh Whe YelociW\-Vpace cooUdinaWe .

 

ThXV, Zhen meaVXUing WeUmV in Whe MMS VpacecUafW fUame, alWhoXgh Whe Wime deUiYaWiYe WeUm iV in geneUal non]eUo, iW iV
negligible WhUoXghoXW moVW of Whe meaVXUed YelociW\ Vpace Zhen compaUed Wo Whe VpaWial gUadienW WeUm  and
foUce WeUm . SWUXcWXUeV in Whe VpaWial gUadienW WeUm  haYe been chaUacWeUi]ed aV VignaWXUeV of
fXndamenWal gUadienWV in denViW\ ( ), bXlk YelociW\ ( ), and WempeUaWXUe ( ) aW Whe magneWopaXVe [ShXVWeU eW
al., 2021 (hWWpV://doi.oUg/10.1038/V41567-021-01280-6)]. HeUe in WhiV iPoVWeU, Ze pUeVenW diUecW meaVXUemenWV of Whe
foUce WeUm , Zhich iV e[pecWed Wo YiVXall\ maWch and balance ZiWh Whe  VWUXcWXUeV foU a pXUel\
colliVionleVV plaVma WhaW obe\V Whe VlaVoY eqXaWion.

https://doi.org/10.1038/s41567-021-01280-6
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The aboYe figXUe VhoZV each of Whe YelociW\-Vpace VliceV of Whe fXll YecWoU gUadienW WeUm  and 
diVWUibXWionV Zhich aUe acceVVible Wo Whe FPI VpecWUomeWeUV.
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F25CE 7E5M: 9A5<ING ELEC75IC FIELD
[VIDEO] hWWpV://UeV.cloXdinaU\.com/amX]e-inWeUacWiYe/image/Xpload/f_aXWo,q_aXWo/Y1638668991/agX-fm2021/9b-f6-2a-
9d-4d-04-23-0f-2d-c9-a6-c4-e0-99-da-4a/image/mmV_Vcane_l7\9ai.mp4

EffecW WhaW YaU\ing Whe elecWUic field (fUom 0 Wo 20 mV/m) ZoXld haYe on Whe YelociW\-Vpace VWUXcWXUe of Whe foUce WeUm 
 in Whe elecWUon VlaVoY eqXaWion obVeUYed b\ MMS.

[VIDEO] hWWpV://UeV.cloXdinaU\.com/amX]e-inWeUacWiYe/image/Xpload/f_aXWo,q_aXWo/Y1638668955/agX-fm2021/9b-f6-2a-
9d-4d-04-23-0f-2d-c9-a6-c4-e0-99-da-4a/image/ma[Zellian_Vcane_Z86Wqh.mp4

AnalogoXV animaWion Wo Whe aboYe MMS daWa ZheUe Whe elecWUic field YaUieV, heUe highlighWing an inWXiWion baVed on a
diVWUibXWion compUiVed of WZo Ma[Zellian popXlaWionV of diffeUing bXlk YelociW\ and WempeUaWXUe (ZiWh Whe elecWUic field
Uanging fUom 0 Wo 16 mV/m).
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63A7IAL E92L87I2N 2F 7HE F25CE 7E5M
[VIDEO] hWWpV://UeV.cloXdinaU\.com/amX]e-inWeUacWiYe/image/Xpload/f_aXWo,q_aXWo/Y1638669048/agX-fm2021/9b-f6-2a-
9d-4d-04-23-0f-2d-c9-a6-c4-e0-99-da-4a/image/mmV_gUadX_Vcan_Wime_UfV09m.mp4

The aboYe animaWion VhoZV Whe VpaWial eYolXWion of elecWUon YelociW\ diVWUibXWionV and WeUmV in Whe VlaVoY eqXaWion foU a
Whin elecWUon-Vcale cXUUenW la\eU e[hibiWing a bXlk YelociW\ gUadienW.
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The WZo figXUeV aboYe VhoZ qXaliWaWiYe conViVWenc\ beWZeen WZo diffeUenW meWhodV foU compXWing Whe YelociW\-Vpace
gUadienWV needed foU eYalXaWing Whe foUce WeUm : (1) inWeUpolaWing Wo a CaUWeVian gUid, and (2)
peUfoUming Whe gUadienW in VpheUical eneUg\-Vpace cooUdinaWeV naWiYe Wo FPI.
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C2NCL86I2N6

FoU WZo magneWopaXVe Whin cXUUenW VheeW eYenWV e[hibiWing denViW\, bXlk YelociW\, and WempeUaWXUe gUadienWV, Ze
find (1) qXaliWaWiYe agUeemenW beWZeen Whe  and  WeUmV WhUoXghoXW YelociW\ Vpace, and WhaW
(2) Whe VWead\-VWaWe appUo[imaWion foU Whe Wime deUiYaWiYe WeUm iV Yalid, indicaWing  iV negligible foU moVW of
YelociW\-Vpace Zhen compaUed Wo Whe VpaWial gUadienW and YelociW\ Vpace gUadienW WeUmV in Whe elecWUon VlaVoY eqXaWion. 

TheVe UeVXlWV impl\ WhaW VXcceVVfXl meaVXUemenW of Whe foUce WeUm fUom a ViQgle VSacecUafW can be XVed Wo infeU locali]ed
VpaWial gUadienWV and Whe fXll  WeUm WhUoXghoXW YelociW\-Vpace. 
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F8785E :25K

The aboYe figXUe VhoZV an e[ample fUom Whe VlaVoY-Ma[Zell WempeUaWXUe gUadienW model foU hoZ Whe YelociW\-Vpace
VWUXcWXUe of Whe VpaWial gUadienW WeUm  meaVXUed fUom YiUWXal VpacecUafW pUobeV ZoXld YaU\ ZiWh incUeaVing
inWeUVpacecUafW VepaUaWionV in panelV (c)-(g).

Combining Whe e[acW VlaVoY-Ma[Zell VolXWionV like Whe one VhoZn aboYe foU an elecWUon-Vcale WempeUaWXUe gUadienW,
one can condXcW diUecW compaUiVonV beWZeen Whe MMS meaVXUemenWV and model pUedicWionV foU Whe VpaWial gUadienW and
foUce WeUmV fUom Whe VlaVoY eqXaWion. SXch compaUiVonV aUe XVefXl YalidaWion WechniqXeV and effecWiYe foU
qXanWif\ing Whe accXUac\ of Whe VpaWial gUadienW compXWaWion foU YaUioXV cXUUenW VheeW WhickneVVeV and VpacecUafW
VepaUaWionV.
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AB675AC7
Widel\ emplo\ed Wo model collisionless plasma phenomena occXrring naWXrall\ in EarWh's magneWic enYironmenW, WhroXghoXW
Whe heliosphere, and in laboraWor\ fXsion deYices, Whe VlasoY eqXaWion self-consisWenWl\ describes Whe fXndamenWal kineWic
d\namics of plasma parWicles as Whe\ are acceleraWed WhroXgh phase space Yia elecWric and magneWic forces. The FasW Plasma
InYesWigaWion (FPI) onboard NASA's MagneWospheric MXlWiscale (MMS) foXr-spacecrafW mission sXfficienWl\ resolYes Whe
seYen spaWial, Wemporal, and YelociW\-space dimensions of phase space needed Wo direcWl\ obserYe Werms in Whe VlasoY
eqXaWion, as recenWl\ demonsWraWed b\ ShXVWeU eW al. (hWWSV://doi.oUg/10.1038/V41567-021-01280-6)[2021]
(hWWps://doi.org/10.1038/s41567-021-01280-6) in Whe conWe[W of elecWron-scale cXrrenW la\ers aW Whe reconnecWing
magneWopaXse. These resXlWs moWiYaWe noYel e[ploraWion of Whe W\pes of disWincW kineWic signaWXres in �f /�W, Y⋅∇f , and
(F/m )⋅∇ f  Zhich are associaWed ZiWh Whe magneWic reconnecWion process, Zhere F = íe(E + YîB) represenWs Whe LorenW]
force on an elecWron, and f  specifies Whe elecWron phase space densiW\. We appl\ Whis approach Wo characWeri]e Whe sWrXcWXre of
Whe YelociW\-space gradienW Werms in Whe elecWron VlasoY eqXaWion measXred b\ MMS. DiscXssion of Whe XncerWainWies Zhich
arise Zhen compXWing Whe YelociW\-space gradienWs of Whe FPI phase space densiWies is presenWed, along ZiWh iniWial YalidaWion
of Whe (F/m )⋅∇ f  measXremenWs b\ comparison Wo Whe �f /�W and Y⋅∇f  Werms. SXccessfXl measXremenW of Whe force Werm
(F/m )⋅∇ f  in Whe VlasoY eqXaWion sXggesWs a neZ WechniqXe for inferring spaWial gradienWs from single spacecrafW
measXremenWs Zhich ma\ be applied Wo improYe Whe spaWial resolXWion of Whe elecWron pressXre diYergence ∇⋅3  necessar\ Wo
XndersWand Whe microph\sics of Whe elecWron diffXsion region of magneWic reconnecWion.
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