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Generation mechanism of the substorm
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As the observational appearance, the substorm consists of four consecutive periods, the growth phase, the onset, the
expansion phase, and the recovery phase [McPherron, 1970, 1979]. According to the development of these phases, various
auroral forms occur sequentially in the ionosphere together with the corresponding auroral current system [Elphinstone et al.,
1993; Kamide et al., 1996]. It is extensively studied how auroras and associated geomagnetic perturbations occur in the
ionosphere. The problem is their origins in the magnetosphere. The key mechanism is the magnetosphere-ionosphere (M-I)
coupling process realized by the exchange of the field-aligned current (FAC) between the ionosphere and the magnetosphere.
Especially, the origin of arc type auroras must coexist with the source mechanism of the upward FAC. In this paper, we try to
discuss the substorm mechanism recognizing that the generation process of the FAC has a crucial importance. We consider
two main points to understand the generation of the FAC. The first point is to understand the FAC as the mechanism which
transmits the motion from the magnetosphere to the ionosphere [lijima, 2000; Birn and Hesse, 2013; Tanaka, 2015]. In other
words, if there is a FAC, we must identify the motion (shear) that should be transmitted. The second point is to understand the
FAC as the energy supplier that compensates the ionospheric dissipation to maintain the convection. For this purpose, we must
search for the dynamo that energize the FAC [Tanaka, 2007; Kikuchi, 2014; Tanaka et al., 2016]. These points are clarified
from a global simulation code which gives numerical solutions having an extremely high resolution. The substorm solution
obtained from this simulation code reproduces the precise sequence of the substorm onset in the ionosphere. It can reproduce
sequentially the quiet arc during the growth phase, initial brightening at the onset, and the westward traveling surge (WTS)
during the expansion phase. It even reproduces the onset that starts from the equatorward side of the oval, two step
development of the onset, and the WTS that starts two minutes after the initial brightening. Then, we investigated the counter
structures in the magnetosphere that correspond to each aurora in the ionosphere. The structure in the magnetosphere
promoting the initial brightening is the near-earth dynamo in the inner magnetospheric region away from the equatorial plane.
The near-earth dynamo is driven by the field-aligned pressure increase due to the parallel flow associated with the squeezing,
combined with equatorward field-perpendicular flow induced by the near-earth neutral line (NENL). The dipolarization front is
launched from the NENL associated with the convection transient from the growth phase to the expansion phase, but neither
the launch nor the arrival of the dipolarization front coincides with the initial brightening. The arrival of flow to the equatorial
plane of the inner magnetosphere occurs two minutes after the onset, when the WTS starts to develop toward the west.
Looking at the present result that the onset is induced by the near-earth dynamo and the details of onset sequence is understood
from it, we cannot avoid to conclude that the current wedge (CW) is a misleading concept.

Key words

Substorm onset, Field-aligned current, Near-earth dynamo, Dipolarization front

BT A — MIKBE A ONT, Kl L TR KORMRMETT, 7 X F—ATIEL, lEMHD quiet arc,
F %y F@ initial brightening, JERAHD WIS W9 X HIZ, HiERA—m T —r U ARHV 4, 4—n
F1ZiX arc & diffuse 3% D F 33, arc 1T EA X INBEITEREI (FAC) IZXHS L, THIERNY T A h—A KA
TR AN AZEERA—0 T ROTT, ZOZLIFRLIEEN-EETTR, BETITAOA—1 T
AT DK BRI E WO M TL X 9, FACOREJIIZ A FTETHY, o TA—a T — L RITHL
T, XA TEOLERMERE, CNEBREIT 5 XHREEDN L S RT UL 0 £8 A, HRIE. &5 oA
BE#BD 7 ) —= XX =D ThHdHEEZONET,

FAC I3RS E—EBBEERE 52 DX A X 7 A TEHEREEIZF - LET, FAC IIBLKE O 1EE) % BEREE 25 2.
EHEE ORI LT, SRR T 27200 3 VX —2 M8 L ET, o2 LR LAELSK, Da3ETH
ENBTT-EER T —~ TN, 2D X972 FACOZEENL., T A =L ThHoTHLEDLLARNI L2y



MoTEEL, - T, VT A—2DA—0 T~ U RABART D FACIZOWT, ZNNED X 9 /&)
LA, XA TERONCL TR END D0 ER/ UL, 7 A =AM TEE3, A&y b FACDOER
EWARLEESTLEI L, Y7 R M—LWFEI3EHBELTCLENET,

R, e XA FTEE I 2L —2arTHEIL, V7 A N —AZARICHEAESEDL Z LI LE LT,
T, Yab—raroOpBE, FICEE COMBENNETT, SFETEHIOL IRV IalL—vay
IFEEL TR oD T, 72 F—A1FL 215 MHD O &7 L 5 BN T TWE L2, &%
RAEY R 2L —a Tk, Y7 A M=AbA —u T —Fr U258 EZ - DITHRLET,

REMHOXTIL, WA=~ MA A FEIZL > T INET, XA T EDOEHIL slow mode expansion
DIEENZ L > T, DAFZEZ LN RN =N BT f VX — BRI Lz 9, 2o
OFIE e —T =7 T X — MERTY FAICHNY, 77 XA~ — MIBALEREAL, ZORENIELRT S
VT —HRET HDN, quiet arc T, ZORGRITELERT V¥ VESTHY . N7 ¥ v VERIC X DA
PE—E BB RS A 2 S L TV ET,

KD T T A< —F~DRANESTH Uy MRBELET, 77 X~ — MIEBHEE OO GEIRIC B
INDETT, TTRXv— FOEHTIZ, AT U Y VBRI ABKE—EHERE SR b EEA,
NENL CEM S T BRI K » GEEBABEE) S 4, FEEFRIRIMARBELET, ZOWBRITNIANT oADK
WThY, IR REEER T, 2O N, Tty FAREGRS THHMAFK T, IEEFHEITLIR
FJIZ, braking =° NENL @ retreat &£V FE 3, BEAMHD BILRAICE 530 DER L, dipolarization frant (2
B2 9, ®ENNEHETE E TRATDHZ LRSI 5EHE) & LT, injection, injection {Zf£ 9 near—earth
A A FEDAK, injection [Z£E D D ERERE ~DIREN AL FE T, T4 50 upward FAC & initial
brightening DFRAERIETT, V7 XA~ — MITLK —HUOEBHEICERE INRVDOT, A—aIFnh6 77 X<
U bMEHELLD ETHOEF, MEWTT, 2089 RMEENEZRMEE T, L fE DL AN, &
T A=A BFFEORETL X 9,

WTS 1XPERFA DB 2 BT 5, AE#ERA—1 7T, ZoRL, BHEEREEIC L - T, BHtEEIC 2
W2 A A FTENBRENE T, 1 RF A FTEI1EH < FTO HREKE T CEAE) S E 928, FAC ICBHktd 5%
BB D B CEM OB BAE L, XA TELERVET, BOMEOY I 2 b —a it 2ok ) il
ZHEUT, WIS 2B EZF->L< VIZHBELET,

BBICEFMEREY 7., ZHUIRKFETY a7 a0 T, DATOEEERET 5 KEE—RKEHE A
TEH. NENL 234577 X~ — MEBTIE, —RICKFATY 23272 a VB LN TWET, KL CiEa]
FIZHKLTUL, XVTOY axr7arThHhEIER P> TEE L, LOLERLHE TR, IKKRELTK
WATY ax 7 v a v TF, 3WILTIE, BEGBIAFFH COMTORRICR D D1%, L THHEBILIZS WERETT,
ZHUCXKF LT, 72— ROEMETH L XML, BHICEKRSNET, o T3WILTIEX VY axy va VinE
BINET, LNPLUNNLIZED XV ax 7 g VIEMET, FREAFNRAZEEAL, L W0o THREIIIRH O
RIBETL & 9,

WFZERIIX, IMF 28 2 FiE B B RED XOUEETY, ~ 7 R hAR—X LT, B IMF IZxHE T 2B X v, dbm &
IMF FOXNABREBEILZ EICLBHMMI L, ZNOHERESX T4 VBRI ET, BAIXVIEHEROX L TH
N, 7T A< — MELEERZIAALT, coreBy A X E 9, CoreBy />N A6 FIZHIO X LR FEAEL .
ITRRFBIZ NENL 235 £ 9 TF, 2 D INF (ZxHT 2 X AEEIRT — ¥ — 24— J b HTcEEd, 7—
H—F—u FPETIE, EETIEEZ L ON o7k 97, FELWVXUVEERHAL TWET, oL TR
F—ATH, ELWIUEERHDHTL X I,

DX BRFERTIE, Y7 A P—AT < BEliZa MID B L 720 9, [l LWHBEIRREAEEN T\ Db
TTEHY ERTA, LNLERLZOREIIEEMIZHY £9, HEROBRRZIIEROBHEZA L, JFEIH
MiThHoTH, FHEFEORIAZE D, AT IXEMETT, BHITESHEORRETHY . RN
BIIBRD LN DRETT, BRRTIIZHLON I TH Y, HERBZIT AN HIIEI T D X 5 T8, FE%
BRTHWPE LT R DR T,



