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S\nRSViV:
IW iV eVVenWial WhaW WheUe be cRRUdinaWed and cR-RSWimi]ed RbVeUYaWiRnV in X-Ua\V, gamma-Ua\V,
and EUV dXUing Whe Seak Rf VRlaU c\cle 26 (a2036) WR VignificanWl\ adYance RXU XndeUVWanding Rf
imSXlViYe eneUg\ UeleaVe in Whe cRURna.  The RSen TXeVWiRnV inclXde: WhaW aUe Whe Sh\Vical
RUiginV Rf VSace-ZeaWheU eYenWV? HRZ aUe SaUWicleV acceleUaWed aW Whe SXn? HRZ iV imSXlViYel\
UeleaVed eneUg\ WUanVSRUWed WhURXghRXW Whe VRlaU aWmRVSheUe? HRZ iV Whe VRlaU cRURna heaWed?
Man\ Rf Whe SURceVVeV inYRlYed in WUiggeUing, dUiYing, and VXVWaining VRlaU eUXSWiYe
eYenWV²inclXding magneWic UecRnnecWiRn, SaUWicle acceleUaWiRn, SlaVma heaWing, and eneUg\
WUanVSRUW in magneWi]ed SlaVmaV²alVR Sla\ imSRUWanW URleV in ShenRmena WhURXghRXW Whe
UniYeUVe.  ThiV VeW Rf RbVeUYaWiRnV can be achieYed WhURXgh a Vingle flagVhiS miVViRn RU, ZiWh
fRUeSlanning, WhURXgh a cRmbinaWiRn Rf majRU miVViRnV (e.g., Whe SUeYiRXVl\ SURSRVed FIERCE
miVViRn cRnceSW).
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IQWURdXcWiRQ
SRlaU eUXSWiYe eYenWV aUe Whe mRVW eneUgeWic and geR-effecWiYe VSace-ZeaWheU dUiYeUV.  The\
RUiginaWe in Whe cRURna neaU Whe SXn¶V VXUface aV a cRmbinaWiRn Rf VRlaU flaUeV (imSXlViYe bXUVWV
Rf UadiaWiRn acURVV Whe enWiUe elecWURmagneWic VSecWUXm) and cRURnal maVV ejecWiRnV (CMEV;
e[SXlViRnV Rf magneWi]ed SlaVma inWR inWeUSlaneWaU\ VSace).  The UadiaWiRn and eneUgeWic
SaUWicleV Whe\ SURdXce can damage VaWelliWeV, diVUXSW WelecRmmXnicaWiRnV and GPS naYigaWiRn,
and endangeU aVWURnaXWV in VSace.

Man\ Rf Whe SURceVVeV inYRlYed in WUiggeUing, dUiYing, and VXVWaining VRlaU eUXSWiYe
eYenWV²inclXding magneWic UecRnnecWiRn, SaUWicle acceleUaWiRn, SlaVma heaWing, and eneUg\
WUanVSRUW in magneWi]ed SlaVmaV²alVR Sla\ imSRUWanW URleV in ShenRmena WhURXghRXW Whe
UniYeUVe, VXch aV in magneWRVSheUic VXbVWRUmV, gamma-Ua\ bXUVWV, and accUeWiRn diVkV.  The SXn
iV a XniTXe labRUaWRU\ WR beWWeU XndeUVWand WheVe fXndamenWal Sh\Vical SURceVVeV.

We RXWline fRXU inWeUUelaWed aUeaV Rf Vcience inYeVWigaWiRn WhaW ZRXld VignificanWl\
adYance RXU XndeUVWanding Rf imSXlViYe eneUg\ UeleaVe in Whe cRURna:

● WhaW aUe Whe Sh\Vical RUiginV Rf VSace-ZeaWheU eYenWV?
● HRZ aUe SaUWicleV acceleUaWed aW Whe SXn?
● HRZ iV imSXlViYel\ UeleaVed eneUg\ WUanVSRUWed WhURXghRXW Whe VRlaU aWmRVSheUe?
● HRZ iV Whe VRlaU cRURna heaWed?

WhaW aUe Whe Sh\Vical RUigiQV Rf VSace-ZeaWheU eYeQWV?
WhaW SURceVVeV WUiggeU VRlaU eUXSWiRnV and Whe UeleaVe Rf SaUWicleV inWR Whe heliRVSheUe iV a
lRng-VWanding debaWe.  UndeUVWanding WheiU RUiginV iV nRW Rnl\ a SUimaU\ gRal in HeliRSh\VicV, bXW
iV indiVSenVable fRU making Whe Ueliable VSace-ZeaWheU SUedicWiRnV needed fRU fXWXUe VSace
e[SlRUaWiRn, inclXding NASA'V AUWemiV lXnaU SURgUam, aV Zell aV Whe NaWiRnal SSace WeaWheU
SWUaWeg\ and AcWiRn Plan.  CXUUenW SUedicWiYe caSabiliWieV aUe inVXfficienW, in laUge SaUW becaXVe Rf
Whe lack Rf RbVeUYaWiRnV neceVVaU\ WR XndeUVWand Whe fXndamenWal SURceVVeV XndeUl\ing eUXSWiRnV
and WheiU SURSagaWiRn inWR Whe heliRVSheUe WR fRUm VSace ZeaWheU.

MRVW mRdelV fRU Whe iniWiaWiRn Rf VRlaU eUXSWiYe eYenWV inYRlYe magneWic UecRnnecWiRn,
Zhich UeVXlWV in bRWh SlaVma heaWing and SaUWicle acceleUaWiRn in Whe YiciniW\ Rf Whe UecRnnecWed
field lineV.  HRZeYeU, diffeUenW mRdelV Rf CME iniWiaWiRn SUedicW RbVeUYaWiRnall\ diffeUenWiable
WimingV and lRcaWiRnV fRU Whe UecRnnecWiRn SURceVV, and cRnVeTXenWl\ fRU Whe RbVeUYaWiRnal
VignaWXUeV (FigXUe 1).  The inWeUnal-WeWheU-cXWWing mRdel (e.g., [1]) SUedicWV WhaW UecRnnecWiRn
RccXUV belRZ Whe flX[ URSe befRUe Whe faVW WakeRff Rf Whe eUXSWiRn, Whe bUeakRXW mRdel [2] SUedicWV
WhaW UecRnnecWiRn RccXUV abRYe Whe flX[ URSe befRUe faVW WakeRff, and Whe ideal MHD inVWabiliW\
mRdel [3] SUedicWV WhaW Whe flX[ URSe beginV WR UiVe befRUe UecRnnecWiRn RccXUV in eiWheU Slace.

The iQabiliW\ Rf SaVW aQd cXUUeQW iQVWUXmeQWV WR image Whe faiQW VigQaWXUeV Rf
acceleUaWed SaUWicleV aQd heaWed SlaVma iQ Whe QeighbRUhRRd Rf (iQ SaUWicXlaU, abRYe) Whe
maiQ eQeUg\-UeleaVe ViWe haV made iW imSRVVible WR diVWiQgXiVh amRQg mRdelV fRU Whe
iQiWiaWiRQ Rf VRlaU eUXSWiYe eYeQWV.



FLgXUe 1: DLffeUeQW PRdeOV Rf Whe LQLWLaWLRQ Rf VROaU eUXSWLYe eYeQWV caQ be dLVWLQgXLVhed dXULQg
Whe eaUO\ ULVe ShaVe Rf Whe eUXSWLRQ b\ Whe dLffeUeQceV LQ Whe WLPLQg aQd ORcaWLRQV Rf X-Ua\
VRXUceV fURP acceOeUaWed eOecWURQV aQd X-Ua\ aQd e[WUePe-XOWUaYLROeW (EUV) ePLVVLRQ fURP
heaWed SOaVPa. The caUWRRQV Rf SRVVLbOe PagQeWLc cRQfLgXUaWLRQV aUe adaSWed fURP [4].

HRZ aUe SaUWicleV acceleUaWed aW Whe SXQ?
AcceleUaWed SaUWicleV cRnVWiWXWe a VignificanW fUacWiRn (XS WR WenV Rf SeUcenW) Rf Whe magneWic
eneUg\ UeleaVed in Whe mRVW eUXSWiYe VSace-ZeaWheU eYenWV (e.g., [5]). The WZR mRVW cUedible
mRdelV e[Slaining VXch efficienW acceleUaWiRn bRWh inYRlYe magneWic UecRnnecWiRn in a cXUUenW
VheeW belRZ a UiVing flX[ URSe WhaW eYenWXall\ becRmeV Whe CME.  The fiUVW mRdel XVeV a
fiUVW-RUdeU FeUmi acceleUaWiRn SURceVV Yia eYRlYing and meUging ³magneWic iVlandV´ [6] cUeaWed
b\ Whe UecRnnecWiRn.  The VecRnd mRdel XVeV a VWRchaVWic, RU VecRnd-RUdeU FeUmi, acceleUaWiRn
SURceVV in Whe WXUbXlenW SlaVma Rf Whe UecRnnecWiRn RXWflRZ jeWV (e.g., [7]). DiVWiQgXiVhiQg
beWZeeQ WheVe mRdelV UeTXiUeV RbVeUYaWiRQV Rf Whe lRcaWiRQV, VeTXeQciQg, emiVViRQ
WimeVcaleV, aQd QXmbeU Rf acceleUaWed elecWURQV iQ mXlWiSle WheUmal aQd QRQWheUmal
cRURQal X-Ua\ VRXUceV iQ Whe SUeVeQce Rf iQWeQVe fRRWSRiQW emiVViRQV.

TheUe aUe addiWiRnal Vcience TXeVWiRnV aVVRciaWed ZiWh Whe acceleUaWiRn Rf iRnV, Zhich
haYe WUadiWiRnall\ been mRUe challenging Whan elecWURnV WR RbVeUYe.  See Whe ZhiWe SaSeU ³IRn
acceleUaWiRn in VRlaU eUXSWiYe eYenWV´ b\ Shih eW al. fRU deWailed diVcXVViRn abRXW iRn Vcience
RbjecWiYeV and UeTXiUed meaVXUemenWV.

HRZ iV imSXlViYel\ UeleaVed eQeUg\ WUaQVSRUWed WhURXghRXW
Whe VRlaU aWmRVSheUe?
AV elecWURnV e[iW Whe cRURnal acceleUaWiRn UegiRn and SURSagaWe alRng lRRSV, Whe\ lRVe eneUg\
WhURXgh CRXlRmb cRlliViRnV ZiWh ambienW SaUWicleV, ZaYe-SaUWicle inWeUacWiRnV, and Whe
geneUaWiRn Rf UeWXUn cXUUenWV.  TheVe eneUg\-WUanVSRUW SURceVVeV link Whe imSXlViYel\ UeleaVed
magneWic eneUg\ WR Whe UadiaWiRn aVVRciaWed ZiWh flaUeV and VSace-ZeaWheU ShenRmena.
UndeUVWanding WhiV link and Whe UelaWiYe imSRUWance Rf each SURceVV UeTXiUeV meaVXUing hiWheUWR
SRRUl\ cRnVWUained RbVeUYaWiRnal inSXWV (e.g., Whe lRZ eneUg\ cXWRff) WR Whe laWeVW VWaWe-Rf-Whe-aUW
nXmeUical VRlaU flaUe mRdelV (e.g., [8][9]).  The UeVXlWing SUedicWiRnV mXVW When be cRmSaUed WR
SUeYiRXVl\ XnachieYable RbVeUYaWiRnV, inclXding Whe nXmbeU and VSecWUXm Rf Whe acceleUaWed
elecWURnV bRWh aW Whe acceleUaWiRn UegiRn and YaUiRXV lRcaWiRnV alRng WheiU SaWhV.



HRZ iV Whe VRlaU cRURQa heaWed?
A lRng-VWanding enigma in VRlaU and VWellaU Sh\VicV iV hRZ Whe aWmRVSheUe can be RUdeUV Rf
magniWXde hRWWeU Whan Whe VXUface Rf Whe VWaU iWVelf.  ThiV WemSeUaWXUe diffeUence UeTXiUeV VRme
fRUm Rf nRn-UadiaWiYe heaWing (e.g., ZaYe diVViSaWiRn), JRXle heaWing, RU Vmall-Vcale magneWic
diVViSaWiRn (e.g., in ³nanRflaUeV´).  BRWh RbVeUYaWiRn and WheRU\ indicaWe WhaW Whe nRn-flaUing
cRURna iV heaWed in an imSXlViYe faVhiRn (e.g., [10]).  WheWheU Whe dRminanW mechaniVm inYRlYed
iV magneWic UecRnnecWiRn RU MHD ZaYe diVViSaWiRn haV nRW been eVWabliVhed.

FiUVW, Ze mXVW deWeUmine if Whe chaUacWeUiVWicV Rf eneUg\ UeleaVe in Whe VmalleVW deWecWable
eYenWV aUe fXndamenWall\ diffeUenW fURm WhRVe in laUgeU flaUeV.  The nXmbeU Rf flaUeV aV a fXncWiRn
Rf WheiU WheUmal eneUg\ fRllRZV a SRZeU-laZ RYeU VeYeUal RUdeUV Rf magniWXde (e.g., [11]),
VXggeVWing WhaW Whe XndeUl\ing eneUg\-UeleaVe SURceVV VcaleV VimilaUl\.  HRZeYeU, iW iV XnknRZn
ZheWheU nanRflaUeV aUe SaUW Rf WhiV diVWUibXWiRn.

SecRnd, Ze mXVW infeU Whe SURSeUWieV Rf heaWing eYenWV WRR Vmall WR be deWecWed
indiYidXall\, inclXding indiUecWl\ deWeUmining Whe fUeTXenc\ ZiWh Zhich Whe\ RccXU.  The
SUeVence Rf WemSeUaWXUeV e[ceeding 5 MK in nRn-flaUing acWiYe UegiRnV iV RfWen called Whe
³VmRking gXn´ Rf imSXlViYe, lRZ-fUeTXenc\ nanRflaUe heaWing.  SWead\ RU high-fUeTXenc\ ZaYe
heaWing cannRW mainWain VXch high WemSeUaWXUeV ZiWhRXW YiRlaWing RWheU RbVeUYaWiRnal cRnVWUainWV
(e.g., [12]).  The diVWUibXWiRn Rf fUeTXencieV alVR SURYideV YalXable infRUmaWiRn Rn Whe, aV \eW,
XneVWabliVhed VeTXence Rf eYenWV leading XS WR UecRnnecWiRn.

ReTXiUed RbVeUYaWiRQV
The RbVeUYaWiRnV UeTXiUed fRU WheVe Vcience inYeVWigaWiRnV aUe high-UeVRlXWiRn imaging
VSecWURVcRS\, ZiWh high VenViWiYiW\, Rf Whe fRllRZing W\SeV:

● X-Ua\V and gamma Ua\V fRU eneUgeWic elecWURnV and iRnV
● X-Ua\V and EUV RSWimi]ed fRU hRW flaUe SlaVma
● EUV RSWimi]ed fRU Whe d\namic eYRlXWiRn Rf flaUe magneWic VWUXcWXUeV

See Whe ZhiWe SaSeU ³SRlaU flaUe eneUg\ SaUWiWiRning and WUanVSRUW: Whe imSXlViYe ShaVe´ b\ KeUU
eW al. fRU deWailed diVcXVViRn Rn meaVXUemenW UeTXiUemenWV.  MiVViRnV WhaW aUe cXUUenWl\ RSeUaWing
RU aUe Slanned dR nRW make Whe meaVXUemenWV in VXfficienW deWail WR make VignificanW SURgUeVV in
an\ Rf Whe abRYe Vcience inYeVWigaWiRnV.  ThiV meaVXUemenW deficienc\ meanV WhaW VRlaU c\cle 25
Zill XnfRUWXnaWel\ be a miVVed RSSRUWXniW\. IW iV eVVeQWial WhaW WheUe be cRRUdiQaWed aQd
cR-RSWimi]ed high-eQeUg\ RbVeUYaWiRQV dXUiQg Whe Seak Rf VRlaU c\cle 26 (a2036).

While WhiV VeW Rf RbVeUYaWiRnV cRXld be Ueali]ed b\ a Vingle flagVhiS miVViRn (Vee Whe
ZhiWe SaSeU b\ CaVSi eW al. fRU Whe COMPLETE miVViRn cRnceSW), iW cRXld alWeUnaWiYel\ be
Ueali]ed WhURXgh a cRmbinaWiRn Rf mXlWiSle majRU miVViRnV, aV lRng aV Whe cRRUdinaWiRn and
cR-RSWimi]aWiRn iV e[SUeVVl\ Slanned fURm Whe RXWVeW.  The FXQdaPeQWaOV Rf IPSXOVLYe EQeUg\
ReOeaVe LQ Whe CRURQa E[SORUeU (FIERCE) miVViRn cRnceSW [13] ZRXld SURYide cR-RSWimi]ed
X-Ua\ and EUV RbVeUYaWiRnV ZiWhin Whe W\Sical VchedXle and cRVW caS (a4 \eaUV WR laXnch and
a$250 milliRn) fRU a NASA MediXm-ClaVV E[SlRUeU (MIDEX) miVViRn. FIERCE cRmbineV an
X-Ua\ VSecWURVcRSic imageU WhaW XVeV fRcXVing RSWicV WR achieYe high VenViWiYiW\ and high
d\namic Uange ZiWh a faVW-cadence EUV imageU WhaW aYRidV VaWXUaWiRn eYen Zhen imaging
inWenVe flaUeV, ZiWh nR neZ WechnRlRg\ deYelRSmenW needed fRU Whe inVWUXmenWV. FIERCE cRXld
When be cRmSlemenWed b\ ne[W-geneUaWiRn gamma-Ua\ inVWUXmenWaWiRn, SeUhaSV eYen flRZn Rn
ballRRnV.
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